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1. Introduction

The Introduction to this thesis provides an overview of the fourteen papers that are included
in this thesis and identifies the contribution of each of these papers to the state-of-the-art in
modelling the economic effects of a broad range of environmental policies. Thirteen of these
papers were published in referred journals, covering environmental economics, policy
modelling, policy analysis, and the physical sciences. One paper, in Appendix A, was
published as a USDA Forest Service research report. The papers in the thesis are divided into
three topical areas:

1. Section 2: The Economics of Carbon Sequestration. Eight papers plus Appendix
A of the thesis cover the development and application of models to estimate the
economic costs and management consequences of policies to sequester carbon
emissions by planting trees on agricultural land in the US or through more intensive
forest management.

2. Section 3: The Economics of Climate Change Damages. Two papers of the thesis
cover the development of models that can be used to estimate the market and non-
market damages associated with the impacts of climate change on water resources in
the US.

3. Section 4: The Economics of Acid Rain Damages. Three papers in the thesis
examine the methods that were developed to estimate the damages due to acid rain in
the US by the National Acid Precipitation Assessment Program (NAPAP) and discuss
more generally the role of economic policy analysis in this assessment.

1.1 The Economics of Carbon Sequestration

This section of the thesis covers nine papers, organised around the topic of the economics of
carbon sequestration. The papers presented in this section were the outgrowth of on-going
research commencing around 1990. At this time, policy makers in the US and many other
countries were becoming interested in estimating the value of the resources that would be
displaced if their counties initiated large scale, domestic programs to sequester carbon on
agricultural land as a way of displacing greenhouse gas emissions from other sources.

The papers represent a progression in the state-of-the art of estimating the opportunity cost of
sequestering carbon on agricultural and private timberland in the US, culminating in the
development, testing, and application of the Forest And Agricultural Sector Model
(FASOM). FASOM was developed as a dynamic price-endogenous spatial equilibrium
model that joins the land base in the two sectors and is capable of simulating the effects of
policies to sequester carbon on consumer, producer, and landowner welfare and behaviour in
the two markets in a normative (i.e., mathematical programming) framework.

To best understand the developments that took place during the course of this research, it will
be helpful to go back to 1990 and describe the state-of-the-art practice in estimating the
opportunity cost of carbon sequestration programs in the US, as it existed then.

The traditional approach to estimating the costs of sequestering carbon when this paper was
written is typified by the "bottom-up" approach employed by Moulton and Richards (1990).
The bottom-up approach, as traditionally employed in greenhouse gas mitigation studies,
involves constructing step-wise supply curves for emissions reductions, or sequestered carbon
flows, using data regarding the cost of each mitigation option in a sector and its emissions,
with reference to the costs and emissions of the alternative that would be an outcome of
private market forces.
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In the study by Moulton and Richards, the authors identified 42 groups of "target acres" on
economically marginal or environmentally sensitive private crop, pasture and forest lands in
different regions of the United States. For each group of target acres, they estimated the
annualised establishment and treatment cost of selected forest types and the fixed land rent on
a per area (acre) basis, and then aggregated the combined costs over the entire area in each
group. E timates of the average annual carbon yield (i.e., flo I) per acre for each forest type
were generated for each group oftarget acres/forest type using data from existing sources, and
likewise aggregated over the area in each group. To estimate these yields, the authors
assumed different, but fixed, rotation age for all forest types and simply divided the total
estimated carbon stock just prior to rotation by the rotation age.

The treatment and land rental costs were annualised and normalised on a per ton Carbon basis
for each group of target acres. Finally, the carbon flows in each of the 42 groups of target
acres were sorted on the basis oftheir marginal costs (i.e. average cost for each group) of
Carbon to create step-wise total cost and marginal cost curves for each ton of annual carbon
emissions sequestered. The estimated "marginal" cost of carbon ranged from about
$8/ton/year for the first acre to around $4S/ton/year for the last (800 millionth) ton
sequestered. The estimated marginal cost was fairly flat, around $18-$22/ton/year, in the
range of approximately 200 to 600 million tons sequestered, annually.

The approach used by Moulton and Richards (1990) exhibited several shortcomings, which
call into question the accuracy of these early estimates:

I. The land base used in the analysis was exogenous, selected by the authors.
2. The effects of domestic food scarcity on land rents, as the amount of agricultural land

used for growing trees increased, was not factored into the analysis.
3. The physical carbon accounting was based on a static framework and did not take into

account the build-up of carbon in trees over time, carbon losses due to harvesting, and
other carbon flows related to management. This limited the application of the cost
estimates to "conservation" programs, where trees were grown to maturity and never
harvested.

4. The supply curves were static, treating carbon flows simply as a product, and did not
take into account the inter-temporal aspects of optimally managing the underlying asset,
forest land.

5. More generally, the entire framework was based on a static, least cost optimisation in
two sectors of the US economy and not on intertemporal welfare maximisation.jointly,
in the product and asset markets in the two sectors.

In hindsight, Moulton and Richard's estimates of the marginal cost of carbon in the United
States have not differed substantially from estimates in a large number of other studies,
completed since they first presented their work. However, the shortcomings listed above
were certainly serious enough to merit efforts to take them into account.

1.1.1 Implementation ofa Static Partial Equilibrium Approach

This subsection of the thesis covers two papers that involve the development and application
of static, partial equilibrium models to estimate the opportunity cost of carbon. The first paper
in this thesis I represented an attempt to come to grips with the first two limitations (and to a
limited extent the third and fifth) in the approach used by Moulton and Richards, using a
static partial equilibrium model of the US agricultural sector.

I Adams, R.M. et 01. 1993. "Sequestering Carbon on Agricultural Land: Social Cost and Impacts on
Timber Markets," Contemporary Policy Issues. II (I): 76-87. All papers in this thesis are listed in
Section 1.4 at the end of this Introduction.
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The use of an exogenously selected land base by Moulton and Richards limited the
opportunities to substitute tree-growing activities for existing agricultural activities on crop
and pastureland. The selection of marginal and environmentally sensitive crop lands in their
study was overly restrictive if the objective was to truly minimise the cost of sequestering
carbon emissions, since it created constraints on the amount of land available in each region,
by land category, and on the total amount of land available for this type of substitution. This
limitation may not be too serious given the fairly generous amount of land included in their
study, about 350 million acres.

More serious was their treatment of fixed land rents in the agricultural sector. In theory,
agricultural land rents reflects the present value of the stream of net benefits from a parcel of
land in its highest alternative use. This has two implications. First, in a static setting, (and
under stable prices) the annual land rent can be approximated by the annualised net benefits
from employing a parcel of land to produce crops or forage over some recent period. This
means that land rents are best estimated as an outcome of the profit maximising behaviour of
individual producers and the utility maximising behaviour of consumers, through a so called
"top-down" approach. Second, in a setting where existing crop and pasture land is being
displaced by tree growing activities, domestic food scarcity created by this displacement will
lead to an increase in some agricultural commodity prices, thereby effecting land rents.
Moulton and Richards (1990) did not take this phenomenon into account, because their model
did not include a representation of the supply and demand for these underlying commodities.

Finally, the paper did not take into account the effects of "temporary" carbon sequestration
programs in which timber harvesting would be allowed at some future date. This
shortcoming was due partly to the fact that the bottom-up approach did not account for carbon
fluxes, dynamically, over the life cycle of the planted forest and its products. More
importantly, however, the bottom-up approach was not capable of simulating simultaneous
equilibria in the product market for timber and the asset market for land. Therefore, it could
not address the behaviour of timberland owners who might foresee the timber price effects of
large future harvests on land reserved for carbon sequestration and then take actions, before
these future harvests, consistent with these expected prices.

The solution to these two problems, as addressed in the first paper in this thesis' was to
employ a regional, price-endogenous spatial model of the US agricultural sector, ASM
(Chang, et al. 1992) and to embed in it various activities to sequester carbon by growing trees,
so that both agricultural and carbon sequestration activities could compete for land based on
market principles. By forcing the model to meet national targets for the amount of carbon
sequestered, annually, the model could effectively simulate the impacts of agricultural land
displacement on the costs of carbon in a much better way than possible using the bottom-up
framework. At the same time, because the agricultural sector model used in this analysis had
as its objective function the maximisation of consumer and producer surplus, the opportunity
cost of carbon included a theoretically better (but still approximate) estimate of the market
impact of this displacement on both producers and consumer. However, this top-down
approach was partial in its implementation because the carbon sequestration activities were
modelled parametrically, in a static framework, without fully taking the supply and demand
for timber and timberland in a dynamic framework. (This shortcoming was partially
addressed at the end of the paper).

In this study, the ASM model was modified, as suggesting above, by including carbon
sequestration activities on crop and pastureland in each region. The establishment and
maintenance cost data, as well as the carbon yields for these budgets, were taken from
Moulton and Richards (1990), with minor modifications to make the data sets more
compatible with the regional differentiation in ASM. The model was run with seven different
national carbon constraints, from zero (the Base Case) to 700 million tons of carbon to be
sequestered annually. The total cost of carbon for each of the six non-Base Case scenarios
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was calculated as the difference between the sum of consumer and producer surplus in the
Base Case and the carbon sequestration scenario. The marginal cost of carbon was calculated
from the shadow price of carbon on the carbon constraint, as the loss in the sum of net welfare
due to a one ton per year increase in the amount of carbon to be sequestered. The supply and
demand for timber was not factored into this part of the analysis, because it was assumed no
harvesting would take place. The major results of this part of the analysis are shown in Table
I.

Table 1. Comparison of Carbon Sequestration Supply Curves (Adams et al. 1993) and Moulton
and Richards (1990)

Annual Carbon Flux
(106 short tons C/yr.)

Study 140 280 420 700
$/ton Acres $/ton Acres $/ton Acres $/ton Acres

(106
) (106

) (106
) (106

)

Adams et al. 18.31 49.62 25.19 103.79 34.17 162.35 55.01 274.44
Moulton and
Richards 16.57 70.90 20.69 138.40 23.24 197.60 34.73 303.40

The results, as shown, departed from those of Moulton and Richards in two important ways.
First, the static supply curve for sequestered carbon (marginal cost vs. annual carbon flux)
rose more sharply than did Moulton and Richard's, so that for targets of 140 - 700 million
tons/year, the marginal cost of carbon was not only higher than in Moulton and Richards, but
also increasingly more rapidly. The higher costs shown for our study are typical of bottom-up
vs. top-down comparisons in many greenhouse gas mitigation studies. While the differences
between the two approaches will always be conjectural, the fact that bottom-up models do not
take into account scarcity rents, as reflected in higher agricultural commodity prices, accounts
for some portion of the consistently higher mitigation cost estimates in our partial top-down
approach.

Second, less land was required to sequester a given amount of carbon than in Moulton and
Richards. This result was, at first, surprising because Moulton and Richards included some
private timberland in their land base and we did not. However, on closer inspection, this
private timberland was not very productive in the Moulton and Richards database. Thus, the
reliance on higher productivity land, purchased at a higher opportunity cost, in our study
explains both this difference and part of the difference in costs, as well.

In addition to providing a partial top-down assessment of the costs of sequestering carbon on
agricultural land in the US, this study also attempted in a crude, but partially innovative way,
to address the problem of the effects of future harvests from land used to sequester carbon on
timber market prices and welfare. For this part of the analysis, the ASM model was further
modified to include regional supply functions for timber harvested from existing private
timberland in the US and national demand curves for wood products from timber harvested
from both existing private forest land and agricultural lands, as well as export demands.
Finally, the supply of timber of private timberlands was linked to the potential timber supply
from forests used to sequester carbon on agricultural land. Thus, the model as fully modified
optimised the sum of producer and consumer surplus in product markets (but not asset
markets) in both sectors in a single period.

The question addressed by this part of the analysis was: "what would be the effects of the
augmented timber supply on agricultural land on stumpage prices and consumer and producer
surplus, if this timber was allowed to be harvested?" This analysis further assumed that any
harvests on agricultural land would immediately be followed by re-establishment of
plantations on these lands, to maintain the annual average flux.
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The results of this analysis showed that harvests from agricultural land dramatically displaced
harvests from private timberland. In the Base Case harvests from private timberland in the
US were estimated to be about 6.2 billion cubic feet. For the 140 million ton C target, total
harvests increased to roughly 14.7 billion cubic feet, with only 4.8 billion cubic feet coming
from private timberlands. These scenarios also produced sharp decreases in stumpage prices
in the US as a result of the availability of additional supplies. Stumpage prices were reduced
by 28 per cent and roughly 90 per cent, respectively, for the 35 million-ton C and 700 million-
ton C. carbon sequestration targets. The marginal cost of carbon fell in each scenario as a
result of the additional revenues from harvesting by roughly $2 - $5 per ton C for the 140-
700 million ton C. targets. As suspected, economic agents in both sectors, as a whole, were
better off as a result of allowing harvesting, although the impacts on different groups varied
widely. In the main, consumers were better off under these scenarios than the no harvest
scenarios due to lower wood product prices, as a result of lower stumpage prices.

This analysis raised two important questions for future research. First, from the standpoint of
carbon accounting: "How would harvesting affect carbon stocks and flows". Because of the
parametric approach used to characterise carbon flows (average annual yield) of carbon over
an entire rotation) in Moulton and Richards (1990) and this analysis (Adams et al. 1993), it
was not possible to answer this question definitively. The study did show that major losses in
carbon stocks would occur at harvesting, and common sense tells us that elimination of 30-50
per cent of the ecosystem biomass stock at harvest would cancel out a large fraction of the
average annual yields (flows) in that rotation, which could not be made up in successive
rotations. Common sense also tells us that a forest, once planted, will grow to nearly a steady
state and, that after that occurs, the average annual carbon yield must decline, as the number
of years with approximately zero yields increases. However, the approach used here and by
Moulton and Richards (1990) was not well adapted to exam ining strategies to maintain
carbon yields at constant levels, through "phased" establishment of new forests on
agricultural land as older forests were harvested or approached steady state growth.

The second question has already been raised, early, namely: "If harvesting oftrees is allowed
on agricultural land, how will this effect the behaviour of private timberland owners?" Our
analysis showed the potential for dramatic decreases in stumpage prices due to increased
timber supplies from agricultural lands. It is at least somewhat likely that traditional timber
land owners would behave rationally in expectation of future stumpage price decreases by
harvesting sooner (or in larger volumes), or by reducing the intensity of management, or
perhaps even by converting their land to other uses after harvest. In the process, these actions
taken to offset an expected decline in net revenues, would reduce the stock of carbon and on
private timberland, with a resultant decline on carbon yields on the combined land base. This
would represent a carbon leakage from the program.

The issues raised by the use of a static partial equilibrium model to estimate carbon
sequestration costs led directly to the development of the FASOM model. However,
completion of the model took several years. In the meantime, a number of studies were
undertaken for the US government, using the partial equilibrium modelling framework to
examine different aspects of the opportunity cost of carbon. Despite the limitations of this
approach, it was still believed to represent an important advance in the field to examine the
costs of "temporary" carbon sequestration programs.

One important issue involved the possible role of carbon sequestration programs in the larger
context of US farm support programs. In the early 1990's, the Federal Government and the
Congress were looking for ways to cut the Federal Budget and reduce the burden of
government regulation and intrusion into markets that were already fairly competitive, or
would become more so, if the Federal Government stepped aside. The US farm program
budget had nearly reached the ten billion dollar mark, annually, and the traditional argument
that farm programs were intended to support the small farm, rural way of life was
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contradicted by the fact that most of the benefits of these programs were paid out to large,
corporate farms.

Given the growing concern, globally, about the rate of greenhouse gas growth in the
atmosphere and the expectation that many of the parties to the Framework Convention on
Climate Change were moving steadily in the direction of greenhouse gas emission quotas, it
seemed reasonable to think about ways for substituting programs to sequester carbon on
agricultural land for the existing farm support programs. The second study in this thesis looks
at that issue.'

This paper set out to answer two questions:

I. What would the be welfare effects and market impacts of adding tree planting programs
on top of existing farm programs in the US?

2. What would be the welfare, fiscal and carbon consequences of replacing existing farm
subsidies, wholly or in part, with carbon subsidies?

To address these questions, we relied on the same version of the US agricultural sector model
(ASM) as was used to perform the supply curve analysis shown previously in Table I. The
static representation of the forest sector product market was not included in the model, since
its use in the previous study was intended to be exploratory and suggestive. However, we
used a version of the ASM model that included the market distorting effects of a number of
specific farm programs that have the effect of placing a floor on some farm commodity prices
in some situations. This drives a wedge between the marginal cost of producing the supported
commodities and the demand price to consumers, creating "excess" production of targeted
commodities. Under these conditions, farmers receive market support payments to make up
the difference between the revenues they actually receive from consumers at the demand price
and the revenues they would receive if the commodities were sold at a price equal to the
marginal production cost. This creates a dead weight surplus loss, which can be used to
measure the welfare effects ofthe price support.

Intuitively, one might think that adding a subsidy to sequester carbon on top of these existing
commodity support programs would increase the marginal cost of sequestering carbon, the
total fiscal cost of farm programs, and the dead-weight welfare loss. However, the paper
illustrates that while the first two ofthese results are theoretically correct, the last one is not.
In fact, carbon sequestration programs effectively shift the supply curve for a supported
commodity to the left, directly, if that land on which that commodity is ordinarily produced is
used to grow trees and, indirectly, through a reduction in available acreage to grow substitute
crops. This has the effect of increasing the prices which consumers pay, narrowing the gap
between the supported price and the prices consumers pay, and reducing the level of support
payments to the commodity. This means that, while the total amount of the government
subsidy payments will increase when carbon subsidies are added, the pre-existing commodity
subsidies will become smaller and so will the dead-weight welfare loss associated with them.
In the extreme case, planting trees on agricultural land will raise commodity prices above the
support levels, and the distortionary effect of these programs will disappear entirely. In that
case, all government transfer payments will be devoted to planting trees and all welfare losses
(ignoring the benefits of avoiding climate change) will be associated with carbon
sequestration subsidies.

The theory was confirmed in a partial repeat of the supply curve analysis from the previous
period, using two different carbon yield data sets, one that reflected the productivity of non-
intensively managed forests and another to reflect the higher carbon yields on intensively

2 Callaway, 1.M. and B.A. McCarl. 1996. "The Economic Consequences of Substituting Carbon
Subsidies for Crop Subsidies in U.S. Agriculture". EnvironmentaL and Resource Economics. 7: 15-43.
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managed plantations. The purpose of doing this was to examine the effects of plausible yield
variations on the marginal cost of carbon, the opportunity cost of carbon sequestration
programs, and the amount of agricultural land needed to sequester a fixed amount of carbon at
the least welfare cost to society. The supply curve analysis was conducted with and without
farm programs for four different carbon sequestration targets, ranging from 35 million tons C.
per year to 280 million tons C. per year. The results are shown, below, for the intensively
managed forests yield data, in Table 2. This is a synthesis of Tables J and 11in the second
study". It also provides new information about the opportunity cost of carbon (net social
benefits) in the Farm Program scenarios in relation to the Base Case level of welfare in the
non-Farm Program scenarios.

TabJe 2. Marginal Cost, Change in Net Social Benefits (cost), Carbon Production Cost, Farm
Program Payments and Total Government Payments for Four Carbon Sequestration
Levels, Without and With Farm Programs for Intensively Managed Stands

Annual Carbon Flux
Cost Component ( 106 short tons C/yr.)

35 70 140 280
No Farm Programs

Marginal Cost of Carbon" 15.78 15.95 16.88 32.20
Change: Net Social
Benefits -1 b,c -515 -1067 -2219 -4919
Carbon Production Cost" 552 1117 2363 6620

With Farm Programs
Marginal Cost of Carbona 15.76 16.61 17.91 32.55
Change: Net Social
Benefits - 1b,c -2397 -2936 -3986 -5755
Change: Net Social
Benefits - 2b,d -497 -1036 -2086 -3835
Carbon Production Cost" 552 1103 2508 6595
Farm Payments" 8234 8222 8108 7067
Total Transfer Payments" 8786 9325 10616 13662
a$/ton C/yr.
b I 06 $/yr.
'Welfare change in relation to Non-Farm Program Base Case welfare
dWelfare change in relation to Base Case welfare Without Farm Programs
Source: Tables I and II in Callaway, J.M. and B.A. McCarl. 1996.

These results show that combining farm programs with carbon sequestration programs do not
have much impact on the marginal cost of carbon. The welfare losses associated with
combining the two types of programs is always larger than the social cost of farm programs
alone, when measured with reference to the Base Case welfare level. However, the relative
welfare losses in the non-Farm Program scenarios (compared to its own Base Case level of
welfare) are smaller than in the Non-Farm Program scenarios, and the absolute difference
between these losses in the two sets of scenarios increases with the size of the carbon target.
At the same time, the subsidies paid to farmers to sequester carbon (i.e., the carbon
production cost) do not differ too much under the two scenarios, but as the carbon
sequestration target increases the subsidy payments to farmers decline. These last two results
in Table 2 support the theory that carbon sequestration programs, when combined with price
support programs, should have a tendency to displace the price support programs because
planting trees on agricultural lands raises agricultural commodity prices.

This "crowding out" phenomenon led to a second set of analyses, designed to look at the
welfare and fiscal implications of substituting carbon sequestration programs for price support
programs in the agricultural sector. Two types of analysis were performed. The "Hicksian"
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analysis sought to estimate the fiscal costs and carbon consequences of incrementally
substituting carbon sequestration programs for farm programs, holding welfare losses
constant at the level ofthe then-existing farm programs, or about $1.9 billion, annually. The
Marshallian analysis sought to estimate the welfare losses and carbon consequences of
incrementally substituting carbon sequestration programs for farm programs, holding fiscal
outlays constant at the current farm program level, or about $8.2 billion, annually. In each
analysis, the phasing out of farm programs was simulated by parametric reductions in target
prices, loan rates, diversion payment rates and deficiency payment rates in the model.

The partial results of this analysis for intensively managed forests on agricultural land are
shown in Table 3. The Hicksian analysis is the most interesting for policy purposes, in that it
shows that up to 116.5 million tons C per year could be sequestered, annually, while
achieving reductions in government transfer payments to fanners from roughly $0.5 - $6.2
billion per year at a welfare price equal to that under the then-existing farm program scheme.
The Marshallian analysis showed that, while substantially more carbon could be sequestered
than under the Hicksian approach, up to 311.7 tons C per year, holding annual farm payments
constant at $8.2 billion, the annual welfare costs over and above those of the farm programs
would be substantial, up to almost $4 billion, or about $5.9 billion if one factors in the welfare
costs of the farm programs ($1.9 million/yr).

Table 3. Results from Hicksian and Marshallian Analyses for Intensively Managed
Stands

Percent Hicksian Analysis Marshallian Analysis
Reduction in Change in Change in Net

Farm Program Carbon Seq. Total Gov. Carbon Seq. Welfare
Prices and Rates (106 t C/yr) Payments (106 t C/yr) ($ I06/yr)"

($106/yr)"
0.0 0 0 0 0
0.5 1.3 -545 30.5 -440
1.0 3.5 -1061 68.8 -1020
2.0 22.6 -1832 132.7 -1610
5.0 31.6 -4119 229.7 -3060
10.0 46.0 -5582 282.2 -3850

100.0 116.5 -6236 311.7 -3940
aln relationship to farm program payment and welfare levels under existing farm programs in the
model.
Source: Callaway, J.M. and B.A. McCarl. ]996.

1.1.2 Development and Application of the FASOM Model

This subsection of the thesis covers a USDA Forest Service report and four papers that deal
with the development and application of the FASOM model as a tool for estimating the
opportunity cost of carbon. The FASOM model was developed to overcome the previously
mentioned limitations associated with the static partial equilibrium model used in the two
previous papers in this thesis. The challenge facing the developers of FASOM was to create a
model with the following capabilities:

I. A reasonably complete and accurate representation of the alternatives for supplying
agricultural commodities and stumpage in the US agricultural forest sectors at the
regional level.

2. A satisfactory representation for the demand for these products in both domestic and
export markets.

3. An optimising framework that would simultaneously simulate competitive behaviour in
the product markets for agricultural commodities and stumpage and in the asset market
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for land in both sectors, allowing transfers of land between the sectors to be made on the
basis of intertemporal welfare maximisation.

4. Dynamic accounting of carbon stocks and flows over time.
5. Flexibility to simulate a wide range of domestic policy options for sequestering carbon on

land in both sectors under a wide range of possible future demand scenarios for
agricultural commodities and wood products.

The most complete documentation of the FASOM model is contained in a USDA Forest
Service Research Report', located in Appendix A of this thesis. The authors of this report
constituted the research team that developed FASOM.

The underlying modelling scheme adopted by the authors was to link a price-endogenous
spatial equilibrium model of the agricultural sector with a price endogenous spatial
equilibrium model of the forest sector stumpage markets through a common land base and
objective function in a non-linear (in the objective function) mathematical programming
framework. Carbon accounting would be performed dynamically in the model to track the
effects of establishment, growth and management on carbon in forest ecosystems on private
timberland and agricultural land, before and after harvest. The objective function of the
model would be to maximise the net present value of consumers' and producers' surplus
associated with the production and consumption of agricultural commodities and stumpage,
as well as the investment in timberland, over a fixed planning horizon. As such, the objective
function of the model would be consistent with competitive behaviour in both the product
markets in the two sectors and in the asset market for land, over a fixed planning period.
Consequently, the Kuhn-Tucker conditions to the model would provide a set for rules for the
various economic agents to follow, consistent with competitive equil ibria in the product and
asset markets in the two sectors.

The agricultural sector in FASOM is a revised version of the ASM model. It simulates the
production and consumption of a large number of primary and processed crop and livestock
commodities in 11 FASOM regions. Crop production activities compete regionally for land,
labour, and irrigation water inputs. In all, there are over 200 production possibilities for crop
and livestock activities in each, decadal model period. The regional production activities for
final consumption are linked to non-linear demand functions for national consumption and
excess export demands, and the integrals of these demand functions represent willingness-to-
pay for final consumption goods in the agricultural sector. The land base in the model
consists of crop and pastureland and these two components of the land base are linked by
balance equations to the land base in the forest sector to allow these lands to be converted to
and from forest uses in each decade.

The objective function for the agricultural sector portion of the model is to maximise the net
present value of the sum of producers' and consumers' surplus in the sector over the nine
decade planning horizon (1990 - 2039) plus a term to reflect the present value of the rents
received by land owners in perpetuity after the last period. Addition of such a term was
required to prevent agricultural land from being shifted into forestland to capture net returns
beyond the explicit model-planning horizon. This was accomplished by assuming that
commodity and variable input prices would remain fixed at their terminal values in the future,
and by discounting the computed value of the net welfare surplus to reflect an infinite stream
of rents after the last period.

In developing the forest sector for FASOM, several alternative modelling approaches were
available. The first of these involved using an existing model of the US forest sector,

3 Adams, D. R. et al. 1996A The Forest and Agricultural Sector Optimization Model (FASOM):
Model Structure and Policy Applications. United States Department of Agriculture Forest Service.
Research Paper PNW-RP-495.

1-9



TAMM-ATLAS (Adams and Haynes 1980, 1996). This is a very detailed, two-level, price-
endogenous spatial equilibrium model of the US forest sector, already in use by the USDA
Forest Service at the time to make timber supply and demand projections. One of the most
important features of that model is that it includes a detailed structural inventory oftimber
volumes on US private timberland. However, the national supply of timber is linked to the
supply of timber in ATLAS through a one period lag in the regional stumpage supply
equations in TAMM. This causes the harvest /olumes in TAMM to be based on a very
myopic optimisation. Moreover, the age structure of the harvest in each region is not
determined endogenously in TAMM, but rather through a series of rules built into the ATLAS
inventory model. Thus, the use of TAMM-A TLAS was rejected, even though the inventory
and demand data from ATLAS played an important role in the FASOM model. A second
alternative was to use a continuous or discrete time optimal control model with an
indeterminate time horizon. Such continuous and discrete time optimal control models have
been developed for the US by Sohngen and Mendelsohn (1998), and by Sedjo and Lyon
(J 990) and Lyon and Sedjo (1983). These models were rejected for three reasons: a) they do
not allow a very complete depiction of the forest inventory; b) they do not as yet have the
capability to simulate the simultaneous competition of different species for land in different
regions; and c) they are hard to control when mid-term price-shocks are induced exogenously.
This last feature makes it difficult to introduce realistic demand scenarios and demand shocks
into such models, as is often required in policy assessment.

The alternative finally settled upon by the authors was to develop a very detailed discrete time
optimal control model for stumpage markets in the US forest sector, with a fixed planning
horizon, but with terminal conditions to simulate attainment of a fully regulated forest after
the last period. Terminal conditions were needed to prevent the terminal forest inventory
stock from being completely harvested and transferred to the agricultural sector.

Consistent with this approach, the forest sector in FASOM is represented as a Type II even-
aged harvest scheduling model (Johnson and Scheurman 1977). This type of model depicts
the age structure of the existing inventory on forest stands. However, each time the various
age segments of the existing inventory are harvested, these stands are collected into a single
cohort group for re-establ ishment. In the process, the un ique age identity of forest stands in
the initial inventory is lost once harvest occurs. This also applies to stands to stands that are
re-harvested after re-establishment. The advantages of using this approach is that it greatly
reduces the number of harvest and re-establishment activities in the model, while still
allowing the user to preserve important, non-age structural characteristics of the initial
inventory land base through successive harvests.

The forest sector in FASOM consists ofthe following main elements:

Stumpage (Jog) Demand Functions.

FASOM includes linear, national stumpage demand functions for 12 log products: saw logs,
pulpwood, and fuelwood for both softwoods and hardwoods, as well as import-export
relations for sawlogs. The intercept and slope coefficients for the saw log and pulpwood
demand functions in each period are derived from the solutions of the TAMM model for
sawlogs and NAPAP (lnce 1994) model for pulpwood. Fuelwood demand is represented by a
fixed minimum quantity sold at a constant price. The stumpage demand parameters change
from decade to decade for the periods 1990-2029, according to future scenarios for macro-
economic variables provided to the TAMM and NAPAP models. Thereafter, from 2030-
2089, these parameters are held constant at their value for the 2020-2029 decade. This was
done for two reasons: a) lack of data and uncertainty about future macro-economic
projections and b) to induce model solutions in the terminal period to move toward a steady-
state solution.
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Inventory Structure

The breakdown of the timberland inventory in FASOM is shown in Figure 3 of Appendix A
in this thesis. The initial timberland inventory in FASOM is divided into a number of
management units, indexed by region (11), ownership category (2), age group (10), forest
type (4), site class (3), land class (5), and timber management intensity (4). Each
management unit in the initial timberland inventory, broken down in this way, is characterised
by the number of timberland acres in a unit and the growing stock volume associated with it,
based on data used in the 1993 USDA timber assessment (Haynes et al. 1995). Newly
regenerated stands are indexed in almost the same manner; however, they are also identified
by the year in which they were regenerated, with each stand beginning with a harvest volume
for the 0-9 age category. In any given management unit, from 0 to 100 per cent of the
volumes, can be harvested in a given period and the harvested acres from all these units can
be transferred to agriculture (with some restrictions) or to the newly regenerated inventory,
keeping such characteristics as region, species, site class and, in some cases, ownership
distinct, but allowing other characteristics to change, consistent with the optimal solution.

Production Technology, Costs, and Capacity Adjustment

The technology of log production in FASOM is dictated by yield tables, which contain age-
specific timber volumes per acre, broken down according to region, ownership, forest type,
land class, site class, and timber management intensity. Thus, the yield tables take into
account technological variation across management intensities, but not exogenous
technological change, over time. It would not be difficult to scale these yield tables over time
to reflect supply-side technological change, but the authors believed this could best be
accomplished through technology scenarios rather than assume it, a priori, in the yield tables.
Establishment, annual management, and harvesting costs were estimated for each
management unit in the inventory. The costs of hauling logs intra-regionally from stands to
mills were also estimated for each type of product. Mill capacity restricts product harvests in
each period. However, capacity expansion is included in the model through a simple neo-
classical investment model that allows additional increments of capacity to be purchased at
fixed prices in each region, taking into account capacity depreciation.

Objective Function and Terminal Conditions

The objective function of the timber market portion of FASOM is to maxim ise the net present
value of producer and consumer surplus associated with the production and consumption of
timber in the eleven regions over the 1OO-yeartime horizon in the model plus the net value of
undepreciated capital in the terminal period plus a term to reflect the discounted streams of
rents received by land owners in perpetuity after the last period. The approach taken for the
forest sector was to assume that the structure of the forest inventory in the terminal period and
thereafter was consisted with a fully regulated forest. This assumption was justified to a
certain degree by the fact that exogenous parameters in the demand function were held
constant from 1990 2029, producing an observed tendency for the model to move toward a
regulated condition in the terminal period. Von Mantel's formula (Davis and Johnson 1987)
was used to calculate the exogenous perpetual periodic harvest volume from the terminal
inventory, using average rotation ages observed in the model solutions in the last few periods,
requiring an iterative process to arrive at a final solution. By assuming that model solutions
in the terminal period would hold true indefinitely in the future, the discounted present value
of the net benefits from the regulated harvest flows for an indefinite period into the future
could be calculated endogenously from the consumer surplus integrals for the terminal period
and the management cost information in the model.
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Carbon Accounting

The carbon accounting system in FASOM tracks the build-up of ecosystem carbon (tree, soil,
understory and forest floor) on each management unit in the initial timber inventory, on newly
regenerated stands on both agricultural and timberland, and in wood products produced from
harvests in a dynamic fashion. It also accounts for harvests losses and emissions of carbon
from residues after harvest and for changes in soil carbon levels when land is shifted back and
forth between the two sectors in the model. The methodology employed to estimate
ecosystem carbon in each period was based on carbon yield tables developed by Birdsey
(1992). The build-up and decay of forest residues due to harvest operations was based on
decay functions, taken from Turner at al., (1993), while the treatment of post-harvest carbon
in forest products, landfills and dumps, and displacement of conventional fossil fuels was
based on decay (i.e., emissions) functions developed by Rowand Phelps (1992). These decay
functions assume a specific product mix from different types of products, that was
exogenously determined by Rowand, therefore, might not be consistent with the
economically efficient end use structure implied by the FASOM solutions. However, the
importance of this segment of the carbon stock and the fact that FASOM does not explicitly
include wood product markets (except as implied in the demand function parameters) seemed
to justify this approach. The carbon sector was designed so that stock or flow constraints
could be imposed at the national or regional level, or by sector. Alternatively, national carbon
flows could be endogenized by including annual terms in the objective function to reflect the
tax cost and/or the benefits of these flows to society. However, the latter feature was not
implemented in any of the papers included in this thesis.

As previously stated, the two sectors were linked through land transfers and a joint objective
function. As structured, solutions to the model are consistent with rational expectations of
economic agents, with perfect foresight, in the two sectors. This means that, in any period,
economic agents are assumed to be able to perfectly predict future product and land prices,
and make their resource allocation decisions accordingly. The choice of crops, the amount of
land devoted to each crop and associated output levels, and the amount of land to transfer to
the agricultural sector are determined endogenously for all periods, simultaneously. In the
forest sector, the timing and quantity of harvests, the mix of products harvested, and the
amount of land and "management characteristics" selected for newly regenerated land, and
the amount harvested land that is transferred to the agricultural sector is also determined
endogenously for all periods, simultaneously. Market prices for the agricultural and timber
commodities produced in each sector in each period are also determined endogenously, as are
the shadow prices for land and carbon in each period.

The FASOM model can be run as a two-sector model or, alternatively, the forest sector can be
run alone, using forecasts of available private timberland to constrain the land base in that
sector. The performance of the stand-alone forest sector in FASOM is reviewed in the third
paper in this thesis."

This first portion of this paper discusses the structure of the forest sector portion of the model,
paying particular attention to the construction of the terminal conditions for the valuation of
the flow of products from the terminal inventory. To amplify a bit further on this feature of
the model, "the iterative process" involved finding the rotation age for the regulated harvest
consistent with von Mantel's formula, Y = 2G/R', where Y is the harvest volume for the fully
regulated forest, G is the total inventory volume and R is the rotation age associated harvest
age for the fully regulated forest. To find R', the model was run using an arbitrary value for
R' in the terminal value function and then comparing this value with the computed average
rotation age for the inventory from the model solution for the last few periods. This process
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was repeated, through a simple tatonement formulation, until these rotation ages converged to
a small difference, epsilon. This approach is something ofa trick, since R*, once determined,
is used as an exogenous parameter in the terminal value function for many different model
simulations. Differences in exogenous demand parameters that vary across model simulations
would imply a different value of R*for each simulation. However, from a practical
perspective, the authors did not believe the impact of this terminal valuation function (from
2089 to + CX» on model solutions for the first four or five decadal periods would be large, for
several reasons: a) demand conditions are held constant from 2030-2089 producing a strong
tendency for rotation ages to converge to a steady-state level, b) the effects of small changes
in the value of R* on the computed value of the discounted services of the term inal inventory
are very small. This effect was tested by varying the planning horizon in the model between 9
and 10 decadal periods and examining the effects on the value of the objective function and
important solution variables. As indicated in this paper, the impacts were generally small.

The overall objective of this paper was to examine how shifts in the level of harvests from
public forestland would affect the supply of stumpage and harvests from private timberlands.
Public timberlands are not included in the FASOM inventory because, as a matter of policy,
decisions about allowable harvests from public forestland in the US are traditionally made by
the Federal Government for reasons that have nothing to do with economic efficiency and
because there is no consistent inventory accounting system in use in the Federal Government
for timber in its many national forests from which to construct a data base. These harvest
levels are exogenous (i.e., perfectly inelastic timber supplies) in FASOM; however variations
in the exogenous harvest from public forests directly influence the prices at which harvest
products are demanded in FASOM. The results of the Base Case (then current Federal
Harvests) were also compared to the results obtained from the TAMM model for similar
harvest scenarios.

The results for the Base Case for the period 1990 - 2040 indicated that the private timberlands
in the US can sustain much larger harvest volumes at stable or declining prices over time than
forecast by the TAMM model. This is not surprising in light of the rational expectations
framework embodied in FASOM and the myopic and highly constrained harvest scheduling
behaviour built into TAMM. This was achieved in FASOM through a major expansion in
intensively managed softwood inventory area in the South, achieved by the conversion of
hardwood to softwood forests and by, effectively, abandoning about 10 percent of the least
productive softwood lands in that region. Other regions contributed very little to the
expansion in harvests due to their inability to compete with the South; however, on these
lands considerable hardwood acreage was downgraded into intensively managed softwood
stands or shifted into the lowest management category. The simulations that reduced the
allowable harvests from Federal lands produced similar results. Initially higher product prices
for softwoods and hardwoods led to substantial harvesting in early decades in all regions,
followed by investment in softwood inventory, concentrated largely in the South. As these
newly regenerated inventories reached maturity, stumpage prices declined to near Base Case
levels and harvests stabilised near Base Case levels within two to three decades.

The results of these analyses are of interest for several reasons. First, they highlight the
growing importance of the Southern timber supply regions, at the expense of other timber
producing regions. In both the Base Case and the reduced cut scenarios, most ofthe reduction
in public harvests occurred in the Western regions; however, offsetting increases in
investment took place largely in the South. Second, FASOM consistently simulated a process
whereby the initial inventory is "culled" through early harvests in all regions in response to
relatively high stumpage prices, and then is rebuilt through investment in intensively managed
forests in the South, thereby allowing lower stumpage prices without substantial, additional
investment. Third, the substantial downgrading of hardwood to softwood acreage that
occurred, especially in the South, is a "new" policy result and suggests that additional
environmental burdens may be placed on the Southern regions in response to reductions in
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public harvests or increases in demand for timber products for other reasons. Finally, a
pattern of land abandonment in which some land in all regions, presumably the least
productive, was regenerated in the lowest possible "hands off' management intensity class
was evident in all of the FASOM runs. Existing forest sector models are not able to simulate
land abandonment, but it has been a consistent pattern in the historical picture of the forest
sector in the US, over time. Large areas, and large volumes, of unmanaged forest now exist
in the Northeastern U and the FASOM model results suggest that this pattern will continue
in the Northeast and extend to other regions as well.

The general patterns observed in this stud/ were intuitively consistent with the model
structure. Because the model simulates the behaviour of economic agents who can foresee
perfectly the impact of exogenous "forces" on product and land prices, their production and
investment decisions are always optimal from the standpoint of economic efficiency. A
subsequent study', the fourth in this thesis, examined the implications of both limiting and
expanding the competition for land in the forest sector.

Intertemporal timber supply models commonly assume that land supply is perfectly inelastic
(i.e., exogenous) and that capital markets are perfect. These assumptions were maintained in
the previous study, using the stand-alone FASOM forest sector. The assumption of an
inelastic supply of timberland is untenable in the US in a long run perspective that has
witnessed considerable movement of land between the forest and agricultural sectors over a
number of decades. The assumption of perfect capital markets has also been questioned.
Evidence shows that many private non-industrial owners of timberland in the US do not
manage their lands in a manner that is consistent with wealth maximisation (Adams and
Haynes 1980). This could be because they hold timber supplies for reasons other than wealth
maximisation, or because of"hidden" management costs that are not easy to incorporate into
empirical studies, or because the ability of many private non-industrial owners to establish
and maintain intensively managed plantations is capital constrained.

In this study, both the assumptions of a perfectly inelastic supply of land and perfectly
competitive capital markets were modified by introducing a price-sensitive supply of land and
by restricting the ability of private non-industrial owners to optimally establish new forests.
The supply of land available to timberland owners was modified by using the two-sector
version of the FASOM model, including both the US agricultural and forest sectors. As a
result, land will shift from agricultural to forest use when the discounted expected returns in
forestry, less the cost of land conversion, are greater than those in the agricultural sector. The
assumption of perfect capital markets was modified by adding regional investment cost
constraints for non-industrial landowners, limiting total spending on the establishment of
newly regenerated stands to a fixed amount in each period, based on 1993 non-industrial
planting area. In addition, the mix of afforestation and reforestation and the total area of
planting were fixed at 1993 levels. The forest sector impacts of these two sets of assumptions
were examined, independently and jointly, across three scenarios: a) a Base Case in which the
land base was fixed and capital constraints were absent; b) a case in which harvests on public
forestland was reduced by 50 percent and on other public lands by 25 percent; and c) a case in
which waste paper utilisation rates in the future were increased fairly dramatically, from 45
percent by 2040 in the Base Case to 60 percent by 2010.

Restrictions on the availability of capital had the effect of increasing softwood sawtimber
prices and reducing log consumption/production in all scenarios, regardless of the land supply
assumptions used in the analysis. The reason for this is that the capital restriction acts to

5 Adams, D. M., et af. 1998. "The Effects of Factor Supply Assumptions on Intertemporal Timber
Supply Behaviour: The Cases of Investable Funds and Land." Canadian Journal of Forest Research
28(2): 239-247.
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inhibit the ability of private non-industrial landowners to upgrade the intensity of
management on newly regenerated lands, as is possible in the unconstrained Base Case.
Thus, the area of softwood plantations in non-industrial private ownerships is reduced by 60
to 80 percent when borrowing constraints are imposed and the land base is fixed. This
effectively shifts the partial (i.e., when the available inventory is fixed) timber supply curves
in each period to the left, resulting in reduced consumption and higher stumpage prices.

Adding an elastic supply of land on top ofthe investment capacity constraints had the effect
of slightly dampening these stumpage price and consumption changes, but had little effect on
the total area of softwood plantations. In all scenarios in which the two effects were
combined, there is a net flow of about 1.5 million acres from the forest to agricultural sector
between 1990 and 2030, primarily to and from pastureland in the South. Closer inspection of
unpublished results reveals that the exchange, while negative in terms, provided additional
high quality land to the forest sector that was shifted into the highest management intensity
class, while the land that was shifted out of forests was not potentially as productive. Thus,
the land transfers benefited the forest sector from a comparative advantage standpoint and
more timber could be produced from a smaller land base than would have been true had these
land exchanges not been possible. At the same time, the dampening effect ofthe elastic
supply of land was more pronounced in later periods, as expected, because ofthe time it took
for timber on the intensively managed afforested lands to reach a harvestable age.

The results of this analysis are also interesting because the Base Case pattern of softwood
sawtimber prices and consumption more closely follows the results for TAMM, when
investment in new stands is constrained in FASOM. The major difference in trends is that
TAMM forecasts rising stumpage prices and falling consumption levels over the period 1990
to 2030, while FASOM simulates much smaller changes in prices and consumption after
2010. This, again, is due to the fact that, even when investment possibilities are constrained
in FASOM, the price-endogenous nature of management in the model, leads to a potentially
more productive timber inventory once re-established stands approach harvestable age,
around 20 I0 and thereafter.

The decision to constrain the model to more closely capture the actual behaviour of non-
industrial private timberland owners, as was done in this study, can be made on two grounds.
If the objective of the policy simulation is to be judged to some extent by how closely the
model depicts observed behaviour, then constraints of some kind, or the application of a
disequilibrium framework, such as a stock-adjustment model of land investment, may be
justified. On the other hand, if the purpose ofthe policy model is to compare the welfare
significance of different policies then the best approach involves using a baseline that
normatively descriptive of perfect competition. In the case of estimating the welfare effects
and marginal cost of carbon in the context of carbon sequestration policies, the latter approach
is correct. To do otherwise would give a distorted effect of the true costs of carbon
sequestration in the US.

1.1.3 Applications ofthe FASOM Model

The next two papers in this thesis represent applications of the FASOM model that have been
published in refereed journals. The first paper", the fifth in this thesis, examines the welfare
cost of four carbon sequestration scenarios and their impacts on private forest management
and land use in the US. Here, we are limit our discussion to a discussion of the carbon
consequences and costs of the various scenarios in the paper.

6 Alig, R.e! al. 1997. "Assessing Effects of Mitigation Strategies for Global Climate Change with an
Intertemporal Model of the U.S. Forest and Agricultural Sector. " Environmental and Resource
Economics. 9: 259-274.
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The four scenarios were defined as follows:
1. Afforestation. Approximately 4.9 million hectares of pastureland were "forced" from the

agricultural sector into the forest sector during the 1990-1999 decade. Once these lands
were shifted into the forestry sector no further constraints were imposed on landowners.
This is analogous to giving landowners a contract to store carbon for one rotation and
then allowing them to har est their land.

2. Constant absolute carbon flux (Carb - 1). The carbon flux (i.e., change in the carbon
stock) in each decade was constrained to be greater than or equal to the 1.6 gigatonnes
(gt) in each decade from 1990 - 2040. The 1.6 gtC target was selected because this was
the largest decadal flux in the Base Case.

3. Constant relative carbon flux (Carb - 2). The carbon flux in each decade was
constrained to be greater than or equal to 0.4 gt in relationship to the carbon flux in the
Base Case for each decade from 1990 - 2040.

4. Increasing absolute carbon flux (Carb - 3). The carbon flux in each decade was held
constant at Base Case levels from 1990 -2020 and thereafter it increased at an increasing
rate of 0.1 0 gtC per decade, for the last two decades.

The simulated decadal carbon stocks and fluxes associated with the Base Case and each ofthe
four scenarios are shown in Table III of the paper. In Figure I (a duplicate of Figure 3 in the
paper), we show the decadal carbon flux differences between the Base Case and each of the
scenarios, to better ind icate the "stress" that each of these scenarios put on the two sectors to
meet the various carbon targets imposed on the model in the scenarios.

Figure 1. Carbon Flux Differences
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In the afforestation scenario, the effect of forcing almost five million ha of agricultural land
into the forest sector in the first decade of the simulations results in higher carbon fluxes
relative to the Base Case for the first three decades and negative carbon fluxes in relation to
the Base Case for the last two decades. The terminal stock of carbon is actually smaller in the
afforestation scenario than in the Base Case. There are several reasons for this. First, when
4.9 million ha of land was shifted into the forest sector in the first decade, almost 2 million ha
of land was moved into the agricultural sector in the same decade to try to offset the welfare
losses associated with this regulation. This "leakage" reduced the potential carbon gains
from the 4.9 million ha by about 40 to 50 percent. In addition, once the afforested acres had
reached maturity and been harvested, they shifted gradually back into the agricultural sector.
The result was that, over the entire period, about 2 million more hectares moved from the
forest sector to the agricultural sector than in the Base Case.

The fact that land that was initially shifted into the forest sector eventually moved back into
the agricultural sector, once the afforestation constraint was relaxed, was not surprising.
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What was interesting was the contemporaneous movement of forestland into the agricultural
sector in the first decade, illustrating the importance of carbon leakages from carbon
sequestration programs that allow harvesting. Moving "targeted" lands from the agricultural
sector would have the effect of increasing agricultural land rents through scarcity. At the
same time, increasing the potential size of future harvests would reduce expected stumpage
prices in the market, as well as expected returns from timberland. On balance, this would
increase the relative returns from agricultural activities in relation to forest uses and provide
incentives for some timberland owners to shift from forestry to agriculture. This kind of
phenomenon, shown in the results of this paper, is frequently ignored by policy makers and
can not be duplicated by static models. However, the potential for carbon leakages to reduce
the carbon gains from carbon sequestration programs that allow harvesting in future years
would appear to be quite large, judged by the results ofthis paper.

A second important issue raised by the afforestation scenario is due to the fact that the
terminal carbon inventory in this scenario is lower than that in the Base Case. As such, the
carbon sequestration gains in the early part of this scenario are offset by carbon flux declines
in the last two periods. The question is: how to value these temporary gains in light ofthe
fact that they cost society roughly 4 billion dollars in lost surplus over the five decades? This
issue will be explored in more detail in the context of the next paper in this thesis.

The Carb - 1 scenario is of interest because it shows the kinds of resources that would be
required to very quickly "ramp up" the stock of carbon in a single decade to achieve a
constant flux of 1.6 gtC per decade after that. The average decadal flux in this simulation was
1.61 gtC compared to 1.57 gtC in the Carb - 2 scenario and 1.09 gtC in the Carb - 3 scenario.
However, the total welfare loss (approximately 50.8 billion dollars relative to the Base Case)
was about 145 percent higher than in the Carb - 2 scenario and 17 percent higher than in the
Carb - 3 scenario. The disproportional difference in cost can be explained by two factors.
First, the Carb - 1 scenario required the initial net transfer of2.5 million more ha into the
forest sector than did the Carb - 2 scenario and about 4.4 million ha more than in the Carb - 3
scenario, leading to greater losses in agricultural returns. Second, the land that was shifted
into the forest sector in the first decade of the Carb - 1 scenario was managed much more
intensively than in the other two scenarios, leading to higher management costs in the sector.
Interestingly, once the 1.61 gtC decadal flux was achieved in the Carb - 2 simulation, there
was an almost 2 million ha net transfer of land back into the agricultural sector in the next
decade. Moreover, the area regenerated in the forest sector that was not shifted back into
agriculture was managed at a lower intensity in subsequent rotations.

These carbon results suggest that the tim ing of the "ramp up" to achieve a fixed sequestration
rate have an important influence on the cost of carbon. The analysis of the costs of different
carbon flux paths over time in this study also illustrates, in a more general way, the
importance ofthe time path of the additional carbon that is sequestered on societal welfare.
From an analytic perspective, this study also illustrates the problem of characterising the
build-up of carbon using average annual yields as a measure of carbon productivity, as well as
a single physical metric or cost-effectiveness metric to characterise the physical benefits or
costs of forest mitigation options. For policy makers to fully understand the cost implications
of various forest and land use options to reduce net greenhouse gas emissions, they need to
consider the time-path of carbon build-up in forests and to integrate these differences into
their cost calculations.

When this paper was first drafted, not all of the features of FASOM had been fully validated
and tested. So, the study did not include an analysis of the average and marginal costs of
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carbon in the various scenarios. However, a subsequent study' examined the forest
management and cost implications of a number of thirteen carbon flux scenarios in detail.

This study, the sixth in this thesis, sought to estimate the average and marginal costs of
carbon associated with different carbon flux time paths. No other constraints were imposed
on the behaviour of economic agents, so the results from these scenarios provide a lower
bound on the average and marginal costs of carbon, consistent with meeting the flux
constraints. For that reason, the management strategies that emerge from the model solutions
are referred to as "minimum" or least cost strategies. These scenarios are conceptually very
different than those formulated using static, bottom-up or partial equilibrium models. And, as
will be shown later in this subsection, these differences are important when comparing the
carbon cost results from this study with earlier ones that are based on the use of static models.
Three qualitatively different kinds of carbon flux scenarios were created, in addition to the
Base Case. These cases are highlighted in Table 1 in the paper, as follows:

1. Constant flux cases, where the simulated decadal carbon fluxes had to be at least as great
as a constant flux target that was held constant over all decades. These cases follow the
pattern established in the first Climate Change Action Plan (Clinton and Gore 1993).
Because of the nature of the carbon flux trajectory in the Base Case, these scenarios
require fairly large increases in the stock of carbon both before and, especially after,
2000.

2. Increases in near-term flux cases, where the simulated carbon fluxes were required to be
equal to or greater than the Base Case flux by a fixed amount in either 1990 or 2000,
depending on the case, and then maintain or exceed that flux difference in relation to the
Base Case for the rest of the period. These cases require fairly sharp additions to the
carbon stock in early periods (i.e., before 2000) to achieve the targeted flux difference,
but thereafter the fluxes are only required to maintain (or exceed) this fixed difference in
relation to the Base Case.

3. Gradually increasing fluxes in relation to the Base Case. This group of cases follows the
pattern normally associated with plantation development, with the decade flux targets
increasing in relationship to the Base Case over time.

The carbon flux target trajectories for the Base Case and four of the simulations are presented
in Figure 1 in the paper and Figure 2 below. Case 1A, in which the decadal flux target is held
constant at 1.61 gtC per decade is representative of the first type of scenario. Cases 2C and
2F represent the second type of scenario. In2C the decadal flux difference target which must
be met is 0.44 gtC higher than the Base Case in 1990 and then remains constant. In 2F a flux
difference target of 0.55 gtC in relation to the Base Case must be achieved by 2000 and
maintained or exceeded thereafter. Finally, in Case 3B the decadal flux target which had to
be achieved was set at the Base Case level for 2 decades and then, gradually increased in
absolute terms until it was 0.8gtC greater than the Base Case in the last decade.

The cost of carbon is characterised in this study by several different measures:
• the average cost of carbon
• the average cost of discounted carbon, and
• the marginal cost of carbon.

The average cost of carbon in a scenario was computed as the difference between the net
present value of welfare in the Base Case and the scenario, divided by the difference between
the carbon stock accumulated in the Base Case and the Scenario. This is the same measure,
conceptually, as used by Moulton and Richards (1990), the first two papers in this thesis

7 Adams, D.M. et al. 1999 "Minimum Cost Strategies for Sequestering Carbon in Forests," Land
Economics. 75(3): 360-374.
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(Adams et al. 1993 and Callaway and McCarl 1996) and a number of other studies. This
metric, and its use as a measure ofthe cost-effectiveness of different policies and programs
for sequestering carbon has a number of shortcomings.

Figure 2. Carbon Flux Trajectories for
Base Case and Selected Targets
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From the perspective of economic efficiency, we would like to be able to compare the
benefits and costs of avoiding climate change damages for a number of different carbon
sequestration programs and select programs based on their net benefits. This would make it
unnecessary to use cost-effectiveness analysis to rank carbon sequestration and other kinds of
mitigation programs. However, while the theory for valuing the benefits of climate change
exists, various types of data and modelling limitations in economics and many different fields
in the natural and physical sciences do not allow us to estimate the global benefits of reducing
a ton of carbon from the atmosphere in a specific period with a great deal of confidence. Due
to this limitation, we are forced to use cost-effectiveness analysis as a measure for comparing
alternative mitigation programs and policies.

Cost-effectiveness analysis is well suited for comparing the alternatives for producing similar
amounts of a single good or service. In the case of carbon sequestration mitigation studies,
however, the quantity of the physical good in question - the amount of carbon sequestered-
is characterised by a time path. In this context, it is appropriate to compare the social
opportunity costs of producing two identical time paths of carbon sequestration relative to a
base case path using different production possibilities. But it is not really appropriate to use
this analysis to compare alternative time paths of carbon sequestration, since the good being
produced is different both cases.

To get around this problem, most analysts have resorted to using a single point estimate - the
average or marginal cost of carbon - to summarise the physical benefits of carbon
sequestration programs. However, an important limitation of this type of metric is that it can
not be used to compare the costs of two carbon sequestration programs where, in one of the
programs, short term additions to the carbon stock are offset by even larger carbon losses in
subsequent periods. This was the case in the afforestation case discussed in the previous
paper of this thesis.

This would not be a problem if we were able to estimate the marginal benefits of reducing a
ton of carbon in the atmosphere by using the so-called "shadow price of carbon".
Conceivably, the shadow price of carbon varies over time so that near term benefits are
greater than those occurring in later periods, or even if this is 110tthe case, the shadow price of
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carbon may vary in such a way that carbon sequestration programs that have negative
physical benefits have positive economic benefits. This ultimately depends on the
relationship between the discount rate used to discount benefits and costs and the rate of
change of the shadow price of carbon and the shape of the marginal benefit function
(Richards 1993, 1997).

In certain cases described by Sathaye et 01. (1993) and Richards (1993,1997), it may be
appropriate to discount the physical quantities of carbon in the denom inator of the average
cost of carbon to accommodate the time distribution of benefits. This is an admittedly risky
practice, lacking information about the benefit function that gives rise to the shadow price of
carbon. It also changes the basic nature of the average cost metric from a cost-effectiveness
ratio to a quasi cost-benefit ratio. Nevertheless, this approach has been used in several studies
and it was computed for this study to show how this cost metric can vary in relationship to the
traditional average cost.

Finally, this study computed the marginal cost of carbon in each scenario as a point estimate,
to compare with the two other measures. We wanted to develop a single measure of marginal
cost for each carbon scenario that was conceptually consistent with the marginal cost
estimates developed in a static framework: the cost of sequestering an additional ton of carbon
in each year that carbon constraints were imposed on the model. In FASOM a one ton (or
scaled unit) increase in the RHS side value of each carbon flux constraint measures the social
cost of exceeding the constraint by one ton (or scaled unit). These constraints were expressed
in terms of positive RHS fluxes relative to the Base Case. So, the welfare impact of
increasing the RHS of a single period's flux target represents the shadow cost of carbon in
that period and all successive periods relative to the Base Case, due to the one ton increase in
that period. The sum of the shadow costs associated with each period's flux target represents
the net present value of the welfare losses of a sustained one unit increase in the carbon flux
in all periods. This last metric was used to measure the marginal cost of carbon in FASOM
for this study.

We show the average annual flux increase, the average cost of carbon, the average cost of
discounted carbon and the marginal cost of carbon for the four different, example cases in this
study in Table 4 below, taken from Table 3 in the text of this study.

Table 4. Estimated Unit Costs of Carbon Targets for Four Flux Cases
Ave. Annual flux Ave. cost of Ave. cost of

Scenario increase, relative carbon: discounted Marginal cost of
to Base Case undiscounted carbona carbon

(Mmt/yr) ($/mtC) ($/mtC) ($/mtC)
1A 43 21 26 15
2C 44 22 22 11
2F 44 22 28 11
3B 39 18 37 15
a 4 percent constant real discount rate
Source: Adams, D. M. et al. 1999.

These four scenarios are roughly equivalent in terms of their average annual fluxes, but not in
the trajectory of their carbon flux targets. Nevertheless, the differences in their average costs
are not that great. The higher average costs of discounted carbon reflect the fact that the
quantities in the denominator in this average cost metric are smaller, due to discounting, than
the average cost of undiscounted carbon. This difference is greatest in scenarios IA and 3B,
which have the largest deviations from the Base Case in later periods. The marginal costs of
carbon in these four scenarios are also not markedly different, although they are greatest in
the two cases (IA and 3B) in which the terminal flux targets are highest in relation to the Base
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Case. This is due to the fact that, in order to achieve these terminal targets, more agricultural
land has to be shifted into the forest sector for a longer period of time, combined with the
need to manage both hardwoods and softwoods at least or more intensively than in the other
cases. Results for other cases, not shown here, confirm this pattern.

In fact, there is a fairly close relationship between the average annual carbon flux relative to
the Base Case, the average cost of carbon (undiscounted), and the marginal cost of carbon,
among all of the cases as shown in Figure 3. The linear correlations between these variables
are also quite high. The correlation matrix is shown below in Table 5. This shows that,
despite the fact that the management strategies associated with the different scenarios varied
considerably, it might still be possible to construct a robust relationship between the average
annual carbon flux and the average and marginal cost of carbon using a response surface
derived from model inputs and outputs for these scenarios. Whether this can be generalised
over a wider range of carbon flux paths is, of course, uncertain. If such a relationship (or set
of relationships) could be developed, then it might aid policy makers by providing them with
a simple model that captures the dynamic optimising features of FASOM, without having to
expend the time and effort to set up and run FASOM for a large number of scenarios.

Figure 3. Plot of Average Annual Carbon Fluxes,
Average Cost and Marginal Cost of Carbon for

Flux Target Scenarios

80
70
60
50
40
30
20
10
o

~.-.-- ... !

I-Carbon flux I
Ii

,-Ave cost ii
I --Ir- Marginal cost I I

1A 18 1C 10 2A 28 2C 20 2E 2F 3A 38 3C

Flux Scenarios
-- . .-!

Table 5. Correlation Matrix for Average Annual Carbon Flux, Average Cost of Carbon
And Marginal Cost of Carbon from Adams et al. 1999

Average Annual Average cost of Marginal Cost of
Carbon Flux Carbon: Undiscounted Carbon

Average Annual 1.00 0.92 0.92
Carbon Flux
Average cost of 0.92 1.00 0.79
Carbon: Undiscounted
Marginal Cost of 0.92 0.79 1.00
Carbon
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Finally, this study examined the effects of small changes in the discount rate (plus and minus
one percent from the four- percent rate used in the analysis) on the three cost metrics. For this
analysis a constant absolute flux target was employed (similar to Case 1A) with a constant
flux of 1.893 I gtC set in each decade. The results showed, somewhat counter-intuitively, that
all three of the cost measures declined as the discount rate was increased. As the interest rate
is increased the model predicted higher rotation ages in the early periods, reductions in
harvest volumes in later periods ana generally reduced timber inventories than in th
reference case. Also, because the constant flux targets still had to be achieved in each decade,
there was more of a shift of agricultural and timber land into the most intensively managed
categories than in the reference case. These two factors tended to raise undiscounted costs in
the future, but the effect of increasing the discount rate was even stronger and so all of the
unit cost metrics for carbon declined in response to higher interest rates. Interestingly, the
effect of varying the discount rate from three to five percent produced differences in the unit
cost metrics for each scenario of roughly the same magnitude as varying the absolute carbon
flux in each period from 100 to 300 mmtC in relation to the Base Case fluxes (i.e., cases IA
through I D). This is of interest because different carbon cost studies use different discount
rates. Thus, variations in discount rates used across the studies may be an important source of
variation in all the studies.

Given that a linear response surface model may explain a substantial amount of the variation
between the average annual flux increase and the average and marginal cost of carbon, it is
reasonable to ask if the results from this study are substantially different then those from
studies which have used a bottom-up or partial equilibrium approach. Three of the scenarios
in this study (I A, 2C, and 2F) achieved an average annual flux increase of around 45 mmtC,
albeit through different time paths. The average cost of carbon in these scenarios ranged from
$22 to $28/mtC, while the marginal costs were between II and 15 $/mtC/yr. These results
were compared with those offour previous studies that employed a static bottom-up or partial
equilibrium model to estimate the average and marginal cost of carbon for average annual
flux increases in the 45 mmtC range. Only the study by Richards et af. (1993) estimated the
marginal cost of carbon, and this was $25/mtC, midway between our estimates. For the four
studies as a group (Mouton and Richards 1990, Richards et al. 1993, Adams et al. 1993, and
Parks and Hardie 1995), the marginal costs for this carbon flux increase was in the area of I I
to $22/mtC/yr, or slightly higher as a group.

Given the range of assumptions used in the different studies, it is impossible to isolate the
sources of these small differences. However, one comparison is interesting: that between this
study and Adams et al. (1993), which is the first paper in this thesis. In that study the
estimated marginal cost of carbon for average annual fluxes of29 and 56 mmtC were $13 and
$19/mtC/yr, respectively. By linear interpolation, the marginal cost associated with an
average annual flux for a 44 mmtC/yr flux would be around $16/mtC/yr. The closest
comparison from this FASOM study is in the constantly increasing flux cases 3B and 3C, for
which the average annual fluxes are 39 and 54 mmtC/yr, respectively. The interpolated
marginal cost for a 44 mmtC average annual flux is also $16/mtC/yr. The results are virtually
the same. The comparison is of interest because both studies used essentially the same model
to characterise the agricultural sector.

However, beyond that, comparisons between static and dynamic model results are very
misleading and can only made with great hazard, at least for the scenarios observed here.
This is because the structure of the scenarios and their simulated "implementation" using the
two types of models is vastly different. In earlier studies using a static model, such as that by
Adams et al. (1993), the scenarios simulated the shift of a fixed amount of land from the
agricultural sector to the forest sector to achieve various carbon fluxes in a single period.
This transferred land was assumed to remain fixed in future periods with no harvesting of the
trees. This is, essentially, a conservation program. In the more recent study, using FASOM,
flux targets were established in each decade and the model solutions represented the least-
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welfare cost combination of management activities on both forest and agricultural land,
including intermediate harvests and land transfers in both directions, without restriction aside
from the need to meet the decadal flux targets. Thus, while the interpolated marginal costs of
carbon across the studies for an average annual flux increase of 44 mmtC are nearly identical,
the results are for vastly different cases, conceptually.

Unfortunately, FASOM has not as yet been used to systematically investigate conversation
programs in a manner whose implementation is conceptually consistent with the scenarios
introduced into static models in the earlier studies. However, if this were done, then the
model basis in the conservation program scenarios would need to have constraints in it to
prevent land transfers after the initial period and to prevent harvests, in addition to the decadal
flux targets. The model basis in the least-cost carbon runs, on the other hand, would only
require decadal flux constraints. In all other respects, the model objective functions and basis
would be the same. Thus, based on the LeChaterlier principle, the welfare losses would be
higher in a given conservation scenario in relation to the least-cost scenario. By this logic,
one can argue that the marginal costs of conservation programs consistent with the carbon
fluxes in the 3A through 3C scenarios in the FASOM study would be higher than the
marginal costs reported for least-cost runs reported in Table 3 of Adams et al. (1999) using
FASOM. By implication, then, the marginal costs of conserving a given amount of carbon on
a fixed land base using FASOM would also be higher than marginal costs reported using
static models in earlier studies.

1.1.4 Faustmann Model Studies

The last two papers in th is subsection exam ine the issue of carbon sequestration of the
viewpoint of a price-taking timber land owner, and use a Faustmann type rotation model to
explore the effects of managing timber land for both its carbon and market value on optimal
rotation lengths and environmental amenities.

The first study in this subsection', and the seventh in this thesis, exam ines the effects ofthree
different forest management objectives on timber rotation lengths. The traditional
Faustmann-type rotation model seeks to find the unique rotation age that maximises the
present value of the net benefits from a timberland plot over an infinite number of rotations,
given perfectly elastic stumpage market and input market prices on land that has constant
productivity over time. In this study a Faustmann type model was specified for three
alternative objectives:

• Standard Faustmann rotations: to maximise the net present value of the flow of harvests
from a timber market perspective,

• Social maximising rotations: to maximise the net present value of the net benefits
associated with: I) the market value of timber, 2) sequestering carbon in standing timber
up to the point of harvest and in wood products thereafter to avoid cl imate change
damages, and

• Carbon maximising rotations: to maximise the present value of the net benefits associated
with: I) sequestering carbon in standing timber up to the point of harvest and in wood
products thereafter to avoid climate change damages.

To understand the last two objectives, it is worthwhile to consider the relationship between
the life cycle of carbon and the benefits of sequestering carbon. In each period of tree growth,
the biomass in the standing timber gains in value from its use in forest products and in its use
to offset carbon emissions. The market benefits from each increment of biomass growth are
valued by the market price of the fraction of the incremental biomass that is merchantable,

8 Englin, J.E. and J.M. Callaway. 1993. "Global Climate Change and Optimal Forest Management".
Natural Resources Modeling. 7(3): 191-202.
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while the carbon sequestration value of each increment of biomass that is stored as carbon is
measured by the shadow price of carbon, defined earlier in this Introduction. While all of the
merchantable biomass contains carbon, much of the biomass in a timber stand that does
contain carbon is not merchantable, for example carbon stored in the soil and in small
branches. So, while each increment of timber growth has joint products, they are not
physically the same in terms of biomass. At harvest, a large fraction of the biomass is
removed from the stand and some fraction of that is 110 -ed to mills to be turned into timber
products, which may be subject to further processing as well. The residual biomass portion
remains on the stand as roots and debris, or is burnt producing carbon em issions. As the
biomass left on the stand decays, it also produces carbon emissions over time.

At harvest the market price of timber, less associated management costs, captures all of the
marginal value of the merchantable biomass stock (i.e., cumulated increments of timber
growth) in future uses. However, the situation is a bit more complicated at harvest for valuing
carbon. At harvest, there is a negative carbon flux (i.e., carbon emissions) associated with
biomass losses at harvest. This translates into a loss in the carbon sequestration value of that
biomass. However, the carbon that is retained as debris on the stand and in the products that
are transported to mills and then subject to further processing has a longer life. Over time, the
biomass in these pools gives off carbon emissions as debris decays on the stand, or as wood
products "wear out" and are burnt for non-replacement fuels uses or are put in landfills and
dumps. Over a long enough period of time, all of the physical carbon increments that were
built up during tree growth are either translated into carbon emissions or are used as
replacement fuels. So, in qualitative terms, the life cycle of carbon includes a growth phase
on the stand, reaching a maximum stock just before harvest, and then a decline phase in which
the carbon stock is translated into carbon emissions. Biomass, that is used to displace
conventional fossil fuels do not count as emissions, and is a special case that we did not
examine.

The objective function associated with the social maximising rotations values incremental
changes in the carbon stock at the shadow price of carbon over the entire carbon Iife cycle,
plus the timber market value at harvest. The objective function associated with carbon
maximising rotations excluded the timber market value and assumes that the government has
some mechanism to induce landowners to grow timber for its carbon sequestration value
alone, without selling it at its market value.

The paper derives first-order conditions for the socially maximising rotations, from which
implications can be derived for the other cases by dropping either: a) the parts of the first-
order conditions that apply to the harvest of merchantable tim ber, to yield the first-order
conditions for the carbon maximising rotations, or b) the parts related to the build-up and
decay of carbon to yield the first-order conditions for the standard Faustmann rotations.
There are several important results from this analysis. First, for the carbon maximising
rotations, the marginal benefits of preserving the carbon stock in products, dumps and
landfills, etc., after harvest, in the first and subsequent rotations will offset to some extent the
marginal benefits of sequestering carbon as the tree grows, thus leading to shorter rotation
lengths than in the standard Faustmann formulation. This result depends heavily on the
assumption of a constant shadow price of carbon. Systematic variations, over time, in the
shadow price of carbon were not explored, numerically: in the paper. Second, in the socially
maximising rotations, the marginal timber value of the harvest has the potential to offset the
marginal benefits of post-harvest carbon, so that if the shadow price of carbon is small in
relation to the stumpage price, the benefits of preserving carbon as a forest stock or a post
harvest stock may be lost, relative to the marginal timber value. In that case, the rotation ages
for the carbon maximising rotations and the standard Faustmann would be quite close.

Numerical simulations were performed using explicit growth functions for merchantable
timber, ecosystem carbon in all forest pools, and post-harvest carbon em issions for Douglas
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fir forests in the Pacific Northwest, managed for saw timber supplies. The parameters of
these functions were estimated using an array of available data sources. Simulations were
conducted to exam ine the sensitivity of rotation ages for the three management objectives to
the discount rate and the shadow price of carbon. The shadow price of carbon was assumed
to be constant over time and was varied in a range of $1 0, $100, and $200.

The estimates for carbon emissions (or decay) deserve special attention. These were derived
from runs of the HARVCARB model by Rowand Phelps in which they showed the percent
of the pre-harvest carbon stock remaining in product, landfills, dumps, displaced fossil fuel
em iss ions, and net em issions in each decade, broken down by region, forest type, and log
products. Surprisingly, after 100 years, they estimated that more than 70 per cent of the
carbon stored in the forest just prior to harvest was still in storage in products, landfills, or
dumps, or displaced fossil fuel emissions.

The results of the simulations are shown in Table 2 of that paper. Optimal rotation ages for
the standard Faustrnann model and the social maximising model were nearly identical at all
interest rates and carbon shadow prices. At very high discount rates and high carbon shadow
prices there was a slight tendency for the socially maximising rotations to be longer than
those for the standard Faustrnann model. Under these conditions, delaying harvests a bit
reflects the importance of the marginal value of carbon before and after harvest. The most
significant differences in the simulations are between the carbon maximising and standard
Faustmann rotation ages. At a 2 percent discount rate, the carbon maximising rotation age is
much shorter than the rotation age for the standard Faustmann model and the social
maximising rotation age. At a discount rate of about 5 percent the two rotation ages are
identical, and at a 10 percent discount rate the carbon maxim ising rotation age is almost twice
as great as the rotation age for the two other objectives. This result highlights the importance
of the effects of the discounted marginal value of post harvest carbon. As the discount rate
increases, the marginal value of post harvest carbon declines and the marginal value of carbon
stock in the standing timber prior to harvest plays a more important role in determining the
rotation age under the carbon maximising objective. Landowners with a carbon maximising
objective can reap greater benefits from allowing the trees to age longer as the marginal post
harvest carbon benefits decline with higher discount rates.

The main conclusions of the paper from the paper as a result of the simulations are illustrative
only. The very short rotations, observed in some cases, are unrealistically low for sawtimber
from a Douglas fir stand. However, using a fairly broad range of carbon prices and discount
rates allowed us to explore more fully the numerical implications of each of the three
theoretical models. An important outcome of this paper involves the fai lure to explore the
theoretical and numerical impact of increasing and decreasing carbon shadow prices. While
there is no empirical evidence on this issue, since the paper has been written the issue of
"temporary" carbon storage benefits has been a topic of controversy in policy circles.

The second paper" in this subsection, and the eighth in this thesis, extends the results of the
previous paper to examine the environmental effects of different timberland owner objectives.
A number of authors have examined the effects of including environmental use values in the
objective function of the standard Faustrnann model, from a theoretical and empirical
perspective (Hartman 1976, Strang 1984, Englin 1990, Englin and Klan 1990). In this paper,
the authors wanted to show an audience of non-econorn ists that pol icies to provide incentives
for timberland owners to account for carbon sequestration benefits would have environmental
implications, as well.

9 Englin, J.E. and J.M. Callaway. 1995. "The Environmental Impacts of Sequestering Carbon through
Forestation," Climatic Change 31 :67-78.
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As was seen in the previous paper, different objective functions for timber stand management
yield different rotation ages at different discount rates. Variations in rotation ages have the
potential to influence the environment in a variety of ways. For example, longer rotation ages
lead to higher timber volumes on stands and thus provide more cover for elk. However,
longer rotation ages can also reduce some of the services provided by the environment. For
example, deer populations tend to flourish in newly regenerated forests and increasing
rotation lengths actually diminishes their forage. The effects of longer rotation ages on other
environmental services can be ambiguous. For example, the larger timber volumes associated
with longer rotation ages can reduce the yield of surface water runoff and groundwater
recharge, but sediment flows into rivers, which harm Trout, can be reduced through longer
harvest intervals.

Functions expressing the relationships between stand age and physical measures of seven
different environmental goods and services provided by Douglas fir stands in the Pacific
Northwest, such as those described above, have been developed by Cal ish et al. (1978). The
strategy of this paper was to compare the impacts of the rotation ages for the standard
Faustmann objective and the carbon maximising objective on the seven environmental goods
and services, using the functions developed by Cal ish et at. (1978). The measure of the
comparative environmental impacts used in this study was the ratio of the cumulative value of
the externalities under the two regimes for each of the seven categories of impacts. Under the
assumption of a constant externality value, the environmental prices in this ratio cancel out,
and one is left with a ratio ofthe cumulative physical impacts for the carbon maximising
rotation age (numerator) to the cumulative physical impacts for the standard Faustmann
rotation age. The comparisons were made over discount rates ranging from 2 - 10 percent in
2 percent increments.

The full results of the comparisons are shown in Table IV of the study. We show the results
for the four categories with the largest comparative impacts in table 5, below.

Table 5. Ratio of Cumulative Physical Impacts between Carbon Sequestration
Private Management Objectives

Discount rate
Environmental Impact 2% 4% 6% 8& 10%
Elk populations 0.0 63.1 103.2 179.6 219.3

Trout 63.7 89.0 109.8 113.7 111.2
Visual aesthetics 74.5 94.0 105.9 110.3 110.7
Soil erosion 128.0 105.4 96.0 95.0 96.1
Source: Englin, J.E. and 1.M. Callaway. 1995.

In the first four cases, the ratio of physical impacts increased with the discount rate, reflecting
the strong tendency, seen in the previous study, ofthe carbon maximising rotations to
increase with the discount rate while the standard Faustmann rotation ages declined as the
interest rate increased. As interest rates increased Elk populations benefited due to more
cover; Trout populations increased due to reduced sediment in rivers; and visual aesthetics
was improved by higher timber volumes, approaching an "old growth" type of environment.
The last case, of soil erosion, also reveals higher comparative physical benefits with longer
rotations, as sediment rates decline with longer rotation ages. All of these cases constitute
positive externalities associated with managing stands for their carbon sequestration potential
as discount rates increase. Only two categories showed negative comparative environmental
effects. Deer populations were comparatively better off with shorter rotation ages for reasons
previously mentioned, while water yields were higher at shorter rotation ages due to increased
run off and groundwater recharge when timber volumes were smaller. Thus the comparative
ratio of physical benefits in these two categories declined at higher interest rates.
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The study reveals that the choice of discount rates has a strong impact on the level of these
seven environmental externalities insofar as these rates affect rotation ages. The choice of
objective is also clearly important, For the functions and values chosen in this study to
estimate timber and carbon growth functions and post harvest carbon emissions, the results
suggest that the two management strategies would yield about equivalent environmental
benefits at real d iscount rates of about 5 percent, close to the current inflation-adjusted
opportunity cost of capital in the US. However, the physical "switching points" for the two
objectives are also very sensitive to the discount rate in that area, as can be seen from the
above table and table IV in the study. Moreover, our analysis effectively measures physical
and not monetary benefits associated with increasing the flow of environmental services in
each category. The nature of the functions that characterise the relationship between physical
benefits and the Marshallian willingness-to-pay for these benefits are almost certainly non-
linear. Consequently the comparison of discounted environmental benefits in monetary terms
under the two objectives would likely yield different benefit ratios for different interest rates
than in this study. However, this could not be assessed because of lack of information for
constructing the willingness-to-pay functions in each benefit category.

1.2 The Economics of Climate Change Damages

This section of the thesis contains two papers that cover the development and application of
models that can be used in conjunction with other types of models to investigate the potential
economic effects of climate change on the use of freshwater resources in different river basins
in the US. The first paper focuses on the development and use of price endogenous spatial
equilibrium models of four large river basins to estimate the impacts of changes in
precipitation and temperature on water resource allocations among users, water prices and
welfare. The second paper explores the development of a multi-site recreation demand model
used to estimate the effects of changes in reservoir operating rules in the Columbia River
Basin on recreation demand. This model was not developed to address the issue of climate
change directly, but as will be seen, the model can also be used in conjunction with other
models to estimate the effects of climate-induced changes in runoff on recreation demand in
that basin.

These two papers, directly and indirectly, represent a contribution to the analysis of climate
impacts in that they allow policy makers to place values on climate change damages, the
benefits of policies for mitigating climate change, and the benefits and costs of adaptation
measures. While a great deal of progress has been made globally to quantify the physical
impacts of cl imate change, the development of economic models to value these impacts and
reductions in them, has lagged behind. Moreover, many early attempts to value climate
change damages were based on back-of-the envelope calculations, which can not be verified,
or by using models that do not capture the important role of behavioural adjustments to
climate change that occur due to price or supply-induced changes in the production and
consumption possibilities of consumers and producers, both in the context of market and non-
market goods. The two models presented in this part of the thesis represent important
contributions, not only because they can be used to place monetary values on changes in
climate, but also because they do so in a way that captures the optimising behaviour of
econom ic agents.
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1.2.1 The Economic Effects of Climate Change on Four US Rivet' Basins

The first paper in this subsection'", and the ninth paper in this thesis, was published in a
collection of papers that examined the economic impacts of climate change in the US by
Mendelsohn and Nuemann (1999). For this study, the authors developed price-endogenous
spatial equilibrium (SE) models for the Colorado, Missouri, Delaware, and Apalachicola-
Flint-Chattahoochee River Basin to simulate how water users and reservoir manag rs ould
adjust to climate-induced changes in runoff. The SE models depict how welfare-maximizing
economic agents in a basin -- water providers and water users -- would allocate existing
runoff to competing uses of water in different places in the basin, consistent with the major
natural and man-made water distribution, storage and delivery systems that are present. The
effects of climate change on sub-basins in each of the larger regions were simulated using
variable infiltration capacity (VIC) models developed by hydrologists. The resulting system
of linked models was then used to simulate the effects of parametric changes ill temperature
and precipitation in each basin on reservoir storage, water allocations among a number of
different types of users, and on the consumer and producer surpluses of water users.

The paper also presents estimates of changes in national welfare due to climate-induced
changes in runoff, by distributing the welfare results from the four models over all of the river
basins in the US, based on their "representativeness" and relative runoff magnitudes.
However, this methodology was rather "ad hoc" and exploratory, and even while it can be
reproduced, and does not represent an important scientific contribution. Therefore, it is not
discussed.

Three of the river basin models in this study, for the Missouri, Delaware, and Apalachicola-
Flint-Chattahoochee River Basins were entirely new in their execution. The model of the
Colorado River Basin was borrowed from (Booker et al. 199)) and modified for use in this
study. The four models share a common structure, consisting of four main elements, as
follows.

Objective Function

The objective function in each model consists of a set of non-linear net benefit functions to
express the relationships between consumptive use or river flow (i.e., non-consumptive use)
at many points in the basin to the net willingness-to-pay for water in each modeled use.
Modeled consumptive uses included agriculture, municipal and industrial, and thermoelectric
energy. Nonconsumptive uses (i.e., uses that depend on river flow levels) included in the
objective function of each model were hydroelectric power generation, navigation, flood
damages, and the avoided costs of water quality/pollution assimilation. In addition, the
Colorado model includes willingness-to-pay for some major forms of recreation on reservoirs
and instream recreation, as well as salinity damages in the lower basin.

Model Eq nations and Constraints

In each model a set of physically and temporally recursive mass balance equations in the
constraint matrix define the physical dimensions of the river basin system so that the models
are physically faithful to the spatial distribution of major tributaries, reservoirs, and points of
water use. The spatial structure of each model was patterned from a schematic diagram of the
basin showing major points basin inflows, tributaries, major water diversions, reservoirs, and
in-stream flow regulations. These equations can further be broken down into two types: I)
flow balances, used to define the network of flows in the basin from one point to the next, and

10 Hurd, B. et af. 1999. "Economic Effects of Climate Change on US Water Resources. In: The Impacts
a/Climate Change on the US Economy. Mendelsohn, R. and J. Neumann (eds.). Cambridge University
Press, Cambridge, England.
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2) storage balances, used to maintain the intertemporal continuity between initial storage,
releases, and storage carried over to the next of three inter-annual periods over a 39 year
period. In addition, the storage capacity of each reservoir was constrained in each period by
safe storage constraints, preventing reservoir depletion. Thus, the need for terminal reservoir
storage conditions was avoided.

Seasonal run-off at various points in each basin was simulated for a Base Case and ten
precipitation and temperature change scenarios over a 39-year period using a variable
infiltration capacity (VIC) model developed by Lettenmaier and Wood (1994). The scenarios
combined temperature changes of + 1.5°C, +2.5°C, +5.0°C with precipitation changes of -10,
0, +7 and + 15 percent from the Base Case. These scenarios were thought to span a plausible
range of changes in annual average temperature and precipitation that might be induced by
greenhouse gases, and were used commonly in all of the studies in Mednelsohn and Nuemann
(1999). This approach was used instead of employing GCM results, because of the lack of
reliability of meso-scale predictions for changes in temperature and precipitation. Water
demands in each of the scenarios were projected to reflect conditions in 2060 by adjusting the
parameters in the willingness-to-pay functions. Demand conditions as reflected in these
parameters were assumed to remain in equilibrium for the 39-year simulation period.

In Tables 6 through 8 we compare the results for three of the scenarios across all of the four
river basin models. While this is, perhaps, somewhat repetitive it allows us to generalise
about the econom ic impacts of the simulated runoff conditions in a more transparent fashion
than was done in the paper.

Table 6 indicates the effects of the simulated changes in climate on runoff for the three
climate change scenarios using the VIC model. These were: Scenario 5 (2.5°C, + 7%P),
Scenario I (1.5°C, + 15%P), and Scenario 8 (ISC, - 10%P). These cases, while selected
somewhat arbitrarily, span a range of moderate temperature increases, combined with
decreasing and increasing precipitation, and thus represent a best guess of expected
meteorological conditions in each basin.

Table 6. Simulated Percent Changes in Total Runoff in Four U.S. River Basins
(Base in 10J af/yr)

Climate Change Colorado Missouri Delaware AFC
Scenario River River River River

Baseline* 17,058 56,651 13,660 24,363
Case 5: 2.5 C + 7%P -4.2% -9.1% -4.1% 0.3%
Case 1: 1.5 C + 15%P 23.5% 20.5% 16.8% 18.7%
Case 8: 1.5 C - 10%P -32.1% -35.3% -26.8% -23.1%
*The figures shown in the row labelled "baseline" report the baseline value level from which the
percentage change or absolute difference is calculated
Source: Hurd, 8., et al. 1999.

In Scenario 5 (2.5°C, + 7%P), the effect of higher temperatures dorn inated the effect of
increased precipitation on average annual runoff in three of the four basins. Average annual
runoff is reduced by almost 10 percent in the Missouri River Basin; however, in the Colorado
and Delaware River Basins, the impacts are smaller: average annual runoff is reduced by
about 4 percent in both cases. In the A-F-C basin runoff actually increases slightly, as the
effect of higher precipitation more than cancels out the effect of higher temperatures in the
warmer Southern climate, where most vegetation is adapted to higher peak temperatures
already.

There is much less variation between basins for Scenario I (1.5°C, + 15%P). In all of the
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basins, the effects of higher precipitation dominates over the effects of temperature, and the
increases in average annual runoff range from about 17 percent (Delaware) to 24 percent
(Colorado). In the most severe scenario, Scenario 8, (1.5°C, - IO%P) the effects of climate
change on runoff are reversed sharply, and there are relatively large decreases in average
annual runoff for the four basins. These range from a low of -23.1 percent for the A-F-C
Basin to a high of -35.3 percent for the Missouri River Basin. In general, the effects of climate
change on runoff are more se 'ere in the two western basins (Colorado and Missouri) than in
the Eastern Basins (Delaware and A-F-C).

Table 7 shows how simulated average annual water use would change for three major uses
(agriculture, M&I and Thermoelectric) in each of the basins under conditions in which water
was bought and sold in competitive markets. The Colorado River Basin has been broken
down into an upper and lower basin, because of major differences in demand and supply
patterns. The table also shows the percent shifts in the water demand functions for agriculture
that we used to simulate the effects of temperature on these demands. Two important points
emerge from this table.

First, in virtually all of the cases, the changes in the direction of water use are identical in for
these 3 major water uses in all of the basins. Generally speaking, water use by the
agricultural, M&I, and thermoelectric sectors decrease in Scenarios 5 and 8 and increase in
Scenario 1. In addition, the reductions in water use in all sectors are always larger in the more
severe of the two cases, Scenario 8. These general results are generally in keeping with the
direction of the changes in runoff in each of the scenarios, and were not unexpected.
However, the reasons for the changes are actually somewhat more complicated. Under
conditions of water scarcity, the shadow prices of water (not shown) increase along the water
demand curves of different users, and these price increases cause water use to decrease. In
conditions where climate change makes water more abundant, the opposite happens: the
shadow prices of water in different uses fall, and water LIseincreases.

There are two exceptions to the general pattern described above and these are interesting to
note. In Scenario 5 (2.5°C, +7%P), average annual runoff decreases by 4.2 percent in the
Upper Colorado Basin; however, agricultural water use increases by 4.3 percent. In the A-F-
C Basin runoff decreases by 23.1 percent, in Scenario 8 (ISC, -I O%P), while water
consumption by the agricultural sector increases by 8.1 percent. Both of these cases illustrate
the importance of accounting for the temperature sensitive nature of agricultural water use. In
the case of the Colorado Basin, the shadow price of water to the agricultural sector (not
shown) increases from around $35/afto $38/af. Ifnothing else happened, this increase in the
implicit price of water would cause consumption to decrease. However, there is a 5.5 percent
shift in simulated water demand in response to higher temperatures and this shift has the
effect of more than counter-acting the effects of scarcity on water demand. As a result, the
shadow price of water to the sector increases and so does consumption. The same result holds
in the case of the A-F-C Basin in Scenario 9, where a 10 percent simulated increase in
agricultural water demand due to warmer temperatures cancels out the effect of a $2.60 rise in
the shadow price of water to the sector. These three exceptions reveal that the models are
somewhat sensitive to the modeling of increased demands as a parallel shift to the right in the
agricultural demand for water.

The second pattern that emerges from Table 7 is that the percent changes in water use in all of
the scenarios are larger for the agricultural sector than for the M&I and thermoelectric sectors.
The fundamental reason for this is that the demand curves for agricultural water are much
more elastic (i.e., flatter) than for other sectors. As a result, a percentage change in the
shadow price of water of a given amount in this sector results in a larger change in water
consumption for agricultural water users than in other water using sectors of the economy.
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Table 7. Simulated Percent Changes in Consumptive Use in Four U.S. River Basins
% Change in Agricu Iture M&I Thermoelectric
Basin-Wide (upper basin

Climate Change Annual only)
Scenario Average

Runoff

% Shift in % Change in % Change in % Change in
Demand' Average Average Average

Withdrawals Withdrawals Withdrawals
Colorado Upper Basin

Baseline* 17,058 -- 903.5 473.9 205
(103 af/yr) (103 af/yr) (103 af/yr) (10) af/yr)

Case 5: 2.5 C +7%P -4.2% 5.5% 4.3% -0.3% -0.6%
Case I: 1.5 C + 15%P 23.5% 2.2% 4.5% 0.5% 1.2%
Case 8: 1.5 C - 10%P -32.1% 7.8% -23.4% -18.5% -25.7%

Colorado Lower Basin
Baseline* 17,058 -- 10,490.8 1367 NA

(10) af/yr) (I OJaf/yr) (103 af/yr)
Case 5: 2.5 C +7%P -4.2% 5.0% -7.1% -0.2% --
Case I: 1.5 C + 15%P 23.5% 2.0% 37.6% 0.5% --
Case 8: 1.5 C - 10%P -32.1 5.5% -47.3% -1.8% --

Missouri Basin
Baseline* 56,651 -- 13,322 2,124 12,890

(10) af/yr) (103 af/yr) (103 af/yr) (103 f/yr)
Case 5: 2.5 C +7%P -9.1% 6.5% -9.1% -0.1% -0.1%

Case I: 1.5 C + 15%P 20.5% 3.0% 14.3% 0.04% 0.02%

Case 8: 1.5 C - 10%P -35.3% 10.0% -32.6% -0.3% -0.4%

Delaware Basin

Baseline* 13,660 -- 14.7 3,400 3,416
(103 af/yr) (103 af/yr) (I o' af/yr) (10) af/yr)

Case 5: 2.5 C +7%P -4.1% 0% -2.7% -0.1% -0.6%

Case I: 1.5 C + 15%P 16.8% 0% 3.4% 0.2% 0.5%

Case 8: 1.5 C - 10%P -26.8% 10% -4.8% -0.9% -3.7%

A-F-C Basin

Baseline* 24,363 -- 84.9 771.3 1,304
(103 af/yr) (103 af/yr) (103 af/yr) (103 af/yr)

Case 5: 2.5 C +7%P 0.3% 0% -0.8% -0.03% -0.2%

Case I: 1.5 C + 15%P 18.7% 0% 0.1% 0.03% 0.2%

Case 8: 1.5 C - 10%P -23.1% 10% 8.1% -0.16% -0.9%

*The figures shown in the row labelled "baseline" report the baseline value level from which the
percentage change or absolute difference is calculated.
a Simulated shift in agricultural demand induced by climate change, holding prices constant
Source: Hurd, B. et 01. 1999.
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Over all, the results in Table 7 indicate that if water was bought and sold under competitive
conditions in these basins, adverse changes in climate would lead to larger reductions in
agricultural water use than in other large water using sectors. In that regard, reduced runoff
due to climate change would have the tendency to increase the relative differential between
the marginal value (i.e., shadow price) of water to agricultural users and other users. Thus,
water users in other sectors could afford to pay more for agricultural water than previously
and they would bid water away from the agricultural sector until the marginal values of water
(adjusted for return flows) were equal in both sectors.

Table 8 summarizes the simulated effects of climate change on the aggregate annual welfare
of water users in the four river basins we studied. The aggregate welfare estimates in these
tables capture the percent change in the net benefits of climate change in each scenario.
Negative net benefits are a measure of annual climate damages in the scenarios where runoff
decreases.

The direction of the changes in aggregate welfare are generally consistent with the changes in
the direction of runoff in each of the sectors, as shown in Table 6. The one exception is in
Scenario I (1.5 C + 15%P) in the A-F-C River Basin. In that case, runoff increases by 18.7
percent, while aggregate welfare decreases by 1.6 percent. This phenomenon is due entirely
to the effects of increased flooding as a result of the 15 percent increase in precipitation in this
scenario. If one takes Ollt the flooding effects, then there is a small net increase in welfare in
the A-F-C Basin in this scenario, on the order of those in the other sectors. Whi Ie this
adjustment explains the results in Table 8, it should not be dismissed quickly. Increases in
average annual precipitation in the A-F-C basin, and the Delaware, caused very large
increases in flooding damages.

Table 8. Simulated Percentage Changes in Aggregate Welfare
in Four U.S. River Basins (millions of 1994$)

Climate Change
Scenario Colorado Missouri Delaware A-F-C

River River River River

Baseline* $7,744 $10,804 $6,565 $2,225

Case 5: 2.5 C + 7%P -01.3% -4.8% -0.3% -0.7%

Case 1: 1.5 C + 15%P 6.2% 2.9% 0.7% -1.6%

Case 8: 1.5 C - 10%P -11.6% - 13.3% -2.0% -0.2%

*The figures shown in the row labelled "baseline" report the baseline value level from
which the percentage change or absolute difference is calculated.
Source: Hurd, B. et al. 1999.

Overall, the decreases in welfare are sharpest in Scenario 8 (1.5°C, - IO%P) scenario. In that
scenario, the percent change in aggregate damages due to climate change ranges from 13.3
percent ($1.47 billion/yr) for the Missouri River Basin to 0.2 percent ($4.1 rnillion/yr.) for
the A-F-C River Basin. The worst of all the scenarios from the standpoint of climate damages
was the (5°C, - IO%P), which is not shown. In this scenario, welfare in the Colorado and
Missouri River Basins decreased by 26.9 percent ($2.1 billion/yr) and 21.2 percent ($2.3
billion/yr), respectively, while welfare in the Delaware and A-F-C Basins fell by 6.4 percent
($420 million/yr) and 2.5 percent ($56 million/yr). The consistently higher damages in the
western basins are explained by their relatively arid nature and the fact that water
consumption constitutes a much larger fraction of total supplies than in the eastern basins.
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Perhaps the most important point to be made in connection with Table 8 is that the percent
changes in aggregate welfare in each of Scenarios in all of the basins are considerably smaller
than the percent changes in runoff shown in Table 6. For example, in the Missouri River
Basin, runoff decreases by 9.1 percent and 35.3 percent in the two adverse climate scenarios.
However, welfare in these scenarios only decreases by 4.8 percent and 13.3 percent,
respectively. This situation is even more exaggerated in the two eastern basins. For example

. in the Delaware River Basin, average annual runoff decreases by 4.1 percent and 26.8 percent
in the two adverse climate change scenarios. By contrast, the percent change in climate
damages in these two scenarios amount to just 0.3 percent and 2.0 percent, respectively.

One finding of this study that is not illustrated in these tables, but comes through in the tables
in the paper, was the potential importance of the effects on climate on welfare associated with
instream uses of water, such as hydroelectric power generation, navigation, flooding and
water quality. In all ofthe climate scenarios investigated, the relative change in welfare in
each these categories was larger than in agricultural or M&I uses. Particularly significant was
the impact of climate change on water quality costs. In the Colorado River, the most serious
water quality problem is salinity. The Colorado model (COBEM) predicts large changes in
the damages caused by salinity as runoff changes: the lower the flow due to reduced runoff,
the higher the damages. In the two adverse climate scenarios, COBEM simulates increased
damages of 14 percent (2SC, + 7%P) and 119 percent (I.SoC, - 10%P). The costs of
treating water to maintain current water quality standards in the remaining basins are also
highly vulnerable to climate. For example, in the driest scenario (I.SoC, - IO%P), water
quality costs increase by 176 percent in the Missouri River Basin, by 126.2 percent in the
Delaware River Basin, and by 105.1 percent in the A-F-C basin.

The river basin results of this paper are based an important assumption about water resource
allocation. They assume that water is a market good bought and sold in competitive markets,
whether it is diverted for consumption or used non-consumptively. However, in the US water
law in most states does not allow market forces to function fully, or else where it is bought
and sold as a commodity, the water prices in use do not reflect the marginal costs of
supplying it. The Base Case includes this assumption. While this means that the allocation
and welfare results for the climate scenarios are consistently comparable with the Base Case,
it also means in all likelihood, that market imperfections associated with water use and
consumption will make it harder to adjust to climate change, and that this would be reflected
in higher welfare losses.

A partial effort was made to test the welfare costs associated with rigidities in the Colorado
River Compact, which regulates the amount of water to be transferred to the lower basin.
However, due the highly aggregated scale of the models, it was not feasible to model further
distortions to water markets, which are usually present at more ofa micro scale.

With the exception of the Colorado River Basin model, the effects of climate change on the
demand for non-market water uses was not investigated. In the Colorado River Basin model,
unit values for flat water and white recreation were "transferred" from other studies (Booker
and Young 1991). The problem of modelling non-market demands in the context of spatial
equilibrium models is a long-standing one that owes largely to the fact that recreation demand
models are usually developed from limited data about the use of a small number of cites. As
such, the results are difficult to apply in the spatial context usually associated with price-
endogenous spatial equilibrium models. Thus, it is interesting that the next paper develops a
model of demand model for water-based recreation that is both consistent with economic
theory and applicable on a basin-wide scale.
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1.2.2 Estimating the Impacts of Changes in Reservoir Levels and River Flows on
Recreation Demand in the Columbia River Basin

The second paper in this subsection II, the tenth in the thesis, presents an econometric model
of multi-site recreation demand model using a contingent behaviour, travel cost approach for
valuing the impact of changes in Columbia River Basin River flows and reservoir levels on
water-based recreation. The larger study on which this paper was based (Callaway et al .
1995) was performed for the US Army Corps of Engineers, Bonnevile Power Administration
and other federal agencies to determine the changes in visitation and welfare losses associated
with alternative rules for operating the federal dams in the system. While this study and the
paper did not directly address the topic of climate change, the methodology developed in this
study can be used, in conjunction with other models, to assess the impacts of climate-induced
changes in runoff in the Basin on water-based recreation demand and welfare.

The novel feature of this study at the time it was planned, in the early 1990s, was that it
combined information about the reported recreation behaviour of individuals at a number of
sites in the basin over the previous 12 months with information about how these same
individuals believed they would alter their trip patterns in response to changes in reservoir
pool elevations or river flow rates at a number of sites. Estimates of welfare changes
associated with changes in water conditions at these sites were derived from the recreation
demand functions. The use of "contingent behaviour" information was dictated by three
factors.

First, many individuals in the sample might never have experienced the extreme range of
water conditions associated with contemplated reservoir operating rules. In theory, including
a larger range of water conditions than may have been observed by individuals would reduce
the forecast errors associated with predictions of visitation and welfare under extreme water
conditions.

Second, historical reservoir levels and river flow rates during the recreation season are highly
collinear, and use of "actual" trip information to estimate recreation demand parameters
would have produced highly inefficient parameter estimates, with uncontrollable
consequences on policy simulations. By creating "hypothetical" reservoir levels and flow
rates in the contingent behaviour survey design that were not strongly collinear, and then
pooling the two types of trip information (i.e., reported and contingent) in the estimation of
recreation demand parameters, it was possible to break this multi-collinearity and improve the
efficiency of the parameter estimates.

Third, the contingent behaviour method was selected over the contingent valuation method
because of well-known problems associated with the reliability and meaning of estimates of
stated willingness-to-pay versus actual willingness-to-pay. Questions relating to contingent
valuation were not included in the survey, because it was thought that this would needlessly
complicate an already complex survey, without providing additional information for the
project. Thus, estimates of the expected approximate value of consumer surplus were
estimated from the parameters of the recreation demand functions.

Travel cost demand functions for individuals were developed for nine, major federal
recreation projects in the Columbia River Basin, comprising nearly 95 percent of the average
annual visitation at federal recreation sites in the river basin in the US. These included
reservoir-based sites at: Hungry Horse reservoir, Lake Koocanusca, Dworshak Lake, Lake
Rosevelt, Lake Pend Oreille, Lower Granite Dam, John Day Dam. Two very popular "run of

II Cameron, T. A., et al. 1996. "Using Actual and Contingent Behaviour Data with Time Varying
Aggregation to Model Recreation Demand". Journal of Agricultural and Resource Economics.
21(1):130-149.
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river" sites were included: the Kootenai River below Lake Koocanusca and the Clearwater
River below Dworshak Lake.

The authors of the paper and a group of collaborating experts developed a mail survey
questionnaire for the project. The purpose of the survey was gather information about: 1) the
number of trips survey respondents had taken to the nine sites in the last twelve months, 2)
how they would alter the distribution of their trips to these sites in response to depicted
changes in water conditions, and 3) individual and their household's demographic
characteristics.

The first part of the survey was designed to determine whether individual respondents had
ever engaged in water based recreation in the Columbia River Basin, and if they had taken
any trips during the previous 12 months to specific recreation sites shown in a map in the
survey. Those who had engaged in such activities were then asked, in the second part of the
survey, to list the total number of trips that they had taken to each of sites on the map during
the last 12 months and in each month, from May through August. Respondents were also
asked to Iist the average length of a "typical" trip at each of these sites.
The third part of survey was designed to gather information about how individuals believed
they would respond to changes in reservoir levels or river flows at different sites in the region
as a result of changes in reservoir operating rules. Computer enhanced photographs were
used to depict typical reservoir or river flow conditions at two sites in the region during the
recreation season in the previous year. A line graph showing how reservoir water levels or
flow rates actually varied from May through August during the previous year was also
provided in the survey for each of the two sites. The typical conditions depicted in each
photograph were linked to the corresponding graph of actual conditions at an indicated point,
showing the pool level or flow rate associated with this photograph.

Individuals were then presented with two computer-enhanced photographs that showed
dramatically different, hypothetical water conditions at the same two sites. Users were told
that the altered conditions would occur due to the use of different reservoir operating rules in
the Basin. The same type of line graph was used to depict these hypothetical conditions at
each site, along side the actual conditions, and to link the hypothetical conditions to a specific
point on the curve, representing the hypothetical water conditions at that point in time. This
approach allowed individuals to mentally compare the actual and hypothetical conditions
depicted at each site both in visual and quantitative terms. It also allowed individuals to
mentally interpolate in a visual sense between the conditions depicted in the photographs and
the points on the graph reflecting different water conditions for which there were no
photographs presented. These photos and graphs were supplemented by a table, for each site,
showing the impacts of actual and hypothetical conditions on boat ramps, beach area, and
other important recreation site characteristics.

Individuals were then asked if they would have changed the number oftrips they took to any
site shown on the map if the altered water conditions had occurred in the previous 12 months.
Further, individuals were asked to re-allocate the total number of trips they would have taken
to each site on the map and to all other sites not on the map. These questions were asked to
both those who had identified themselves as "users" in the last 12 months and those who had
not, thus allowing non-users to become users, if the flow conditions were favourable. These
questions were repeated for a second pair of sights depicted on the map. In all, there were 4
different versions ofthe survey, each with two different, but partially overlapping pairs of
sites chosen from a subset of sites on a different map.

In the final section of the survey, individuals were asked to provide information about the
Individual respondent's age, sex, education, household income, and other demographic
characteristics, including their zip code.
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The survey was mailed to a random sample of around 7,000 households in the Pacific
Northwest Region of the US and adjoining Canadian Provinces. The sample was stratified to
significantly over-represent households in counties where the nine projects were located.
This was done because these counties are very sparsely populated, but heavily utilised by the
local population. By increasing the number of actual "users" from these counties we hoped to
improve the efficiency of the recreation demand parameter estimates. The completion rates
for the four survey versions averaged around 50 percent, which is low by comparison with
many other recreation demand surveys. The relatively low response rates were probably due
to the complexity of the survey (10 pages and a large two-sided photographic insert) and the
fact that the number of follow-ups typically called for (Dillman 1980) was restricted by the
project budget. The difficulty experienced buy individuals who completed the survey is
further attested to by the fact that only 30 percent of the surveys that were completed passed a
screening for logical consistency and completeness, and could be used in the recreation
demand model.

The econometric modelling strategy and results are clearly outlined in the paper in the thesis.
Of equal importance in the general scheme of things are the reasons for adopting this specific
approach. By way of a brief review, "the model" consisted of three submodels: I) a survey
response/non-response model to control for systematic selection bias in the sample of useable
surveys, 2) a recreation choice model to determine the probability that an individual took at
least one trip to a specific site, 3) a continuous recreation demand model to estimate the
number of trips taken to each site. By individuals who reported positive trips.

The first model was used to adjust for the possibility that were systematic differences in
recreation demand behaviour between individuals who correctly completed the surveys and
those who did not. The fact that many surveys were not returned and the significantly higher
proportion of useable survey results from individuals who lived near the projects made the
results of the completed surveys somewhat suspect. The generally approved practice for
correcting for this bias is to conduct follow-up surveys with non-respondents and use this data
to estimate the parameters of a selection bias model. This was not economically feasible on
this project. Therefore, individuals were asked to supply their zip codes with the returned
surveys. Individual zip codes for those who did not return the survey could be determ ined
from mailing addresses. Using these zip codes, means or proportions for various
demographic characteristics, related to race, education, urban/rural breakdown, income and
occupation, etc. from the 1990 US population census could be assigned to individuals in a
cluster of zip codes. These data for all survey members were pooled with information from
useable and non-useable surveys to estimate two sets (by survey version) of probit models to
explain the variation in the probability of providing: I) useable actual trip information, and 2)
useable contingent trip information as a function of these household characteristics, distance
to each of the nine sites and survey version dummy variables. In both models, a number of
the demographic and distance variables were significant, indicating bias in the response rates.
Two inverse mills ratios were calculated for each individual in the survey who successfully
provided actual and contingent trip information, and these Mills ratios were used as
independent variables in the recreation choice models.

The recreation demand model was estimated in two stages. In the first stage, the probability
that an individual in the sample would take a trip to a specific site was estimated using a
probit model and in the second stage, a conventional travel cost model was estimated using
only those observations with positive trips. In theory, the combined model could have been
estimated using a single stage, Tobit full information maximum likelihood estimator. The
estimation of this model was complicated by the fact that there were a large number of
observations in which individuals took a few trips to one sight and zero in the rest. It was
further complicated due to heteroskedasticity across the three types of trip observations
(monthly summer trips, non-summer trips, and annual contingent behaviour trips) used for all
individuals with positive trips, and by the fact that the regressors for those who took no trips
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and those who took positive trips were indexed differently. Efforts to estimate the parameters
ofa single Tobit log likelihood function, with the appropriate adjustments for these factors,
were unsuccessful. Thus the decision was made to estimate the two models separately, with
heteroskedasticity corrections to both, using different observations. The impact of selection
bias from the first stage on the second stage results was accounted for by computing the
inverse Mills ratios for those individuals with positive trips and including these variables as
observations in the second stage. At the same time, the inverse Mills ratios associated with
sample selection bias in completing the survey were carried over as observations in both
stages of the estimation of the recreation demand models. As such, the model represents an
econometric compromise between pure theory and the need to use BLUE estimators to adjust
for data "problems". In that context it is interesting to note that development of recreation
demand functions that were consistent with both consumer theory and solved these
econometric problems in the data also failed.

In the study, some fairly simple policy simulations were conducted for two reservoir
operating policies. Estimates of average number oftrips and expected consumer surplus were
derived. This paper does not report on the development of a simulation model that was
developed for, and handed over to, the Federal agencies in the basin to use to assess various
operating policies. The simulation model produced estimates of visitation and expected
consumer surplus for the nine sites under different reservoir operating rules. This model is
more fully explained in the project report by Callaway et al. (1995). The strategy employed
by the federal agencies in using this model is as follows. A hydrologic model was used to
determine to annual runoff at various points in the basin over time, given information about
daily average precipitation and temperature. The resulting flows were then used in a multi-
reservoir management model of the basin to forecast water conditions (reservoir pool
elevations and river discharge rates) in various reservoirs and rivers that were consistent with
specific system-wide management objectives. Water conditions predicted by the management
model were then used in the recreation simulation model to forecast visitation and expected
consumer surplus at each of the nine sites over the period of the input water conditions,
adjusting for population growth and income in the region over time.

The same strategy could easily be used in conjunction with anticipated changes in
temperature and precipitation due to higher greenhouse gas concentrations in the atmosphere
to forecast the potential effects of climate change in the basin on recreation demand.

1.3 The Economics of Acidic Deposition

The next three papers in this thesis were written in an effort to expose an audience of non-
economists, including scientists in the physical and natural sciences and policy makers in US
the federal government, with efforts to estimate the monetary worth of acidic deposition
damages undertaken by the National Acidic Deposition Assessment Program (NAPAP) and
some of the more important issues associated with economic valuation of air pollution
damages. The papers, as such, do not represent a contribution to the state-of-the-art in
economics, but they do represent a contribution to the state-of-the-art within integrated
environmental assessments and to the policy dialogue about the use of economics to value
externalities associated with energy resource development. These papers were all written at a
time when it was by no means popular among scientists in the US to place monetary values
on environmental damages and when, as today, the use of economics in any kind of
comprehensive damage assessment or benefit-cost assessment received very little funding
support and there was a wide gap between economic theory and its practice in any such
assessments.
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1.3.1 Results from NAPAP's Interim Assessment

The first paper in this subsection", and the eleventh in the thesis, presents the preliminary
results of the effort undertaken by NAPAP to estimate the annual damages caused by acid
rain in the US for the 1985 Interim Assessment (NAPAP 1987). This paper reports on
research that was undertaken by a number of different institutions and principle investigators.
The contributions of the author were in the areas of agricultural and forest sector damages.

NAPAP selected four types of "receptor systems" to include in its economic analysis:
commercial agriculture, commercial forests, recreational fishing, and common building and
infrastructure materials. Only one non-market system, recreational fishing, was included in
the analysis and impacts on visibility, health, an non-user values for environmental services
were left out of the analysis, either because they were covered by other federal research
programs (health and visibility) or because it was believed that existing valuation methods
were not "scientifically credible" (non-use values).

The paper distinguishes between two broad types of valuation methods: I) the damage
function approach in which dose-response functions are used to translate changes in sulphur
deposition into physical and damages and these physical changes are then monetised using
market or non-market "prices" obtained from other sources, and 2) a behavioural approach in
which the dose-response functions are used to shift market supply or environmental resource
endowments, to which individuals respond by setting marginal benefits equal to marginal
costs along their demand curves for market or non-market goods and services. The second
approach is preferred from the standpoint of economic theory because it better reflects the
optimising behaviour of economic agents who adjust (i.e., adapt) to the physical damages by
equilibrating marginal costs and benefits. The second approach also permits the development
of welfare measures that reflect this behaviour, without having to rely on "exogenous" unit
values to monetise physical damages.

All of the economic models used to value climate change damages in this paper employed the
behavioural approach to one degree or another. This was the first time, at least in the US, that
any effort was made to evaluate environmental damages in many different receptor systems
and markets from pollution using this types of approach, and is noteworthy in that regard.
The agricultural damage assessment relied on the use of a price-endogenous spatial
equilibrium model of the US agricultural sector to estimate changes in net welfare due to
different levels of wet deposition on soybeans and to passive Sulphur fertilisation. The forest
damage assessment also used a price-endogenous spatial equilibrium model to estimate net
welfare changes due to "hypothetical" reductions in rates of tree growth in the eastern US.
The recreational fishing damage assessment relied on participation and travel cost models to
estimate net welfare changes due to reductions in fishable area and catch rates in the
Adirondaks. The materials damage assessment employed a least-cost model to estimate the
additional replacement and maintenance costs associated with different levels of physical
damages to different building and infrastructure materials in the eastern US. The approach
used to estimate welfare changes due to changes in acid deposition in the US agricultural
sector is reported in much greater detail in the next paper in this thesis by Adams et ai.
(1986).

The estimated range of average annual damages for these studies is shown in Table 9, below.
It is inappropriate to aggregate these range estimates since the assumptions about the
underlying deposition levels in each study were different. The accuracy of these estimates for
making policy decisions is also open to question on several grounds. First, the damage
estimates were based on fairly pristine conditions in the Base Case and not always "current"

12 Callaway, J.M., et al. 1986. "Economic Valuation of Acidic Deposition Damages: Preliminary
Results from the 1985 NAPAP Assessment". Water, Air, and Soil Pollution. 31: 10I9- I034.
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conditions. Second, the coverage of damages was limited, as discussed earlier. Third, the
link between acidification and physical damages for most of the receptor systems was not
well established as a scientific matter at the time this study was conducted. Consequently, it
may be best to view these studies as sensitivity analyses as opposed to damage estimates.

The research results reported in this paper were preliminary. Work in all of the areas had not
. been completed, and shortly after this paper was presented a major policy shift in the US
government led to abandoning economic assessment in NAPAP for about three years. Only
the results of the recreational fishing assessment were included in the published version of
NAPAP's Interim Damage Assessment (1987).

The second paper in this subsection '" and the twelfth in this thesis, was one of the few
publications in environmental and resource economics to come out of the early phase of
NAPAP. It describes, in detail, the methodology and data that were used to generate the
preliminary results for the J 985 Assessment. However, the final estimates of welfare changes
reported in this study differ slightly from the results in the previous study, due to refinements
in the data and various other assumptions.

Table 9. Estimated Range of Damages due to Acidic Deposition in
The Eastern US as Estimated for the 1985 NAPAP Interim
Damage Assessment

Receptor System Average Annual Damages
(106 1984 US dollars)

Commercial agriculture _51.5" to 152.4
Commercial forests 342.4 to 5 J 0.1
Recreational fishing (Adirondaks only) 1.7 to J 2
Materials" 22 to J 09
Source: 1.M. Callaway, et al. 1986.
a A negative sign indicates net benefits
b Includes only cultural materials and transmission towers

The most interesting and main contribution of this study is the focus on the indirect benefits
of acidic deposition. Prior to initiating this study, it was well known that the yields of most of
the commercially important crops in the US agricultural sector were not sensitive to acidic
deposition. A major exception was selected cultivars of soybeans. Consequently this study
focused exclusively on the direct effects of acidic deposition on soybeans, and the study
shows that assumptions about the mix of soybean cultivars being grown have an important
effect on net welfare losses, suggesting that net welfare losses can be significantly reduced by
shifting to less sensitive cultivars. However, very little was known in a quantitative sense
about the potential indirect effects of acidic deposition on crop growth due to the indirect
effects of acidic deposition on soils.

This paper examined two ofthese indirect effects. First, on sulphur-limited soils, the
deposition of sulphur in the form of sulphates has the potential to boost soil productivity and
thus reduces the need for S fertilisers. The comparative statics of this situation are relatively
simple when a crop is exposed to passive fertilisation alone. Elemental S fertiliser input is
reduced by the same amount as the elemental input from passive S fertilisation, and yields
remain constant. Farmers pocket the cost saving. When a crop is subject to both the direct
effects of acidic deposition and passive fertilisation, the effects on inputs and outputs are
ambiguous, depending on the effects offertiliser in both forms to offset the effects ofthe

13 Adams, R.M., 1.M. Callaway and B:A: McCarl. 1986. "Pollution, Agriculture and Social Welfare:
The Case of Acid Deposition." Canadian Journal of Agricultural Economics. 34(March J 986): 2-19.
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marginal physical damages. Second, acid deposition and reduce soil pH and, if the effects are
sever enough, the soil has to be amended with liming treatments. The joint effects of reduced
pH and direct damage to a crop on inputs and outputs is ambiguous in a economic context
without specific knowledge of the crop response function.

In this study, indirect effects were simulated by adjusting production costs in the eastern US
to reflect passive S fertilisation (a cost reduction) and additional liming of soils (a cost
increase). These cost adjustments were based on estimates ofS fertiliser avoided by passive
fertilisation and lime increases required to offset reduced soil pH. Simulations were
conducted to estimate the changes in net welfare due to each of these effects, independently,
and jointly in conjunction with yield reductions due to acidic deposition effects on soybean
yields. Under these three scenarios, the welfare contribution of passive fertiliser,
independently, is an average annual net benefit of$233 million in the sector, while the
welfare impact associated with reduced pH was an average annual loss in IH~tbenefits of $23
million. Thejoint welfare impact associated with both indirect effects and the direct effects
of acidification is an average annual net benefit of $48 million. If one removes the welfare
effect associated with the yield reductions (-$142 million/yr) from the joint effects, the
estimated welfare impact of the joint indirect effects is an average annual net benefit of $190
million, or $20 million/yr less than the sum ofthe joint benefits, indicating that the joint
effects are not additive, but involve some interaction between the main effects.

The fact that acid deposition might have the potential to produce a net benefit to society had
not been seriously considered until the publication of this study. However, the study was
questioned because it excluded the effects of passive nitrogen fertilisation and made no effort
to limit the passive fertilisation effects to specific sulphur depleted soils. This topic was
further investigated by the authors in NAPAP's 1990 Integrated Assessment Report (1991).
In this study, they examined the benefits of reducing nitrogen and sulphur deposition by 50
percent (whereas the 1986 study examined the effects of increasing deposition). Under such a
scenario, they estimated a loss in average annual net welfare of from $241 to $67 million due
to reductions in passive N fertilisation and a reduction in net welfare of $45 million/yr if 40
percent of the crop land in the eastern US was sulphur limited and $23 million/yr if only 20
percent of the region contained sulphur limited soils. The estimates across the two studies are
not strictly comparable because of the use of different data and the focus of the later study on
reductions, as opposed to increases, in acidic deposition. However, the general magnitude of
the estimates suggests that increases (or decreases) in acidic deposition in the agricultural
sector in the US have largely offsetting effects. Consequently, sectoral impacts in agriculture
were not significant in the larger policy debate regarding the benefits and costs of reducing
acidic deposition.

1.3.2 Results and Policy Insights from NAPAP's 1991 Final Integrated Assessment

The last paper in this subsection and the thesis" was written in 1989, shortly after NAPAP
decided to re-introduce economic analysis into its assessment plans. It was intended as a
mini-case study of the use of economics in NAPAP's integrated assessment, from which it
might be possible to draw more general conclusions about the appropriate role of economics
in integrated environmental assessments, and to help economists to function effectively in an
integrated assessment environment.

The paper critically reviews the damage estimates from the 1985 NAPAP assessment,
pointing to limitations in each study that might be addressed in the Final Integrated
Assessment. It also discusses these shortcomings in the light of peer reviews that were

14 Callaway, J.M. and J.E. Englin. 1990. "Economic Valuation of Acid Deposition Damages."
Contemporary Policy Issues. 8(July): 59-72.
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conducted by various government bodies prior to publication of the Interim Assessment by
NAPAP. As mentioned previously, only the results of the recreational fishing assessment
were included in the published Interim Assessment. Many of the other assessments were
excluded from publication because the underlying physical effects were considered too
uncertain to proceed with economic analysis. However, as this study points out, the effects of
acidification on fish stocks was also highly uncertain. Arguably, then, the fact that the
recreational fishing study involved broad inter-agency participation and co-operation by
scientists and economists to a much greater extent than did the other parts of the assessment
may have played an important role in the decision to include these results in the Interim
Assessment. This dialogue between scientists and economists in different agencies may well
have created a larger "constituency" to support the study and enabled all groups participating
in the study to better agree on how to deal with the effects of limitations in the science on the
economic analysis.

The paper also outlines, in broad terms, the plans for the economic portion of the assessment.
The research plan, as presented, was highly constrained by the fact that the decision to include
economics in the assessment was made at the eleventh hour, While research on characterising
and modelling the physical effects of acidic deposition had been going on for eight years, the
newly revived econom ics program had less than a year to integrate itself into the final
assessment. As a result, it was not possible to build new economic models that could easily
be integrated into a multi-model integrated environmental assessment framework.
Consequently, the ultimate decision to include or exclude econom ic analysis in a given effects
area depended heavily on the availability of an existing economic model that could be made
to fit together with the data outputs provided by physical effects models. Interestingly, the
research plan for recreational fishing did involve the development of new recreational fishing
demand surveys and models, whereas this was not the case in any of the other areas of
economic assessment. This, again, may well be attributed to the fact that economists in the
early phase ofNAPAP had been able to forge a strong collaborative relationship with bio-
geochem ists, aquatic toxicologists, and hydrologists in NAPAP. Therefore, it is not
surprising that this group of scientists strongly endorsed ambitious data gathering and model
development efforts to assess the economic implications oftheir research.

The paper concludes with four major lessons learned from the NAPAP integrated assessment
experience:

I. Economists need to pay attention to the implications of uncertainties in the physical and
natural sciences and develop methods to quantify these uncertainties in economic terms.

2. The way in which physical effects are integrated into economic models is crucial to the
scientific credibility of the economic models and the results produced from these models.

3. Economists and physical scientists must co-operate to understand the lim itations of each
other's models, data bases, and working assumptions,

4. Long-term basic research is required to develop scientifically credible methods to
estimate damages and benefits in an integrated environmental assessment.

5. Economic models must provide information that is useful to policy makers, and unless
there is a formal plan to integrate economics into the policy-making process from the very
start of an integrated environmental assessment, or if econom ic models can not provide
policy-relevant information, the role of economics will continue to be secondary.
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2. The Economics of Carbon Sequestration: Papers

This chapter of the thesis contains eight papers, organised generally around the topic of the
econom ics of carbon sequestration. The first two papers in this section rely on static, price-
endogenous sector models to estimate the annual opportunity costs of planting trees on

-agricultural land to reduce net CO2 emissions. The next four papers involve the application of
the Forest and Agricultural Sector Optimisation Model (FASOM) to assess the market
impacts and costs associated with achieving alternative time paths for increasing the annual
increments of carbon stored in trees on both agricultural and timberland. FASOM is a
dynamic, price-endogenous spatial equilibrium ofthe agricultural and forest sectors in the US.
The main benefit of using such a model compared to a static sector model is that it more
faithfully captures the intertemporal decision making of landowners than do static models. A
more thorough description of the FASOM model is provided in Appendix A. The final two
papers apply a Faustmann-type rotation model to examine how different management
objectives affect rotation ages and the environment in Douglas fir forests in the Pacific
Northwest.

The papers included in this chapter are:

I. Richard M. Adams, Darius M. Adams, John.M. Callaway, Ching-Cheng Chang, and
Bruce A. McCarl. 1993. "Sequestering Carbon on Agricultural Land: Social Cost and
Impacts on Timber Markets." Contemporary Policy Issues. II (I): 76-87.

2. J.M. Callaway and Bruce McCarl. 1996. "The Economic Consequences of Substituting
Carbon Subsidies for Crop Subsidies in U.S. Agriculture." Environmental and Resource
Economics. 7: 15-43.

3. Darius M. Adams, Ralph J. Alig, Bruce A. McCarl, J.M. Callaway, and Steven M.
Winnett. 1996. "An Analysis ofthe Impacts of Public Timber Harvest Policies on Private
Forest Management in the United States." Forest Science. 42(3): 343-358.

4. Darius M. Adams, Ralph J. Alig, Bruce A. McCarl, Steven M. Winnett, and J.M.
Callaway. 1998. "The Effects of Factor Supply Assumptions on Intertemporal Timber
Supply Behaviour: The Cases of Investable Funds and Land." Canadian Journal of
Forest Research 28(2): 239-247.

5. Ralph Alig, Darius Adams, Bruce McCarl, J.M. Callaway, and Steven Winnett. 1997.
"Assessing Effects of Mitigation Strategies for Global Climate Change with an
Intertemporal Model of the U.S. Forest and Agricultural Sector. "Environmental and
Resource Economics. 9: 259-274.

6. Darius M. Adams, Ralph J. Alig, Bruce A. McCarl, John M. Callaway, and Steven M.
Winnett. 1999. "Minimum Cost Strategies for Sequestering Carbon in Forests." Land
Economics. 75(3): 360-374.

7. Jeffrey Englin and John M. Callaway. 1993. "Global Climate Change and Optimal Forest
Management." Natural Resources Modeling. 7(3): 191-202.

8. Jeffrey Englin and John M. Callaway. 1995. "The Environmental Impacts of Sequestering
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SEQUESTERING CARBON ON AGRICULTURAL LAND: SOCIAL
COST AND IMPACTS ON TIMBER MARKETS

RICHARD M. ADAMS, DARIUS M. ADAMS, JOHN M. CALLAWAY, CHING-CHENG CHANG,
and BRUCE A. McCARL*

Planting trees to sequester carbon has broad political appeal. However, effects of a
major tree planting program on the agricultural sector and on timber markets are
unclear. This paper examines social costs of sequestering carbon in tree plantations
on U.S. agricultural land and investigates haroesting's effects on timber prices and
on private timber producers' welfare. TIle analysis links a model of the U.S. agricultural
sector that includes the land base in major production areas with a model of the U.S.
softwood economy. Using current data on planting, maintenance, and harvesting costs
for tree plantations and carbon sequestration rates, the models estimate the price and
welfare effects of alternative carbon sequestration goals. Results indicate a range of
outcomes. Consumers pay higher prices for food as farmers divert land from crops to
trees. However, wood products consumers gain from falling timber prices if the trees
enter commercial markets. Agricultural producers and landowners gain from higher
commodity prices, but private forest owners lose. Large tree planting programs imply
that policymakers must compensate private commercial tree planting to prevent farm-
ers from displacing present tree plantations.

I. INTRODUCTION

Planting trees to sequester carbon is a
prominent strategy for mitigating effects
of greenhouse gas emissions on global cli-
mate and the environment (National
Academy of Sciences, 1991;U.S. Office of
Technology Assessment; Center for Strate-
gic and International Studies, 1991). In
fact, the Administration's National Energy
Strategy calls for planting one billion new
trees each year (DOE, 1991).
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Economist, RCG/Hagler, Bailly, Boulder, Colorado;
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Assistant Professor and Professor, respectively, De-
partment of Agricultural Economics, Texas A&M Uni-
versity. This is a revised version of a paper presented
at the Western Economic Association International
66th Annual Conference, Seattle, Wash., June 29-July
3, 1991. This paper is also technical paper No. 9925,
the Oregon Agricultural Experiment Station. Seniority
of authorship is shared.

Contemporary Policy Issues
Vol. Xl, January 1993

Planting trees is an important policy
topic for several reasons. First, enough
land exists worldwide to offset a consid-
erable amount of carbon until scientists
develop other mitigation options (Mar-
land, 1988;Lashof and Tirpak, 1989;Moul-
ton and Richards, 1990; Sedjo and Solo-
mon, 1989; Dudek and Leblanc, 1990;
Trexler, 1991). Thus, carbon sequestration
passes preliminary tests of technical feasi-
bility. Second, many other alternatives,
such as carbon taxes, are politically and
fiscally unattractive. Third, some studies
report that planting trees to sequester car-
bon is relatively inexpensive (Moulton
and Richards, 1990; Sedjo and Solomon,
1989; Dudek and Leblanc, 1990). Finally,
potential benefits are broad-based. Plant-
ing trees creates a low-cost source of bio-
mass and of alternative fuels and a supply
source for carbon-based materials.

This paper evaluates social costs of se-
questering carbon in tree plantations on
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agricultural land in the United States, es-
timates the shadow price of carbon-that
is, the marginal subsidy that would induce
farmers to plant trees instead of crops-
and explores economic consequences of
harvesting timber as it reaches an optimal
rotation age for carbon sequestration. The
analysis examines impacts on timber har-
vests from commercial forest land, on
stumpage prices, and on the welfare of
economic agents in both the agricultural
and forest sectors of the U.S. economy.

II. PROCEDURE AND DATA

This section outlines procedures for
quantifying social costs of tree planting
programs on agricultural land, examines
welfare impacts on consumers and pro-
ducers in both agricultural and forestry
sectors, and presents data and underlying
assumptions.

A. Supply Curve Analysis

The analysis estimates social costs by
modifying a model of the u.s. agricultural
sector to generate carbon sequestration
supply curves. These supply curves show
the relationship between marginal social
cost of planting on agricultural land and
the associated number of acres and tons of
sequestered carbon that the trees would
supply. The model is a price-endogenous,
spatial equilibrium model of the U.S. ag-
ricultural sector known as the Agricultural
Sector Model (ASM) (see Chang et al.,
forthcoming). Researchers have used ASM
to evaluate a number of environmental is-
sues, including the National Acid Precipi-
tation Assessment Program's recent Inte-
grated Assessment of acid deposition
(NAPAP, 1990) and Adams et al.'s (1990)
analysis of climate change effects on agri-
culture. For the analysis here, ASM has
several important elements: (i) It repre-
sents the range of crop and livestock ac-
tivities in major U.S. agricultural regions.
(ii) It includes 353 million acres of crop-
land as well as 869 million acres of pasture
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and rangelands-land categories that are
not convertible. (iii) Modifying the model
adds tree growing/ carbon sequestration
and timber harvesting activities that com-
pete for agricultural land. (iv) The model
is price-endogeno s and measures
changes in both producer and consumer
welfare resulting from" forcing" the agri-
cultural sector to plant and harvest trees.

Carbon sequestration activities convert
agricultural land into carbon at a fixed
rate (tons of carbon/acre/year) by plant-
ing trees. This rate varies by region and by
land type (crop or pasture). The variability
in sequestration rates reflects both compo-
sition of forest types suitable for carbon
sequestration under different climatic con-
ditions and variations in soil productivity.
Moulton and Richards (1990)provide car-
bon sequestration rates and establishment
costs. Establishment costs convert to an-
nualized costs using a 10 percent real dis-
count rate and rotation length information
from Birdsey (1990).

The analysis generates a supply curve
for sequestered carbon by modifying ASM
to simulate competition between carbon
sequestration and traditional crop and
livestock activities for available land
under different levels of carbon sequestra-
tion targets. The carbon targets range from
o to 700 million short tons per year. The
shadow price associated with each target
provides an economic measure of the so-
cial cost of sequestering carbon and cap-
tures the marginal change in the sum of
producer and consumer surplus associ-
ated with the last carbon unit sequestered
for each target.

B. Timber Supply Analysis

Apparently no previous study evalu-
ates economic effects of harvesting trees
that sequester carbon and then selling
them as stumpage. Conceptually, this in-
volves linking a U.S. timber supply model
with the ASMmodel and allowing the tim-
ber grown on agricultural lands to be har-
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vested and sold in traditional timber mar-
kets.

Such an analysis simulates inter-re-
gional trade in a two-level market system
where farmers in each region harvest tim-
ber; convert stumpage into primary wood
products for lumber, plywood, and pulp
markets; and transport these products for
sale in other regions. A set of timber sup-
ply and demand activities represents "tra-
ditional" timber markets in ASM. The
most recent version of the u.s. Forest
Service's Timber Assessment Market
Model (TAMM) provides regional supply
and national demand schedules for
stumpage. Developed by Adams and
Haynes (1980), TAMM is a two-level,
multi-market spatial equilibrium model of
the u.s. forest sector that simulates forest
regeneration, growth, and mortality, along
with management practices on regional
timber inventories. The ASM modified for
the study here includes TAMM's regional
stumpage supply curves for sawtimber
and regional pulpwood supply curves, in-
cluding Canada. This modified ASM also
uses TAMM's final demand for wood
products to create domestic and export de-
mand functions for wood prod ucts.

The analysis links timber supply activ-
ities to national demand activities. A set of
transportation/ arbitrage activities ship
stumpage (both sawtimber and pulp) from
harvest regions to the national demand ac-
tivities. Cost associated with these activi-
ties is the difference between regional
equilibrium stumpage prices and national
demand prices for the major wood prod-
ucts. The base TAMM solution provides
these prices, which range from $382.28per
thousand cubic feet (md) for northeastern
and southcentral sawtimber to $0.00 for
southeastern pulpwood. This range re-
flects differences in wood quality across
regions as well as transportation costs.

Comparing forecast optimal harvest
levels and stumpage prices with values
from the base case TAMM simulation val-

idates model results. That is, the two mod-
els are in agreement.

III. RESULTS

This section presents social cost esti-
mates, including the distribution of wel-
fare gains and losses among prod ucers
and consumers in the u.s. agricultural sec-
tor. It also presents estimates of effects of
timber harvests from agricultural land on
timber prices and on the welfare of eco-
nomic agents in the agricultural and forest
sectors.

A. Supply Curve Analysis
Social costs of planting and growing

trees include establishing and managing
operations, plus the opportunity costs of
tying up potentially large acreages of ag-
ricultural land for extensive periods.
While the United States has substantial
acreages of marginal agricultural land
available for such purposes, some regions'
climatic and edaphic characteristics are
not well suited for tree plantations. Thus,
successful tree-growing activities are con-
fined to a subset of the available U.s. ag-
ricultural land inventory.

The analysis tests sensitivity of these es-
timates under assumptions concerning (i)
the carbon-fixing goals (total short tons)
and (ii) acreage of pastureland versus
cropland utilized. In addition, carbon-
growing activities are restricted to regions
with adequate rainfall. The total carbon-
fixing goals are 140, 280,420, and 700 mil-
lion short tons of carbon per year. These
goals represent approximately 10, 20, 30,
and 50 percent of total u.S. annual carbon
emissions.

Table 1 presents estimates for the four
carbon goals with respect to location of
carbon-fixing activities and the use of pas-
tureland versus cropland within each re-
gion. Table 1 also contains results from
Moulton and Richards' (1990) supply
curve analysis. Case 1 allows carbon
growth in most U.S. regions. Exceptions
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TABLE1
Marginal Cost ($/per ton) and Agricultural Acreage to Sequester

Carbon Via Tree Plantations
Total Carbon Sequestered

(106 short tons Carbon)
Evaluation 140 280 420 700

$/ton Acres $/ton Acres $/ton Acres $/ton Acres
(101 (106

) (101 (106
)

Case la 18.31 49.62 25.19 103.79 34.17 162.35 55.Q1 274.44

Case 2b 18.50 49.36 25.11 103.18 37.21 157.92 95.06 270.83

Case 3c 18.50 49.36 25.11 103.18 38.18 157.78 200.45 267.63

Moulton and
Richardsd 16.57 70.90 20.69 138.40 23.24 197.60 34.73 303.40

aCase 1: Restricts tree planting activities to regions where rainfall exceeds 18 inches per year.
bCase 2: Same as case 1 but also restricts pastureland to not more than SOpercent of total acreage in tree

plantations.
cCase 3: Same as case 1 but removes Southern Plains from solution.
dThese numbers are from Moulton and Richards (1990, appendix, table lA).

are arid portions of the Southern Plains,
the Southwest, and the Northern Plains,
where rainfall is less than 18 inches per
year. The analysis also allows unrestricted
use of pasture land. This case comes closest
to matching Moulton and Richards' (1990)
assumptions. The last row of table 1 shows
points from their supply curve.

The marginal costs (averaged across all
regions) per ton increase as the carbon-fix-
ing goals increase, from a low of about $18
per ton for 140 million tons to approxi-
mately $55 per ton for a goal of 700 million
tons (about half of total U.S. carbon emis-
sions). The rising costs per ton reflect ris-
ing opportunity costs of agricultural land
as farmers divert more land and higher
quality land from crop growing to tree
planting.

At low levels of carbon sequestration,
case 1 marginal costs and Moulton and
Richards' estimates (1990) closely agree.
For example, at 140 million tons, case 1
marginal cost is about 10 percent higher
than Moulton and Richards' estimates.

However, above 280million tons of carbon
the marginal cost increases more rapidly
in case 1 than in Moulton and Richards'
estimates. At the 700 million ton level, the
marginal cost in case 1 is 60 percent
greater than in Moulton and Richards's es-
timates. The two marginal cost estimates
diverge because agricultural prices in-
crease more rapidly at higher carbon se-
questration levels, forcing up land rents.
ASM captures this process but Moulton
and Richards do not. Their analysis con-
siders land rents as fixed. Finally, differ-
ences between the two studies in acreages
required to sequester carbon reflect the
different data bases used in the two stud-
ies to construct the land base.

Case 2 resembles case 1 but limits pas-
tureland use to 50 percent of total tree pro-
duction. In case 1, pastureland makes up
between 40 and 60 percent. This analysis
tests the effect of the land inventory and
productivity assumptions on such esti-
mates. That is, inventory "pastureland"
contains some of low productivity. Using
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more cropland translates into slightly
higher costs for the modest goals (e.g., 140
tons of carbon) but results in dramatically
higher costs at the extreme goals (700mil-
lion tons) due to increasing pressure on
cropland supply.

Case 3 removes the Southern Plains
(Texas and Oklahoma) from the land in-
ventory for tree planting because scientists
speculate that future climate changes will
adversely affect this region's ability to pro-
duce trees. Specifically, the Goddard Insti-
tute of Space Studies (GISS) and
Princeton's Geophysical Fluids Dynamics
Laboratory (GFDL) general circulation
models indicate that the Southern Plains
will be hotter and drier when CO2 levels
double or when all trace gases create an
equivalent climate. If the model eliminates
tree production in this region, then costs
per ton of carbon increase by 40 to almost
100 percent because farmers divert even
more land in regions of higher agricultural
productivity.

These results suggest that a modest pro-
gram of carbon sequestration can achieve
reasonable goals without major impacts
on agricultural acreages and commodity
production. For example, diverting ap-
proximately 50 million acres from agricul-
ture to tree plantations sequesters 140mil-
lion tons of carbon. However, costs per ton
rise rapidly as more ambitious programs
attempt to achieve higher targets by di-
verting land from traditional agricultural
activities. A 700 million ton target diverts
over 270 million acres from agriculture. As
costs per ton rise, using tree plantations as
a "greenhouse" strategy becomes less ap-
pealing.

Table 2 presents an analysis of social
welfare changes for case 1 only. For this
and subsequent analyses, adding carbon
targets of 35 and 70 million tons shows the
effects of relatively small carbon seque-
stration programs. Distribution of benefits
and costs is uneven. Consumers (row 1)
become worse off as land diversion in-
creases agricultural prices. The consumer

surplus loss ranges from $260 million (35
million tons) to $11.6 billion (700 million
tons). Agricultural producers (row 2), on
the other hand, benefit from higher prices,
since demand for most agricultural prod-
ucts is inelastic. Producer surplus gains
range from $327 million (35 million tons)
to $32.5 billion (700 million tons). Con-
sumer surplus associated with export de-
mand (row 3) also drops as a result of
higher prices.

Row 4, table 2 shows net surplus (gains
less losses) for the three groups of eco-
nomic agents. However, the small net
gains in the social welfare balance sheet
do not include "private" costs of carbon
sequestration (row 5). These carbon pro-
duction costs range from $488 million (35
million tons) to $38.5 billion (700 million
tons). Thus, total (net) social cost runs
from about $500 million/year to sequester
35 million tons (or about 2.5 percent of
annual U.S. CO2 emissions) to over $21
billion/year to sequester 700 million tons
(or about 50 percent of annual U.S. carbon
emissions). Domestic and foreign (export
market) consumers bear most of the net
social cost due to higher food prices.

B. Timber Supply Analysis

Growth and annual increment of car-
bon sequestered by trees generally in-
crease to a maximum and then decrease,
eventually becoming negative. For carbon
sequestration programs to remain effec-
tive for longer than a single rotation, farm-
ers must either plant new trees on new
land or harvest and store trees in non-
oxidizing products before planting new
trees on existing plots. Alternatively, car-
bon sequestration programs can be effec-
tive if consumers bum harvested wood as
a replacement for existing fossil fuel, such
as coal. Choosing not to replant decreases
the size of land available for sequestering
carbon. In the future, when "suitable"-
that is, relatively inexpensive-land for se-
questration no longer exists, farmers must
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TABLE 2
Changes in Welfare,by Component, for Six Carbon Sequestration Levels

(in Millions of Dollars)
Total Carbon Sequestered

{106 short tons}
Welfare Component 35 70 140 280 420 700

Domestic
Consumer Surplus -260 -669 -1716 -2977 -3804 -11572
Producer Surplus 327 927 2749 6084 10308 32480

Export Surplus -61 -178 -642 -1299 -1711 -4188
Sub Total 6 80 391 1808 4793 16721

Carbon Production" 488 1076 2570 7053 14351 38506
Net SocialBenefit -482 -996 -2179 -5245 -9558 -21785

"This cost is the amount of carbon sequestered multiplied by the marginal cost per ton of carbon as shown
in Table 4.

achieve equilibrium rotation to maintain a
constant carbon sequestration rate.

The acreage in the agricultural sector
required to sequester carbon (see table 1)
is large relative to the acreage of U.S. com-
mercial timber. Currently, private hands
hold 350 million acres of commercial U.S.
timberland (U.S. Forest Service). Owners
harvest only a small fraction of this acre-
age in any given year. Bycontrast, approx-
imately 50 million acres-or 15 percent of
the total U.S. commercial timberland-are
required to sequester 140 million short
tons of carbon. Depending on the rotation,
harvests from such acreage have the po-
tential to disrupt timber markets.

Table 3 shows the timber produced
under various carbon sequestration levels.
Tables 1 and 3 combine sawtimber and
pulp harvests. In the base case (0 carbon
sequestered), the agricultural sector sup-
plies no timber.

As the carbon sequestration target in-
creases, sawtimber and pulp stumpage
markets receive more timber from agricul-
turallands (bottom panel), and the supply
from traditional timber sources falls (top
panel). Percentage increases in total har-

vests relative to the base case range from
about 27 percent for the 35 million ton
level to over 650 percent for the 700 ton
leveL Correspondingly, harvests from ex-
isting timber lands decrease by about 11
percent for the 35 million ton level and by
almost 75 percent for the 700 ton level.

Most timber from agricultural lands
comes from the northcentral United
States. This region currently is not a large
timber supplier. However, northcentral
growers plant more trees because the rel-
ative values of pasture and cropland at the
margin are lower for sequestering carbon
in this region than in other regions. The
southwest is the next largest timber sup-
plier. In existing timber markets, 50 per-
cent or more of the total decrease in har-
vests (relative to the base) comes from the
Pacific coast and southeastern regions.
Harvests from traditional sources in the
Pacific fall to zero at the 700 ton level,
down from 2671 million cubic feet in the
base case, while harvests decrease by
about 57 percent in the southeast.

Harvest volumes from the agricultural
sector sharply force down prices in both
sawtimber and pulpwood stumpage mar-
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TABLE 3
Timber Harvests from Traditional Timberland and from Agricultural

Land for Different Equilibrium Carbon Sequestration Levels
(in 106 cubic feet)

Equilibrium Sequestration Rate
(106 short tons)

Region 0 35 70 140 280 420 700

Timber Harvested from Existing Commercial Timberland

NE 246 86 23 0 0 0 0
NC 77 47 33 0 0 0 0
SE 1037 953 919 855 786 714 447
SC 751 689 664 617 565 513 317
PC 2671 2420 2315 2116 1892 1645 0
SW 752 689 664 617 565 513 317
MT 712 666 639 565 565 565 565

Total 6246 5550 5257 4770 4373 3950 1646

Timber Harvested from Agricultural Land

NE 0 3 14 110 324 324 1982
NC 0 817 2647 6320 14966 22344 30078
SE 0 0 440 1616 954 992 3320
SC 0 890 1173 1280 913 827 2420
PC 0 0 0 0 0 1 38
SW 0 25 25 25 1871 2848 7163
MT 0 666 639 565 565 565 565

Total 0 2401 4938 9916 19593 28819 45566

TOTAL 6246 7951 10195 14686 23966 32769 47212

"The region specifications are, respectively, the Northeast (NE), Northcentral (NC), Southeast (5E),
Southcentral (SC),Pacific (PC),Southwest (5W), and Mountain (M1).

kets. For the 35 million ton level, prices in
sawtimber and pulpwood markets de-
crease, on average, by 28 percent relative
to the base case. The decrease for the 700
million ton case is approximately 90 per-
cent.

Harvesting large volumes of timber
from the agricultural sector affects the
shadow price (marginal costs) of carbon as
well as welfare (tables 1 and 2). Table 4
presents the marginal social cost of carbon
for case 1 (table 1) with and without tim-
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TABLE 4
Marginal Social Cost of Sequestering Carbon: Case 1,

with and without Policies to Harvest Timber
(in Dollars Per Short Ton)

o 35 70

No Harvest

Timber Harvest

8.30

0.41

13.95

8.14

15.37

11.57

420 700

18.31

16.79

25.19

22.34

34.17

29.46

55.01

54.37

aThe marginal cost of sequestering carbon is lower when timber is harvested since owners sell the harvest
into the timber market, receiving timber prices as returns. Differences between harvest and no-harvest marginal
cost narrow as timber prices decline.

ber harvest. In general, the marginal costs
of carbon fall for all sequestration levels
when policies require harvesting timber
that is grown to sequester carbon.

The shadow price of carbon has a dif-
ferent analytical meaning in the timber
harvest case. Where no trees are har-
vested, the carbon's shadow price simply
is the marginal social cost of producing
carbon (see the carbon sequestration sup-
ply curve, table 1). Figure 1 illustrates tim-
ber harvest using the Northeast at the har-
vest level required to sequester 35 million
tons of carbon/ year.

Figure 1 differs from table 1 by denom-
inating quantities and prices in terms of
timber volume (mcf) as opposed to carbon
mass. In this figure, Sagrepresents the sup-
ply curve for timber grown in the agricul-
tural sector, while EDt represents excess
timber demand from commercial timber-
land. The supply curve always lies above
the demand curve to indicate that no tim-
ber is harvested from agricultural lands in
the base case. The two curves intersect on
the vertical (price) axis at $230.49/mef,
which is the price of sawtimber stumpage
in the Northeast in the base case. A vertical
line, V35, reflects the inelastic demand on
agricultural land that the harvest policy
creates.

At this harvest level (see table 3), the
gross marginal cost of supplying timber

(carbon) is $355.72/mef. Timber suppliers
in the northeast agricultural sector receive
$105.56 for each mef they harvest. The net
marginal social cost of sequestering and
then selling carbon is the difference be-
tween the gross marginal cost and the
stumpage price, or $250. The ratio for con-
verting mef into tons of carbon is .0325
mef/ton. This ratio is the average wood
yield per acre per year in the Northeast
(95.5 cubic feet = 0.0955 mcf) divided by
the average carbon yield per acre per year
in the Northeast (2.935 ton). Moulton and
Richards (1990, appendix, tables 4-7) pro-
vide the average wood and carbon yields.
Applying this ratio to the $250 figure gives
$8.14 per tons of carbon as the net mar-
ginal social cost of sequestering carbon
(table 4).

Table 5 presents welfare gains and
losses of sequestering carbon under a har-
vest policy. These results contrast with the
case where no timber is harvested (table
2). First, timber harvest reduces the total
social cost of sequestering carbon. Second,
consumers are relatively better off due to
lower wood product prices that offset the
welfare losses of higher food prices. Third,
producers are relatively worse off in the
timber supply analysis. However, these
are losses for producers in the forest sector
and reflect rapidly declining stumpage
and wood product prices. The producer
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FIGURE 1

Determination of Marginal Social Cost of Sequestering Carbon (Northeast)

Price-Marginal
Cost ($/mct)

$355

$230

$105

35 million
short tons

Sag

$250

EDt

surplus estimate for the forest sector in the
base case is roughly $2.3 billion. Their sur-
plus losses range from 11 percent of this
figure in the 35 million ton case to 97 per-
cent in the 700 million ton case.

Timber harvest may affect the total car-
bon sequestered. For example, after farm-
ers harvest trees, the leaves, roots, and de-
bris eventually will release carbon. While
the extent of carbon loss is uncertain, one
can explore this issue by discounting each
carbon sequestration level by a factor con-
verting merchantable wood volume to
total tree volume by the amount of wood
harvested in each region. Table 6 reports
these conversion factors, which are from
Richards (1992). Table 6 also reports the
effective carbon sequestration levels for

Timber Volume

each carbon goal. The amount of carbon
sequestered under this set of conversion
factors is substantially less than the
amount sequestered with no harvest. This
conclusion implies that the timber harvest
analysis may understate carbon costs.

IV. CONCLUSIONS

These estimated economic costs are un-
certain. For example, the costs of convert-
ing land into tree plantations reflect the
importance of land inventory assump-
tions, including differences in land pro-
ductivity within and across regions. Like-
wise, the timber supply analysis critically
depends on assumptions about the rela-
tionship between carbon sequestration
rates and timber yields. These relation-
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TABLE 5
Changes in Welfare,by Component, with TImber Harvests

for Six Carbon Sequestration Levels
(in Millions of Dollars)

Total Carbon Sequestered
(106 short tons!

Welfare Component 35 70 140 280 420 700
Domestic Consumer Surplus 539 533 211 -394 -2195 -6977

Farm 366 961 2483 5093 10391 32105
Producer Surplus Forest -720 -965 -1345 -1643 -1880 -2285

Total -354 -4 1183 3450 8511 29820
Export Surplus -75 -256 -541 -1106 -1763 -3762

Sub Total 110 273 808 1950 4553 19081
Carbon Production Costa 285 810 2351 6255 12373 38059
Net Social Benefit -175 -537 -1543 -4305 -7802 -18978

asee note a, table 2.

ships vary by species, climate, and land
productivity. In view of data uncertainties,
the results serve best as sensitivity analy-
ses. However, the estimates do provide
perspective on whether costs of these ag-
ricultural strategies are "large or small"
relative to non-agricultural options for re-
ducing/ displacing greenhouse gas emis-
sions.

Given these caveats, one can draw sev-
eral conclusions. First, fairly close agree-
ment exists between the results here and
in Moulton and Richards (1990)at low car-
bon sequestering goals. Although both
studies use the same data sources on car-
bon yields and soil productivity, the meth-
ods for generating the supply curves are
different. Thus, studying results of both
studies can narrow the range of cost un-
certainty. Second, this analysis shows that
the social costs of sequestering carbon-
whether or not trees eventually are har-
vested-are relatively low if one uses ag-
riculturallands to sequester 10 to 20 per-
cent of annual U.S. CO2 emissions. How-
ever, these costs dramatically increase if

the goal is to displace substantial CO2
emissions. Third, if the timber on agricul-
tural land is not harvested, domestic con-
sumers bear most of welfare losses that
result from rising commodity prices. Do-
mestic producers substantially benefit
from such programs due to price inelastic
commodity demands.

Selling the harvested timber lowers
both marginal and total social costs of se-
questering carbon. However, distributio-
nal consequences change. Consumers, as
a group, become better off when the tim-
ber is sold, as the lower primary wood
product prices offset the losses in con-
sumer surplus due to higher food prices.
Conversely, agricultural producers benefit
from both higher food prices and timber
sales, while forest sector producers be-
come worse off when timber prices fall.
The effective carbon sequestration under
timber harvest influences these costs.

These findings suggest that using agri-
cultural land to sequester substantial
amounts of carbon may be more expensive
than recent estimates indicate. Further,
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TABLE 6
Effective Carbon Sequestration Levels Under Timber Harvests

Carbon Goal (106 short tons) 35 70 140 200 700

Conversion Factor" 2.157 2.218 2.342 2.364 2.269

Effective Carbon Sequestration Level
6(10 short tons) 16 32 62 120 308

aConversionfactors are from Richards (1992).

selling the wood in traditional stumpage
markets could be economically disruptive.
However, five important questions re-
main:

(i) What levels of carbon yields does
harvesting produce? Moulton and
Richards' (1990) estimates of wood yields
vary from those in the TAMM inventory
model. Future research should focus on
these estimates' reliability, since reducing
wood yields alters the carbon sequestra-
tion rate and cost per ton.

(ii) What fiscal or regulatory mecha-
nisms must policymakers devise to induce
farmers to plant trees? The shadow price
of sequestered carbon is the" optimal" in-
ducement to meet a specific carbon seque-
stration target. Future research should
evaluate how policy might implement this
s~bsidy as well as evaluating its potential
fiscal and macro-economic impacts.

(iii) How will commercial timberland
owners respond to a carbon sequestration
policy that might make them worse off?
Commercial timberland owners have a
range of economic options, including in-

creasing the rate of current harvesting to
reduce future supplies, promoting new
uses for wood, reducing their timberland
holdings, and buying commercial agricul-
tural land. This is another area for further
research.

(iv) How will various timber uses affect
the carbon balance? Effectiveness of car-
bon sequestration depends upon whether
the timber goes into structures, paper, or
other types of wood products, upon even-
tual methods of disposal after use, and
u~~n the amount of carbon (as fossil fuel)
utilized to process and dispose of these
products. Future timber supply analyses
should address net (or effective) level car-
bon sequestration issues.

(v) Finally, future analysts must devise a
dynamic framework in order to decouple
the amount of timber sold from the amount
of carbon sequestered. By applying filtering
mechanisms of the timber inventory in this
v:ay, resea~hers can link conditionally op-
timal rotations and harvests with appropri-
ate planting sequences in order to meet spe-
cific carbon targets.
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Abstract, There is a growing body of literature on the costs of sequestering carbon. However,
no studies have examined the interplay between farm commodity programs and carbon seques-
tration programs. This study investigates two dimensions of the interaction between farm
commodity programs and afforestation programs, using a price-endogenous sector model of
agriculture in the United States. First, this study compares the fiscal and welfare costs of achieving
specific carbon targets through afforestation, with and without current farm programs. Second,
it examines the welfare, fiscal, and carbon consequences of replacing existing farm subsidies,
wholly or in part, with payments for carbon. Two approaches, Hicksian and Marshallian, are
investigated. In the first, the sector model is used to quantify the carbon consequences and
fiscal costs associated with various combinations of farm commodity and carbon sequestration
programs that leave consumers and producers in the U.S. agricu ltural sector no worse off than
under existing farm programs. The second approach focuses on the carbon and welfare conse-
quences of various farm commodity and carbon sequestration programs that hold total program
fiscal costs constant at current levels. Although the methodology and data are applied to the
United States, the issues addressed are common in a number of developed nations, particularly
within the European Union (EU). Adapting existing sector models in these nations to perform
similar analyses would provide policy makers with more precise information about the nature
of the trade-offs involved with second-best policies for replacing farm commodity subsidies
with tree planting subsidies.

Key words: Climate change, carbon sequestration, farm policy, afforestation

Introduction

As governments struggle with alternatives for limiting increases in stocks of
greenhouse gases in the atmosphere, one method that is receiving a growing
amount of interest is the idea of capturing carbon from the atmosphere and
storing it in forest ecosystems. This process, known as carbon sequestration,
has attracted a great deal of attention for several reasons. First, on paper,
there is enough land in the world to offset a considerable amount of carbon,
until other mitigation options are developed (Marland, 1988; Lashof and
Tirpak, 1989; Sedjo and Solomon, 1989; Trexler, 1991; Dixon et al., 1994),

The research reported in this paper was partially funded by the United States Environmental
Protection Agency under contract number 68W90077. It does not reflect the official position
of that agency. Mention of trade names does not constitute endorsement.

Environmental and Resource Economics 7: 15-43. 1996.
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Second, the 'next best' alternative to planting trees - carbon taxes - are
politically and fiscally unattractive to all but a few nations. Third, there is a
growing body of literature which emphasizes that planting trees to sequester
carbon is inexpensive (Sedjo and Solomon, 1989; Moulton and Richards, 1990;
Dudek and LeBlanc, 1990; Parks and Hardie, 1995). Finally, the potential
benefits of planting trees seem to be very broad-based: environmentalists see
this as a way of re-creating old growth forests; emerging interests in the energy
industry see this as a potential low-cost source of biomass and alternative fuels;
futurists see this as a supply source for the carbon-based materials of the future;
and market economists like this approach because it is consistent with market-
based emissions offset trading.

In a previous study, Adams et al. (1993)' developed supply curves for
sequestering carbon in trees grown on agricultural land using ASM, a price-
endogenous, spatial equilibrium model of the agricultural sector in the United
States. In contrast to previous studies, such as those by Moulton and Richards
(1990), Dudek and LeBlanc (1990), and Parks and Hardie (1995), this was
the first study to measure the costs of sequestering carbon in terms of changes
in producers and consumers surplus in a framework that accounted for increases
in agricultural commodity prices as trees displaced crops.

Adams et al. (1993) showed that large scale tree planting programs were
somewhat more costly at the margin than most previous studies had shown.
However, the differences between the marginal and total costs (i.e., decreases
in consumer and producer surpluses) of carbon estimated by Adams et al.
and those estimated in previous studies were not large for programs that
sequestered. on average; below about 140 million short tons? per year. The
study also looked at the effects of tree planting on agricultural land on welfare
and harvest levels in the forest sector, albeit in a static framework. In general,
all of the studies cited above suggest that sequestering carbon in trees on
agricultural land is a far less costly alternative than carbon taxes (by two orders
of magnitude) for offsetting moderate amounts of carbon emissions, say, in the
range of 100--250 million tons annually. In addition, Adams et al. (1993) found
that the costs of sequestering carbon were reduced when one allowed trees
on afforested lands to be harvested. However, this conclusion was tempered
by the fact that dynamic price expectations for stumpage were not incorpo-
rated into the modeling framework, leading to unreasonably high harvest levels
and low social costs.'

In their conclusion, Adams et al. (1993) identified several topics for further
research, one of which reflected their concern about the interaction between
agricultural programs and tree planting policies. They had estimated carbon
sequestration costs without farm programs, which is consistent with standard
welfare analysis" because it avoided contaminating the true welfare costs
with the effects of market distortions created by government farm commodity
programs. However, if the objective is to focus explicitly on an important
set of policy issues regarding the substitution of carbon sequestration programs



The Economic Consequences of Substituting Carbon Payments 17

for commodity support programs - 'second-best' - policies, then programmatic
costs should also be evaluated from a base that includes these distortions.

Consequently, this paper addresses the following two questions:

1. What would be the economic effects of adding tree planting programs on
top of farm programs in the United States?

2. What would the welfare, fiscal and carbon consequences be of replacing
existing farm subsidies, wholly or in part, with payments for carbon?

I. Theoretical and Policy Basis

Central to this analysis is the concept of a carbon sequestration supply curve.
This curve, like that for a market good, traces out the marginal cost at which
additional annual average increments of carbon sequestered in trees can be
produced.' The derivation of this supply curve on agricultural land is presented
in a partial equilibrium framework in Figure 1. For the sake of exposition,
we assume that a single crop is being produced on agricultural land and that
this crop has to compete with carbon sequestered in trees for land and other
scarce, necessary resources. The two markets are drawn sharing a single price
axis, but this is done only for convenience. While the marginal values in the
two markets are related through physical yields, this is difficult to show to
scale.

The demand curve for the agricultural commodity (Q) is shown by the
line DD', and the base case supply curve (without carbon) is shown by the

Agricultural Commodity Carbon
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CO.!I COli

o
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Fig. I. Welfare effects of sequestering carbon on agricultural land.
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line OS/,g. The market equilibrium is achieved at the price quantity combina-
tion p~, Q~.

Now consider the impact of either 'forcing' CI units of carbon onto agri-
cultural land or compensating farmers for sequestering carbon by an amount
equal to MCI per carbon unit. In this case, the agricultural commodity and
carbon must now compete for scarce resources. As such, the carbon seques-
tration supply curve is represented by the line OSc. Increasing the amount of
carbon along this supply curve, whether by regulation or subsidy, shifts the
supply curve for the agricultural commodity inward and to the right. This is
because it costs farmers more at the margin to produce a given quantity of
output than it would previously (without carbon). For the carbon quantity CI

units/yr, whose marginal cost is MCI, the agricultural supply curve shifts inward
to the line OS~g. The resulting equilibrium in the market occurs at the price
quantity combination r; Q~, where there has been a reduction in output and
an increase in the commodity price.

There is a relationship between the changes in welfare in the agricultural
sector, represented by changes in producer and consumer surplus, and the
opportunity cost of carbon. Specifically, the change in consumer and producer
surplus in the agricultural market, shown by the area between the two supply
curves(OMoMl = W), is equal to the opportunity cost of carbon, shown by the
area under the carbon sequestration supply curve (0 N C1 = W). These two areas are
equal because, conceptually, the resources formerly used in agriculture must now be
used to grow trees to sequester carbon. Thus, the opportunity cost of carbon can be
measured in this case by the foregone welfare in the agricultural sector, as captured
by the loss in producer and consumer surplus.P

Note that, in this example, it was assumed that one way to induce farmers
to produce C\ units of carbon was to pay them a per unit subsidy of MCI

per unit of carbon. In this case, the total cost of the subsidy would be equal
to MCI times the carbon quantity, CI• represented by the area OMC\NCI•

This total payment is referred to, here, as the 'carbon production cost'. Unlike
the opportunity cost of carbon, the carbon production cost is not a measure
of welfare loss or gain; it is a fiscal accounting measure of the amount of
money that the federal government would have to transfer from taxpayers to
farmers, under a single-price system, to induce them to sequester a given
amount of carbon.

If the government is able to use its monopsony power to discriminate and
price each ton of carbon at its marginal cost on the carbon sequestration supply
curve in Figure I, then the carbon production cost would be equal to the oppor-
tunity cost of carbon. The price discrimination approach has generally been
rejected in the U.S., both because of the difficulty in developing accurate infor-
mation about the true marginal costs of each producer and for reasons related
to 'equity' or 'politics', depending on your point of view. Still. this option
exists and a strict 'second best' test for its implementation is to do so if the
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cost of finding out the true marginal costs of each producer and adminis-
tering the payment system is less than the welfare difference between the
carbon production cost and the opportunity cost of carbon.

Figure 1 illustrates the relationship between the supply curve for carbon and
changes in production, prices and welfare in agricultural markets without
farm programs in place. What happens when carbon sequestration programs
are imposed on top of existing farm programs? Figure 2 shows the supply
and demand curves, So and DD', respectively, for a single agricultural com-
modity. Without any farm programs in place, the market equilibrium occurs
at e; Q~, where the sum of producer and consumer surplus is equal to the
area DMoO. Now, consider a market that is distorted by a target price-based
program.' The target price is indicated by P~. Under this program, farmers
produce Qo units of the commodity, which (thanks to the farm program) con-
sumers are able to purchase at a price of p~ per unit. Farmers receive
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Fig. 2. Effects of tree planting on farm program payments and welfare in the agricultural

sector.
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commodity payments equal to the difference between Ph and P6 times Qo, or
the rectangular area P~BoAoP~.

Associated with this 'equilibrium' is a large deadweight" loss, shown by the
shaded area behind the demand and initial supply curve, equal to the area
MoAoBo.This is a measure of the net welfare loss under the farm program.
To see this, note that under the farm program total welfare is equal to the
consumer surplus, evaluated at the market price (DBoP'~), plus the producer
surplus, evaluated at the target price (OAoPh), minus the farm program payment,
equal to the area P~BoAoP~. This is equal to the sum of consumer and producer
surplus evaluated at the pre-program prices and quantities, less the deadweight
loss (DMoO - MoAoBo).

The effect of a tree planting program on this situation can be shown, as
in Figure 1, as a shift to the left of the commodity supply curve, from So to
SI' reflecting the higher marginal cost of producing the commodity. As
depicted, imposing the tree planting program on top of the farm program has
four effects:

~ It results in reduced commodity output and consumption (from Qo to QI)
and a higher market price (from p'ci to P'~).

~ It narrows the difference between the support price (P~) and the price
consumers pay (P'1).

~ It reduces the magnitude of farm payments down to the area P'1B IAIPh.
~ It shrinks the deadweight loss, now represented by the smaller, much darker,

triangle behind the demand curve and the new supply curve, equal to
M1A1B1.

Thus, while the sum of producer and consumer surplus falls," much of this
decrease is offset by the reduction in the deadweight loss due to the 'crowding
out' effect of planting trees on agricultural prices. As a result, the opportu-
nity cost of carbon sequestration programs that are imposed on top of farm
programs will not be as high as one might expect. This is because payments
to farmers to produce carbon have the effect of undoing some of the price,
quantity, and welfare distortions due to the farm program.

The importance of these effects for policy-makers is clear. First, even if
nothing else is done, paying farmers to produce carbon should have the effect
of lowering farm commodity program payments associated with target price,
loan rate, and other types of programs that use policy instruments that directly
distort market prices. Second, the graphic analysis suggests that the sum of
the welfare and fiscal costs of the two types of programs will be less tan the
sum of the costs of the two programs calculated individually.

II. The Economics of Subsidy Replacement

Federal farm programs currently cost United States taxpayers an estimated $8.2
billion/yr (Chang et al., 1992),10 annually, in various kinds of subsidy payments
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to farmers. The annual welfare cost of these programs is estimated to be
about $1.9 billion/yr (Chang et al., 1992). In other words, consumers and
producers, together, would be better off by as much as $1.9 billion/yr, annually,
if there were no farm programs in place. The effect of many of these programs
is to encourage over-investment in land by farmers, in the long run, and both
short and long run production levels for subsidized commodities that are in
excess of the levels that would prevail in perfectly competitive markets.
Therefore, some authors - see for example Dudek and LeBlanc (1990) and
Trexler (1991) - have proposed reducing farm program subsidies on existing
crops and replacing these subsidies with payments to encourage tree planting
for carbon sequestration purposes. These types of substitutions have been
termed 'no regrets' policies, because they accomplish a beneficial end (i.e.,
sequestering carbon) without costing society more than the existing policies
they replace.

The substitution of carbon sequestration programs for farm commodity
programs can be approached conceptually in two different ways. The first
approach takes advantage of the fact that farm programs in the United States
have, associated with them, a social cost of almost two billion dollars. It
follows, then, that one can reduce farm commodity programs and increase
carbon sequestration programs through afforestation while still holding welfare
constant at current levels. Under this approach, society as a whole is no
worse off than it currently is with the current level of farm commodity
programs, and, it can be argued, one obtains additional, unquantified benefits
due to reductions in atmospheric CO2, The technique used in this study involves
finding the locus of all farm commodity and carbon program combinations
between which society is indifferent at the current welfare level. This 'line'
embraces all possible program combinations ranging from the current situa-
tion (all farm commodity programs) to one which there are no farm commodity
programs, just carbon sequestration programs.

This approach is referred to as a 'Hicksian ' analysis in a public finance
context because programmatic tradeoffs are evaluated holding welfare, as
opposed to fiscal payments, constant. Consequently, the programmatic com-
binations evaluated from this perspective represent 'no regrets' policies from
a neo-classical welfare perspective. In the analysis that follows, the Hicksian
approach is focused specifically at examining the effects of program substi-
tution on mean annual carbon sequestration increments and total government
program costs, including both farm commodity and carbon programs.

The second approach capitalizes on the fact that, in the United States, tax-
payers annually have about $8.2 billion of their income transferred to farmers
in the form of farm commodity programs. Since most consumers are not
farmers, but do consume food, this transfer is largely one from a very large
group of food consumers to a small group of food producers. Thus, one can
substitute carbon sequestration programs on agricultural land for farm com-
modity programs, and still hold total payments to both kinds of programs



22 J. M. Callaway and Bruce McCarl

constant. Under this approach, the total amount of government expenditures
on farm programs would not change, and, as before, society would reap addi-
tional benefits in the form of reduced CO2 levels. The 'Marshalliari' analysis,
presented in this study, seeks to identify the locus of all possible farm program
combinations that would leave the federal government in the same fiscal con-
dition as it is currently. Again, this 'line' includes all possible program
combinations ranging from the current situation to one in which farm programs
are eliminated and replaced by carbon sequestration programs.

This approach is termed a 'Marshallian' analysis in a public finance context
because programmatic tradeoffs are evaluated holding fiscal payments constant.
The specific focus of the analysis presented here is on the effects of program
substitution on mean annual carbon sequestration increments and welfare, as
measured by the opportunity cost of carbon. The 'no regrets' program com-
binations that are evaluated under this approach definitely have welfare costs,
and the perspective adopted in this analysis is strictly oriented toward fiscal
budget balancing.

III. Models, Procedures and Data

This section outlines the procedures used to conduct the farm program analyses
described above. It also describes the data used in these analyses and presents
the underlying assumptions.

THE ASM MODEL

A modified version of the Agricultural Sector Model (ASM), developed by
McCarl and others." was used in this analysis. ASM is a price-endogenous
agricultural sector model, formulated as a non-linear, mathematical program-
ming model. See appendix A for discussion of it's structure.

ASM has been modified to include tree growing/carbon production activ-
ities in the ten U.S. Department of Agriculture major production regions -
the Northeast, Lake States, Cornbelt, Northern Plains, Appalachia, Southeast,
Delta, Southern Plains, Mountain, and Pacific. These activities are defined
by regeneration costs, land use (crop and pasture), and carbon yields. A national
supply curve for sequestered carbon is generated by running the ASM model,
repeatedly, for different national carbon target levels, expressed in terms of
mean annual carbon increment. In this way, the model simulates the dis-
placement of productive pasture and cropland by trees, in response to the
imposed carbon targets." The shadow price associated with each of these
targets is a theoretically-correct measure of the marginal social cost of seques-
tering carbon. This is a measure of the amount of money that the farmer who
'grew' this last ton of carbon-would have to be compensated so that he or
she would be indifferent between producing the last ton of carbon or crops
on his or her land. The marginal cost estimates produced by ASM include both
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the annualized establishment cost of the trees required to sequester this carbon
and changes in land rents, at the margin, due to the displacement of crops
by carbon.

DATA

The data used to construct the carbon sequestration and stumpage supply
activities in ASM are described in Adams et al. (1993).

The costs of establishing trees used in this study and by Adams et al. (1993)
are based on estimates in Moulton and Richards (1990). These cost estimates
range from a low of about $60/acre to establish trees on crop land in the
Southern Plains and the southeast to a high of about $200/acre to establish
forests on pasture land in the Northeast. The establishment costs were annu-
alized assuming a 40-year amortization schedule at a real discount rate of
10 percent. Although 10 percent is well above the real rate of return on
relatively secure, long-term private investments, Moulton and Richards (1990)
showed that total costs were not very sensitive to real discount rates from 4
to 10 percent. Therefore, we did not feel the need to revise the annualized costs
downward to reflect the current real opportunity cost of capital (around 4
percent). It should be noted that land rents were not included as a part of
the cost of tree planting because the model calculates these costs, endoge-
nously, in terms of the value of consumer and producer surplus that is foregone
when an acre of pasture or cropland is displaced by an acre of trees.

Two sets of carbon yields were used in the analysis to reflect different
assumptions about the productivity of potentially afforestable lands in the
United States. The first set of yields was developed by Richards (1992), who
revised the earlier set of yields used in Moulton and Richards (1990). The
second set of yields used in this study are from Birdsey (\992). Birdsey's
carbon yields are systematically lower than those developed by Moulton and
Richards and revised by Richards. The differences are explained by the fact
that Birdsey's yields are intended to reflect the observed productivity of
managed timberland, while the Moulton and Richards yields assume much
higher productivity of intensively managed plantations on agricultural land.
As such, these yields come close to representing upper and lower bounds
on the assumed productivity of potentially afforestable lands in the United
States.

PROCEDURES

The farm program analysis consisted of two sets of simulations using ASM,
as follows:

• With and Without Program Analysis. The first set involved using ASM to
estimate the costs of different levels of carbon sequestration, assuming
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that no farm programs are in place. Next, the analysis was performed with
current farm programs in place. Results are presented in Section IV.

• Subsidy Replacement Analysis. The second set of simulations evaluated
the economic consequences of replacing farm program subsidies with tree
planting subsidies from the Hicksian and Marshallian perspective. This
involved making across-the-board reductions!) in farm program loan rates,
target prices, diversion payment rates, and deficiency payment rates for
all program commodities in ASM and 'replacing' these programs with
tree planting programs. Each part of the analysis was conducted using
two different sets of carbon yield estimates. Results are presented in
Section V.

Both sets of the simulations were conducted assuming that the trees were
not harvested; hence harvest losses are zero. These simplifying assumptions
were made for two reasons. First, introducing harvesting could lower carbon
sequestration costs in the real world, through reductions in stumpage and wood
product prices; however, the forest sector depicted in ASM (Adams et al., 1993)
is essentially static and does not capture the ability of landowners to offset
these expected price decreases by early harvesting." Second, the assump-
tions used in this analysis lead to upper bound social cost estimates, since
they imply that government pays the full opportunity costs of sequestering
carbon and no harvests are allowed. We should also mention, here, that we
have not made any specific assumptions regarding important programmatic
issues, such as: the ability of governments to enter into long term contracts
with farmers, the security of these contracts, monitoring and verification of
carbon sequestration gains, or specific management issues related to optimizing
increases in carbon stocks (other than those embedded in the carbon yield
and regeneration cost data).

The ASM model has the capability to simulate the effects of the most impor-
tant features of the current farm bill on the agricultural sector. These include:
(l) target price and associated deficiency payments for major commodities
in ASM, (2) the commodity price support loan program, (3) the marketing
loan and generic PIK program, and (4) 0/92 and 5019215 and paid diversion
acreage." Because of the price-based nature of most farm programs, farm
program solutions, with or without carbon sequestration, must be obtained iter-
atively within ASM. More complete information about the farm programs
included in ASM and the procedures for conducting farm program simula-
tions are described in Chang et al. (1992).

As previously stated, we conducted two different types of analyses: one that
examined the costs of carbon sequestration programs with and without farm
programs in place, and one that examined replacing farm commodity subsi-
dies with carbon sequestration subsidies.

For the with/without farm program analysis, ASM was run with average
annual carbon increments of 0, 35, 70, 140, and 280 (2000 lb/ton) per year,
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first with and, then, without farm programs. Simulations were conducted at
each of these carbon targets for the two sets of carbon yields. For the farm
program runs, loan rates and target and support prices were held constant,
as dictated by the structure of current farm programs; however, program
payments were allowed to adjust, endogenously, to any induced changes in
market prices as a result of carbon being 'forced' into the model basis. As
stated above, payments to farmers for both carbon and for farm commodi-
ties are explicitly included in the welfare accounting calculations.

For the subsidy replacement analysis, the ASM model was used to inves-
tigate the effects of substituting carbon subsidies for crop subsidies on carbon
quantities, welfare and program costs using two approaches. The Hicksian
approach examined the effects of reducing farm programs and increasing
carbon sequestration programs on carbon quantities and total program costs,
holding welfare constant at current levels (i.e., with farm programs in place).
The Marshallian approach examined the effects of substituting carbon seques-
tration for farm programs on carbon quantities and welfare, holding total
program costs constant at current farm program levels.

The information to perform the two subsidy replacement analyses was
generated in a single set of runs. The strategy followed was to parametri-
cally reduced target prices, loan rates, diversion payment rates, and deficiency
payment rates associated with the farm programs included in ASM by a fixed
percentage for all relevant commodities, holding the national carbon target
constant. This process was repeated for the five carbon target levels and the
two sets of carbon yields. Some experimentation was required to determine
the range of farm program reductions that would allow one to estimate the
welfare and fiscal costs over the full range of farm and carbon program com-
binations. It was found that across-the-board reductions in target prices and
all other 'rates' of 0.5%, 1.0%, 2.0%, 5.0% and 10.0% were sufficient to do
this for the revised Moulton and Richards yields. For the lower, Birdsey
yields the corresponding reductions in target prices and all other rates were
0.5%, 1.2% and 3.5%.

IV. With and Without Program Results

The results of the base case analysis (no farm programs) are contained in
Table I for the two sets of carbon yields, described previously. The informa-
tion presented in this table includes (1) cost per ton - the marginal cost of
producing the last ton of carbon associated with a specific carbon target; (2)
acres of trees planted - the amount of land, in million of acres, that it takes
to achieve the level of carbon sequestration in each column; (3) net social
benefits (or opportunity cost of carbon) - the change in net social benefits
measured as the difference between the base case agricultural producers' and
consumers' surplus without any tree planting and the same quantity asso-
ciated with a specific carbon target (a negative indicates value cost to society,
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Table I. Marginal costs, acreage planted, change in net social benefits (cost), and carbon
production cost for four carbon sequestration levels, without farm programs.

Cost Component Ave. Carbon Sequestered (106 short tons/yr)

35 70 140 280

Revised Moulton and Richards Yields, Richards (1992)

Marginal Cost'
Acres/trees Planted"
Change: Net Social Benefit'
Carbon Prod. Cost'

15.78
14.44
-515

552

15.95
29.28

-1067
1117

16.88
59.93

-2219
2363

32.20
12500
-4919
6620

Birdsey Yields (1991)

Marginal Cost'
Acres/trees Planted"
Change: Net Social Benefit'
Carbon Prod. Cost'

16.35
25.41
-542

572

20.34
47.14

-1086
1424

24.82
92.81
-2601

3475

51.30
187.10
-7595
14365

a Dollars per ton/year.
b Millions of acres/year.
, Millions of dollars per year.

but note that the benefits of reduced atmospheric carbon are not factored in);
and (4) carbon production cost - a measure of the amount the program would
have to pay to have the trees planted, which equals to the marginal cost of
carbon times the carbon target level.

The different yield estimates do not have a very pronounced effect on the
marginal cost estimates at the 35 or 70 million ton/yr carbon targets. In
addition, there is very little difference in the acreage requirements asso-
ciated with the three different sets of carbon yields at the two lowest carbon
targets. By way of confirmation, it is interesting to note that the range of
estimates shown, here, just about span the point estimates obtained indepen-
dently by Moulton and Richards (1990) - $12.26/ton, by Richards (1992) -
$15.211ton, and by Parks and Hardie (1995) - $16.53/ton, for the same 35
million ton/yr case. These results are all quite close because, at low carbon
target levels, the effect of the exogenous establishment costs dominates over
the changes in consumer and producer surplus in the marginal cost (and net
benefit) estimates. Since the establishment cost estimates used in this study
and all of the others are quite close, the marginal cost estimates do not differ
greatly.

At higher carbon target levels, the estimates of marginal costs and acreage
requirements begin to diverge. This divergence is sharpest for the marginal
cost and acreage estimates obtained using Birdsey carbon yields. For the 280
ton carbon target, ASM places the marginal cost of carbon at $51.30 per ton
with an associated acreage requirement of about 187 million acres. By contrast,
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with the higher yields used by Richards (1992) inserted in ASM, the marginal
cost of carbon for this same target is just $32.20 per ton and the acreage
requirement is just 125 million acres.

The table also presents estimates for the changes in net social benefits
and carbon production costs. For the 35 million ton/yr level, the welfare cost
estimates range from $515 million/yr to $542 million/yr, while the corre-
sponding range of carbon production cost estimates is from $552 million/yr
to $572 million/yr. To achieve the 70 million ton target would cost society
about twice as much in terms of lost welfare and carbon production costs
for both sets of yields. After that point, the costs estimated using Birdsey's
yields are again substantially higher than those estimated with the remaining
sets of yields. For example, at the 280 million ton carbon target, the esti-
mated change in the opportunity cost of carbon is almost $7.6 billion using
Birdsey's carbon yields, compared to about $5 billion for the revised Moulton
and Richards yields. The spread in the carbon production estimates at this
carbon target due to yield differences is even greater.

Three final points stand out in the results. First, between zero and the 280
ton/yr target, a doubling in the target results, roughly, in a doubling of both
the opportunity and carbon production costs. Second, as the carbon target
increases, the carbon production costs rise more rapidly than do the welfare
costs. Finally, the gap between the results shown for the Birdsey yields and
those for the other two sets of yields reflects differences in forest manage-
ment assumptions that have 'real world' implications, as Birdsey's yields reflect
observed yields on private timberland while those of Moulton and Richards
are based on plantation conditions.

The results of the supply curve analysis with farm programs in place are
presented in Table II. The entries in the first four rows of Table II have the
same conceptual basis as in Table I. The new government farm payments
row represents the amount of money that the federal government pays to
farmers under the current farm programs (as previously identified). The sixth
row entry, total payments, is the sum of the carbon production cost and the
farm program payments. It represents the fiscal cost to the federal govern-
ment of the farm bill and carbon sequestration subsidy payments.

The results are interesting because the marginal costs, the amounts of
acreage required to sequester carbon and both the opportunity cost of carbon
(change in net social benefits)!' and the carbon production cost are very close
to the estimates in the Base Case results, reported in Table I. While one
might expect that the market distortions caused by existing farm programs
would cause substantial increases in the acreage requirements and costs of
sequestering carbon, this did not happen for reasons that are outlined from a
theoretical perspective (see Figure 2).

What we see in Table II is that, as the size of the carbon target is increased,
government farm program payments decrease, and so does the relative mag-
nitude of the opportunity cost of carbon. Without any carbon sequestration
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Table II. Marginal cost, acreage planted, change in social benefits (cost), carbon production cost,
farm program payments and total government payments for four carbon sequestration levels.

Cost Component Ave. Carbon Sequestered (106 short tons/yr)

35 70 140 280

Revised Moulton and Richard Yields (Richards, 1992)

Marginal Cost' 15.76 16.61 17.91 32.55
Acres/trees Plantedb 15.34 31.99 64.54 122.10
Change: Net Social Benefits"" -497 -1036 -2086 -3835
Carbon Prod. Cost' 552 1103 2508 6595
Gov. Farm Pyrnts." 8234 8222 8108 7067
Total Pymts.' 8786 9325 10616 13662

Birdsey Yields (1992)

Marginal Cost 17.59 19.71 27.04 57.62
Acres/trees Planted 25.71 49.25 94.20 187.00
Change: Net Social Benefits -451 -1102 -2400 -4106
Carbon Prod. Cost 616 1380 3785 14453
Gov. Farm Pymts. 8171 8141 7891 4502
Total Pyrnts. 8786 9521 11676 18955

a Dollars per year per ton/year.
b Millions of acres/year.
c Millions of dollars per year.
" Welfare change is measured in relation to estimated welfare under current farm programs.

programs in place, the fiscal cost of government farm programs is about $8.2
billion. However, at the 140 million ton target the cost falls to about $8.1 billion
for the simulation conducted using the revised Moulton and Richards yields
and to about $7.9 billion for the case estimated using the Birdsey yields. For
the 280 million ton target, the cost drops down to about $7.1 billion (revised
Moulton and Richards) and $4.5 billion (Birdsey). The differences reflect
the effects of lower carbon yields in the Birdsey data. In both sets of cases
what we are observing is that, as more carbon is produced, the market prices
of subsidized crops in ASM increases and output falls. This reduces the gap
between target prices and market prices and lowers the magnitude of the
subsidies paid to farmers. At the same time, the deadweight loss due to the
farm programs diminishes, tending to offset somewhat the increase in social
costs due to carbon production. This phenomenon is also reflected in the
generally lower, relative social costs in the with farm program case (Table
II) vs. the without farm program case (Table I).

Since carbon production costs are about the same in both cases, the total
fiscal cost of the two combined programs does not rise as sharply as one might
think, although the impact is still substantial. For example, using the revised
Moulton and Richards yields, the combined fiscal cost of the two sets of
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programs for the 280 million ton carbon target is about $13.7 billion, but would
have been about $14.8 billion if one had added the carbon production cost
in Table r ($6.6 billion) to the base cost of farm programs ($8.2 billion).
Using Birdsey yields, the difference is more pronounced at the 280 million
ton carbon target: the estimated cost from Table II is $18.9 billion, but would
have been about $22.6 billion if one had added the carbon production cost
in Table I ($14.4 billion) to the base cost of farm programs ($8.2 billion).
Interestingly, this difference is due, once again, to the fact that the Birdsey
carbon yields are relatively much smaller and more resources must be used
to sequester an equivalent amount of carbon.

V. Subsidy Replacement Results

The information used to perform the Hicksian and Marshallian analyses is con-
tained in Tables III through VII. Table III shows the estimated differences in
farm program payments and net social benefits, with and without farm corn-
modity programs (without carbon sequestration programs, in both cases) for
the two different sets of yields used in this part of the analysis. The esti-
mates of farm program payments vary slightly for the two different sets
of yields (as do the welfare estimates at a higher level of precision than
shown here); however, the differences are small. For both sets of yields,
completely eliminating farm commodity programs reduces fiscal outlays by
about $8.2 billion annually and, in so doing, increases consumer and producer
surplus in the agricultural sector by $1.9 billion, annually. These figures rep-
resent the fiscal and welfare 'costs', respectively, used in the two sets of
analyses: all of the program combinations under the Hicksian analysis cost
society $1.9 billion, while all of the program combination under the
Marshallian analysis cost the Federal Government $8.2 billion.

Tables IV and V contain information from the ASM simulations that

Table III. Farm program payments and net social benefits: with and without farm programs
($109).

Cost Component Farm
Programs

No Farm
Programs

Difference

Revised Moulton & Richards Yields

Farm Prog. Payments
Net Benefits

8.182
1134.1

0.0
1136.0

-8.182
+1.9

Birdsey Yields

Farm Prog. Payments
Net Benefits

8.162
1134.1

0.0
1136.0

-8.162
+1.9
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Table IV. Effects of parametric reductions in farm program 'rates' on carbon production cost,
farm program costs - ($106); and net social benefits - ($109) - revised Moulton and Richards
Yields.

Farm Program Total Carbon Sequestred (106 short tons/yr)
Scenario

0 3'i 70 140

Base
Carbon Prod. Cost 0 552 1103 2508
Farm Prog. Cost 8182 8234 8222 8108
Total Cost 8182 8786 9325 10616
Net Benefits 1134.19 1133.69 1133.15 1132.10

0.5% Reduction
Carbon Prod. Cost 0 552 1107 2512
Farm Prog. Cost 7696 7702 7698 7565
Total Cost 7696 8254 8805 10077
Net Benefits 1134.21 1133.68 1133.14 1132.10

1.0% Reduction
Carbon Prod. Cost 0 552 1111 2497
Farm Prog. Cost 7067 7055 7092 6967
Total Cost 7067 7607 8203 9464
Net Benefits 1134.24 1133.74 1133.15 1132.11

2.0% Reduction
Carbon Prod. Cost 0 552 1119 2496
Farm Prog. Cost 5983 5998 6007 5809
Total Cost 5983 6550 7126 8305
Net Benefits 1134.52 1134.01 1133.45 1132.48

5.0% Reduction
Carbon Prod. Cost 0 552 1154 2465
Farm Prog. Cost 3625 3557 3585 3414
Total Cost 3625 4109 4739 5879
Net Benefits 1134.66 1134.14 1133.59 1132.57

10.0% Reduction
Carbon Prod. Cost 0 553 1129 2398
Farm Prog. Cost 1865 1869 1860 1803
Total Cost 1865 2422 2989 4201
Net Benefits 1134.89 1134.36 1133.82 1132.71

a 'Rates' refers to proportional reductions in target prices, loan rates, diversion payment and
deficiency payment rates.

were conducted for the subsidy replacement analysis. Each table provides
estimates of the carbon production cost, farm program cost, the total cost of
the two types of programs, combined, and the value of consumer and producer
surplus (net benefits), associated with a specific parametric reduction in farm
program target prices and loan rates, for four carbon targets (0 to 140 million
ton/yr). Carbon production and farm program costs and net benefits were
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Table V. Effects of parametric reductions in farm program 'rates' on carbon production cost,
farm program costS - ($106); and net social benefits - ($109) - Birdsey Yields.

Farm Program Total Carbon Sequestered (106 short tons/yr)
Scenario

0 35 70 140

Base
Carbon Prod. Cost 0 616 1380 3785
Farm Prog. Cost 8162 8171 8141 7891
Total Cost 8162 8787 9521 18955
Net Benefits 1134.15 1133.69 1133.00 1131.75

0.5% Reduction
Carbon Prod. Cost 0 619 1384 3769
Farm Prog. Cost 7703 7716 7659 6505
Total Cost 7703 8335 9043 11268
Net Benefits 1134.26 1133.80 1133.12 1131.84

1.2% Reduction
Carbon Prod. Cost 0 605 1393 3767
Farm Prog. Cost 6720 6742 6736 6505
Total Cost 6720 7347 8129 10272
Net Benefits 1134.42 1133.96 1133.28 1131.97

3.5% Reduction
Carbon Prod. Cost 0 584 1432 3725
Farm Prog. Cost 4712 4724 4697 4404
Total Cost 4712 5308 6129 8129
Net Benefits 1134.54 1134.09 1133.42 1132.17

a 'Rates' refers to proportional reductions in target prices, loan rates, diversion payment and
deficiency payment rates.

calculated within ASM as previously described. Table IV contains estimates
for the revised Moulton and Richards yields, while the information in Table
V was derived using the Birdsey yields. The percentage reductions that were
used in the analysis were based on experimentation, and differ across the
two yield sets due to the effects of yield differences on the carbon produc-
tion costs and the amount of carbon sequestered, as observed in Table II.

The pattern of the estimates in each table is generally as expected. Holding
the carbon target constant, reductions in farm program loan rates and target
prices have the effect of lowering both the carbon production and farm program
costs, while increasing the welfare of economic agents (i.e., net benefits).
The reductions in farm program costs and the increases in welfare are con-
ceptually consistent with lowering the target price in Figure 2. The reduction
in carbon production costs can be understood in terms of a shift to the right
of the carbon sequestration supply curve in Figure 1, resulting in lower
marginal carbon costs, carbon production costs, and opportunity costs for
any given carbon target. Holding the farm program reduction constant,
increases in the size of the carbon targets have the effect of reducing both farm
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program costs and net benefits, while increasing the carbon production cost.
The underlying rationale for these results was given in the original discus-
sion of Figure 2. All the patterns, described above, are fairly robust across
almost all of the carbon targets and both sets of yields.

The information in these three tables, plus information from Table I (Base
Case analysis) was used to construct Tables VI and VII which contain the
important results for the Hicksian and Marshallian analyses, respectively.

Table VI presents some of the Hicksian combinations of farm and carbon
sequestration programs that have a combined social cost of $1.9 billion
annually and details the impacts of these combinations on mean annual carbon
sequestration increments and combined program costs. To see how this table
was constructed, one can focus on the program combination associated with
a 2% reduction in 'rates' in Tables IV and VI. The reference level for welfare
used in the Hicksian analysis is $1134.19 billion, as seen in the upper left
cell of Table IV. Information about the 2% reduction in farm programs is found
in the fourth row of Table IV. The size of the carbon sequestration program
that keeps welfare constant at the $1134.19 level lies between 0 and 35 million

Table VI. Hicksian analysis: impacts of parametric reductions in farm program 'rates" on carbon
sequestration levels. carbon production costs. farm program costs. total government payments,
and the change in total government payments, holding total welfare (net benefits) constant at
current levels (including farm programs).

% Reduction Carb Seq. Carbon Prod. Gov. Farm Total Gov. Change in
in Farm Prg. (106 t/yr) Cost Payments Payments Total Gov.
Rates' (SJ06/yr) (S I06/yr) (SI06/yr) Payments

($106/yr)

Revised Moulton & Richards Yields

0.0 0.0 0 8182 8182 0
0.5 1.3 21 7616 7637 -545
1.0 3.5 55 7066 7121 -1061
2.0 22.6 357 5993 6350 -1832
5.0 31.6 499 3564 4063 -4119

10.0 46.0 734 1866 2600 -5582
100.0 116.5 1946 0 1946 -6236

Birdsey Yields

0.0 0.0 0 8162 8162 0
0.5 8.4 149 7706 7855 -307
1.2 20.5 355 6733 7088 -1074
3.5 30.3 506 4723 5229 -2933

100.0 106.5 2493 0 2493 -5669

a 'Rates' refers to proportional reductions in target prices. loan rates, diversion payment and
deficiency payment rates.
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Table VII. Marshallian analysis: impacts of parametric reductions in farm program 'rates" on
carbon sequestration levels, carbon production costs, farm program costs, welfare (net benefits)
and changes in net social benefits, holding total payments constant at current farm program levels.

% Reduction Carb Seq. Carbon Prod. Gov. Farm Net Benefits Change in

in Rates' (106 tJyr) Cost Payment (S 109/yr) Net
($106/yr) ($ 106/yr) Benefits"

(5 106/yr)

Revised Moulton & Richard Yields

0.0 0.0 0 8182 1134.19 0

0.5 30.5 481 7701 1133.75 -440

1.0 68.8 1091 7091 1133.17 -1020

2.0 132.7 2352 5830 1132.58 -1610

5.0 229.7 5258 2924 1131.13 -3060

10.0 282.2 6772 1410 1130.34 -3850

100.0 311.7 8182 0 1130.25 -3940

Birdsey Yields

0.0 0.0 0 8162 1134.15 0
0.5 25.4 450 7712 1133.93 -224

1.2 71.1 1430 6732 1133.26 -890

3.5 140.5 3764 4398 1132.16 -1990

100.0 200 8162 0 1131.27 -2880

a 'Rates' refers to proportional reductions in target prices, loan rates, diversion payment and
deficiency payment rates.
b Welfare change is measured in relation to estimated welfare under current farm programs.

ton/yr. The exact size of the carbon sequestration program - 22.6 million ton/yr.
- was found by interpolation" (see col. 2, Table VI). The corresponding carbon
production cost was $357 million/yr (col. 3), while the farm program cost
was about $6 billion/yr (col. 4). The combined cost of the two programs
together was estimated to be about $6.4 billion/yr (col. 5). This represents a
decrease in total program payments by the Federal Government of abou t $1. 8
billion, annually (col. 6).

The Hicksian replacement analysis embraces a range of programmatic
choices, holding welfare constant at current levels, that extends from the current
situation (no carbon programs) to a situation in which farm programs are
entirely eliminated. Under the revised Moulton and Richards carbon yields,
one could totally replace farm programs and maintain a carbon sequestration
program of about 115 million ton/yr. This would cost the federal govern-
ment about $2 billion/yr. annually, which is about $6.2 billion/yr less than
the current farm bill cost. For the Birdsey carbon yields, complete elimina-
tion of farm programs would allow one to institute a carbon program of about
105 million ton/yr at an annual fiscal cost of about $2.5 billion/yr. or almost



34 1. M. Callaway and Bruce McCarl

$5.7 billion/yr less than the cost of current farm programs. Programs any larger
than this would increase welfare costs above the $1.9 billion/yr associated with
the current farm bill. The range of options so open is shown in the base case
analysis in Table 1.

The obvious appeal of this type of program is that societal welfare does
not decrease; however, total program expenditures do decline fairly substan-
tially. On the other hand, the most carbon that can be sequestered annually,
on average, is only about 100 million ton/yr. This may be adequate for tran-
sitional programs, used to offset carbon until technological change can 'kick
in' to reduce the cost of alternative technological means for reducing green-
house gas emissions. However, this carbon level represents a relatively small
fraction of the total annual carbon emissions in the United States, today.

Table VII presents various Marshallian combinations of farm and carbon
sequestration programs that are consistent with a combined annual total fiscal
cost of about $8.2 billion/yr, the amount currently spent on farm commodity
programs in the United States. This table was constructed in a manner anal-
ogous to Table VI, via interpolation from Tables IV and V. Look again, for
example, at the program combination with the 2% reduction in farm programs,
using the revised Moulton and Richards yields. If one holds combined program
costs constant at current levels, one could sequester about 133 million tons
of carbon/yr (Table VII, col. 2) at a carbon program cost of about $2.4 bilIion/yr
(col. 3). To match this increase in carbon sequestration expenditures, the
level of farm programs expenditures would have to fall to about $5.8 billion
(col. 4). However, this program substitution would not be costless. Net benefits,
as measured by the sum of producer and consumer surplus in the agricul-
tural sector, would decrease by about $1.6 billion, annually (col. 6).

Like the Hicksian analysis, the range of substitutions spans a range of
program combinations from the current situation (no carbon programs) to
the total replacement of farm programs with carbon sequestration programs.
In the extreme case, in which all farm programs are eliminated, one could
sequester about 312 million ton/yr under the revised Moulton and Richards
yields and about 200 ton/yr using Birdsey's yields. Notice, however, that while
the fiscal cost of completely replacing farm programs with carbon sequestra-
tion programs is zero, the social costs are quite high, about $3.9 and $2.9
billion, annually, depending on the yields used in the analysis.

Thus, a disadvantage of this type of program in relation to the programs
identified in the previous section is that it increases welfare costs, even
though it holds total program costs constant. On the other hand, the maximum
carbon sequestration increments are higher: on the order of 200 to 300 million
ton/yr on average as compared to about 100 million tons/yr for the previous
types of programs.

Which approach is better? If one knew the benefits associated with reducing
carbon, then one could at least approach this question from the angle of benefit
cost analysis. However, these benefits are not known so this is impossible.
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More importantly, the implicit social welfare function that is consistent with
the policy outcomes that are eventually adopted will inevitably place some
weight on fiscal considerations and on the division of gains and losses by
all affected parties. Thus, the criteria for selecting both which type of program
is best and the appropriate program mix (farm and carbon) will involve devel-
oping normative criteria which are outside the scope of cost benefit analysis.

VI. Summary, Conclusions, and Suggestions for Future Research

The base case analysis and the farm program analysis showed that, for the
United States at least, extreme assumptions about carbon yields do not have
much impact on the opportunity costs of sequestering moderate amounts of
carbon, below 100 million tons per year. However, above that level, using
Birdsey's 1992 yields in the analysis resulted in sharply higher costs. This
suggests that, if policies to sequester large amounts of carbon in forests
are going to be considered, there is a need for further basic research to
better estimate carbon yields under different soil conditions and management
practices.

A comparison of the costs of tree planting with and without farm programs
demonstrated that the presence of farm programs does not substantially influ-
ence the marginal cost of carbon, its opportunity cost, or even the amount of
money that the government would have to pay farmers to sequester carbon.
The reason for this is that tree planting programs increase the marginal food
production costs of farmers and this narrows the gap between target prices
and market prices to consumers. As a result, farm program payments decrease
and so do the deadweight welfare losses associated with commodity programs.
This induced effect of tree planting helps to cushion the decrease in consumers
and producers surplus, associated with land conversion to trees. This effect has
important implications for tree planting programs elsewhere in the world,
too, especially in countries which are currently agonizing about appropriate
policy instruments for reducing large government subsidies to farmers. Thus,
it would be of interest to perform similar analyses in these countries to actually
quantify the extent to which carbon sequestration programs can 'crowd out'
farm commodity programs.

The replacement analysis undertook to systematically investigate two dif-
ferent types of 'no regrets' policies in which existing farm programs were
reduced, or eliminated, while tree planting programs were expanded. The
Hicksian analysis investigated the carbon consequences and fiscal impacts
of substituting carbon for farm commodity programs, holding welfare constant
at current levels. In addition, the MarshaIIian analysis looked at the carbon
consequences and welfare impacts of substituting carbon for farm commodity
programs, holding combined programs costs constant at current levels. For
the purposes of this paper, the substantive results of the subsidy replacement
analysis may not be as important as the development and the application of
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the methods used therein. These methods would be useful in many other
countries which. like the United States. have large burdensome farm programs
and a plentiful endowment of land on which to substitute trees for crops.

In the EU, there is continuing pressure to overhaul the common Agricultural
Policy (CAP). While both set-aside and afforestation programs are in place and
payments are being increased (EU, 1991), the explicit linkage between these
types of programs, as analyzed here, has not been rigorously investigated. In
the U.S., policy makers are increasingly using set-aside programs to accom-
plish non-market objectives. This is reflected in the Conservation Reserve
Program. through which about 50 million acres of highly erodible cropland
have been planted in grassland and, to a lesser extent, trees. Similarly, nations
within the EU may find the use of agricultural land to store carbon as an attrac-
tive alternative to set-aside programs, one which simultaneously reduces
over-production and provides substantial non-market benefits in the form of
additional carbon, reduced soil erosion. sedimentation and non-point source
pollution runoff. and enhanced wildlife habitat (Englin and Callaway. 1995).
At the same time. this analysis suggests that at least one of the these objec-
tives, carbon sequestration. can be accomplished without reducing the level
of societal well-being below current levels, using the Hicksian replacement
approach. By duplicating the analysis performed for the U.S. with agricul-
tural sector models of EU countries. or the EU as a whole, policy-makers in
these countries can obtain more precise estimates of the carbon and program
cost consequences of the Hicksian subsidy replacement approach. By increasing
the scope and level of quantification of other non-market benefits associated
with afforestation, the amount of carbon that could be sequestered without
reducing welfare could be increased still further.

At least three recommendations regarding further analyses of this topic, both
in the U.S. and elsewhere, emerged from the replacement analysis. The first
recommendation has to do with the methodology employed. In the subsidy
replacement analysis. farm program target prices and loan rates were reduced
by fixed percentages, because this is the approach The United States Congress
has tended to take. However, future research should target the deficiency
payments for reduction instead of the target rates/prices. The deficiency
payment equals the product of the amount of the commodity produced and
the difference between the target and market price/rate. Historically. the spread
between these rates/prices and the world price has varied considerably from
crop to crop. Hence, a 10% reduction in the target price of a crop such as
rice (where there is a very large spread between the market and target price)
probably will not influence that program, while a 10% reduction in the target
price of wheat could result in the elimination of that subsidy. By reducing defi-
ciency payments, no single program is eliminated and. one might guess, the
welfare effects are more evenly distributed across regions and crops.

Second. the welfare and fiscal results for the subsidy analysis were pre-
sented for the nation as a whole, and also did not look at how the different
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replacement approaches affected the distribution of the two sides of transfer
payments - taxes vs. revenues - on consumers and producers. Equity analysis
was not performed. However, our results showed that substituting tree subsi-
dies for farm programs caused inter-regional shifts in farm profits and changes
in the distribution of consumer and producer surpluses. These types of impacts
are of interest to policy makers and probably should be investigated in more
detail in subsequent analyses. Our results also tend to suggest that the equity
implications of tree planting do not bode well for consumers, who both pay
taxes to support commodity programs and who will face the additional burden
of higher food costs if farmers are paid to plant trees.

Finally, the study did not address the impacts of large scale afforestation
on the social, political and economic stability of rural institutions of all kinds.
Surely, the effects of switching the economic focus of whole communities from
farming to forestry will have dramatic impacts. Particularly in places where
the land has been under tillage for centuries, the social, economic and cultural
dislocations associated with this transition will be substantial. Undoubtedly,
the attractiveness of tree planting programs as a means of offsetting green-
house gas emissions in strictly economic terms will have to be balanced against
these other social costs.
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Appendix A. The ASM Model

ASM simulates the production and consumption of 36 primary crop and live-
stock commodities and 39 secondary, or processed, commodities. Crops
compete for land, labor, and irrigation water in each of U.S. 63 state or subs tate
regions. The usage of these and other inputs are included in the budgets for
regional production variables. There are more than 200 production possibili-
ties (budgets) representing agricultural production. These include field crop,
livestock, and (for this version of the model) tree production. The field crop
variables are also divided into irrigated and non-irrigated as well as farm
program participating and non-participating production. Following McCarl
(1982), the production solution in each subregion is required to fall within a
convex combination of historical crop mixes.

Conceptually, the ASM is a price-endogenous mathematical programming
model based on the spatial equilibrium models developed by Samuelson (1952)
and Takayama and Judge (1971) as reviewed by McCarl and Spreen (1980)
and Norton and Schiefer (1980). ASM is designed to simulate competitive
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equilibrium solutions under a given set of demand and supply conditions.
The ASM objective function is the summation of all areas beneath the domestic
and export product demand curves minus the summation of all areas under
the import and factor supply curves. Collectively such an objective repre-
sents the area between the aggregate demand and supply curves to the left
of their intersection - producers' and consumers' surplus. This objective
function represents a social welfare function which, within the limitations of
consumers' and producers' surplus (Just, Hueth and Schmitz, 1982), measures
the benefits of producers' and consumers' from producing and consuming agri-
cultural commodities. The production and consumption sectors are assumed
to be made up of a large number of individuals operating under competitive
market conditions. When producers' plus consumers' surplus is maximized,
the model solution represents an intersection of the supply and demand curves
and, thus, simulates a perfectly competitive market equilibrium. Prices and
quantities for all factors of production and outputs are endogenously deter-
mined by the supply and demand relationships for all the commodities in the
model.

The importance of the farm program in the early 80's and early 90's indi-
cated that the ASM model needed to reflect farm program features. While such
features distort the perfectly competitive equilibrium, they can be modeled
as if the sector came to a perfectly competitive equilibrium with wedges
between market and producer prices. The five major farm program compounds
included in the sector model are: (I) the commodity price support loans, (2)
target prices and associated deficiency payments, (3) marketing loans, (4)
flexibility acres and (5) conservation reserve program. The 50/92, 0/92 and
paid diversion acreage reduction programs are also included.

Figure A-I presents an overview of ASM tableau. The model contains 16
types of activities and 16 equations. The activities are:

(I) Program Crop Production - production of crops covered by the farm
program which are participating in the program.

(2) Non-participating Crop Production - production of crops not covered
under the farm program and non-participating production of farm program
crops.

(3) Livestock Production - production of livestock.
(4) Crop Mix - usage of historically observed crop mixes by region.
(5) Livestock Mix - usages of historically observed national distributions

among the regions on selected livestock commodities.
(6) Land Supply - supply of cropland, pasture land, and rangeland (on

an Animal Unit Months (AUM) basis) available according to supply
curves.

(7) Water Supply - supply of water including fixed price (surface water
sources) and pumped water (ground water sources) components according
to supply curves.
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(8) Labor supply - supply of family and hired labor supply according to
supply curves.

(9) Input Purchase - use of aset of fixed price inputs.
(10) Processing - quantity of primary commodities processed into secondary

agricultural products.
(11) Domestic Demand - quantity of domestic consumption of primary and

secondary products according to demand curves.
(12) Export Demand - quantity of primary and secondary commodities

exported according to excess demand curves.
(13) Import Supply - amount of imports of primary and secondary com-

modities according to excess supply curves.
(14) CCC Loan - government purchases of some primary and secondary com-

modities under the CCC Loan program.
(15) Deficiency Payment - receipt of deficiency payments to eligible farm

program participating commodities.
(16) Other Farm Program Payments - 50/92, paid acres, diverted acres and

other program payments where agriculture gets payments for com-
modities not being produced.

The ASM equations include an objective function and 15 constraint equa-
tions. The objective function measures the difference between total willingness-
to-pay for final commodities less resource costs. Total willingness to pay is
captured by the total area under the final commodity demand curves and above
the equilibrium commodity prices. This is equivalent to the sum of producers
and consumers surplus. The 15 constraints are as follows:

(I) Cropland - balances land available for crops with total cropland use while
accounting for the migration of cropland in and out of agriculture.

(2) Maximum Cropland - limits the maximum amount of cropland that can
be in use at any time.

(3) Pasture Land - balances the supply of pasture land against livestock
use of pasture land accounting for adjustments for pasture land trans-
ferring in and out of agriculture.

(4) Maximum Pasture Land - imposes a limit on the maximum amount of
pasture land used.

(5) Water - balances irrigation water supply with the water utilized in crop
and possibly livestock production.

(6) Fixed Water Maximum - limits the maximum amount of fixed price
(surface sources) water.

(7) Labor - balances labor used in production with total labor supply
including both family and hired labor.

(8) Maximum Family Labor - imposes a maximum on the family labor avail-
able.

(9) National Inputs - balances the supply of agricultural inputs with the usage
by processing crop and livestock production.
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(IO) Primary Products - balances primary products supplied and consumed.
The primary products are supplied by crop and livestock production or
imports. They can be consumed in livestock production, processing or
market demand activities.

(II) Secondary Commodities - balances the secondary commodity supplied
and demanded.

(12) Farm Program Products - balances participating production with that
receiving deficiency payments.

(13) Other Farm Program Provisions - balances the supply of diverted pro-
duction eligible for farm program payments with the commodities for
which payments are made.

(14) Crop Mix - constrains crops within each region to fall within an acreage
mix that had occurred historically.

(15) Livestock Mix - constrains livestock commodities fall within their
national historical distribution.

Notes

I An earlier version of this paper was delivered in 1991 at the annual meeting of the Western
Economics Association.
1 All carbon stock estimates are in short tons. i.e .. 2.000 Ibs. per ton.
) This feature of the analysis has been rectified by the recent development of FASOM (Adams
et al.• 1994) a non-linear. price endogenous mathematical programming model that fully links
the forest and agricultural sectors in the U.S. in an intertemporal framework. Solutions to the
model are consistent with joint maximization of product and asset markets in both sectors
under rational expectations (perfect foresight).
" The appropriate context for evaluating EPA programs that impact the agricultural sector is dis-
cussed in a lively debate between Segerson (1987) and Kopp and Krupnick (1987) regarding
the estimation of benefits and costs for EPA's NCLAN (National Crop Loss Assessment Network
Program).
5 This is a static representation of the supply curve. necessitated by the models used in the
analysis.
6 The two areas are exactly equal in a two commodity world where both goods compete for
resources that are both scarce and necessary. In more realistic settings. this will not generally
be true. However. sequestering carbon on agricultural land will always cause the supply curve
for agricultural commodities to shift inward and the notion that welfare losses in the agricul-
tural sector represent societal costs that are part of the opportunity cost of carbon is still very
much valid.
7 This type of program is very popular in the United States. Under these programs. the gov-
ernment sets a target price. above the existing market price. and farmers are compensated for
the difference between the target and market price.
S This analyses focuses only on the deadweight losses associated with the farm commodity
programs. Other deadweight losses, such as those associated with distortionary taxes and trade
restrictions are not included explicitly. but are factored into the agricultural commodity supply
and demand functions.
9 Since net welfare is equal to the sum of producer and consumer surplus, measured at the undis-
toned equilibrium, minus the deadweight loss, the total welfare change is equal to the change
in consumer and producer surplus, measured without distortions, minus the change in the dead-
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weight loss. Thus the decease in the deadweight loss (from big to small) counteracts the change
in consumer and producer surplus.
10 This estimate is based on simulations from the version of ASM used in this analysis. This
estimate does not include programs of the Rural Electrification Administration.
" The lineage of the model is quite complex, Its background is described in Chang et al. (1992).
A detailed description of the model is contained in McCarl et al. (1993). See Appendix A,
also.
12 The model can also be run with carbon 'prices' in the objective function in a dual formu-
lation.
13 The approach taken (i.e., common reductions in loan rates and target prices) is consistent
with the recent USDA efforts to evaluate the impacts of farm program reductions. An alterna-
tive approach, involving common reductions in program payments, is discussed in Section VI.
14 Preliminary runs conducted with FASOM by Callaway et al. (1995) show exactly the opposite
tendency. Private timberland owners foresee the future stumpage price effects of the tree planting
programs and react by harvesting earlier than usual and by switching newly regenerated stands
to lower management intensities.
IS PIK refers to the payment in kind program, whereby farmers are given commodity certifi-
cates that can be redeemed by the holder for his/her reserve loan, uncommitted commodities
in the CCC inventories, or cash. 0/92 and 50/92 are designed to allow participating wheat,
feed grain, cotton and rice producers to plant between 0 to 92% or 50 to 92% of program acreage,
depending on the crop, and still receive deficiency payments on 92% of their maximum acreage.
16 This paper focuses only on these programs. Other programs, including the Conservation
Reserve Program (CRP), import quotas, export subsidies, marketing orders and base acreage
restrictions are not included.
17 The change in net social benefits is a somewhat misleading measure for comparison purposes,
since all of net social benefit changes in Table II relative to a net benefit base that is about
51.8 billion below that of the non-farm program cases in Table I.
18 The analysis in this table and Table VII could have been performed by using the output
from ASM (in Tables III, IV and V) as pseudo-data and fitting a response surface to that data.
The multi-variate model(s) derived from this exercise could then be used to fill the cells in Tables
VI and VII.
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An Analysis of the Impacts of Public
Timber Harvest Policies on
Private Forest Management in the
United States
Darius M. Adams, Ralph J. Alig, Bruce A. McCarl, J.M. Callaway, and
Steven M. Winnett

ABSTRACT. Past studies of the impacts of changes in public timber harvest have commonly
assumed that the extent and intensity of private forest management would remain unchanged
in the face of shifting log prices and demand. This study reexamines the issue of public harvest
impacts using a model of intertemporallog markets in which prices. private harvests. and timber
management investment are endogenous. The model considers two classes of private owners
in nine regions and subdivides the basic timber inventory into a large number of classes that
influence yields and costs. including. site quality. species group. and past management. Six
product groups are recognized with opportunities for substitution. Given the perfect market and
foresight structure of the model, simulation results suggest a far more elastic market response
to changes in public cut than found in past studies. Shifts in intertemporal patterns of private
investment act to reduce the price and aggregate harvest impacts of public cut changes over
time. Underlying these moderated market impacts, however, are larger interregional shifts in
harvest and private owner welfare than suggested in earlier analyses. Through changing
management investment. including conversion of lands from hardwood to softwood species
types. some of the largest economic and biological/ecological impacts may be realized outside
of the regions in which public forestlands are concentrated. For. Sci. 42(3):343-358.
Additional Key Words: Timber supply. investment. market model.

I Recent studies of public harvest changes related to the spotted owl include
Perez-Garcia (1993). FEMAT (1993). and Montgomery et al. (1994).

ductions of public harvest concentrated in the West, these
studies have generally found that prices of sawtimber
stumpage rise in all regions; harvest shifts toward private
iands with an increasing share of private cut coming from
the U.S. South; and private timber inventories in all reo
gions decline in both the near and long term, Considering
only the markets for stumpage, consumer welfare losses as
prices rise are of nearly the same magnitude as the in-
creased benefits realized by private producers. with the

The market and welfare impacts of changes in pub-
lic timber harvest have received much attention in
the forestry literature over the past 2 decades.

Most recently. proposals for large-scale harvest reduc-
tions to preserve habitat for the northern spotted owl have
undergone particularly comprehensive analysis.' For re-
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biggest producer increments occurring in the Wesl (sec.
for ~xampk. Montgomcry et al. 1994).

ln most past studies. however. the extent and intensity o~
private forest management has been treated as exogenous.-
While private harvest could vary with price. forest manage-
ment investment was either ignored or presumed to move
according to some preset pattern. But silvicultural invest-
ment clearly need not remain fixed in the face of shifting
prices-and price expectations. To the extent that investment
does change. past studies have potentially misestimated:
private harvest response in both the near and long term.
welfare impacts on consumers and private stumpage suppli·
ers, and the extent of harvest and wei fare changes across U.S.

regions.
This paper examines the effects of public timber harvest

policies on prospective future trends in the use and manage-
ment of private land for timber production in the United
States. We develop an intertemporal model of U.S. log
markets in which prices. private harvest. and private forest
management investment are endogenous. The sensitivity of
projections to key exogenous inputs is illustrated by shifting
the discount rate. management costs. and intertemporal de-
mand trends. We then simulate a selected set of alternative
public harvest scenarios and examine the impacts on private
harvest and management and welfare shifts among groups

and regions.

Model Development

The basic form of the model of private harvest and man-
agement behavior is a price endogenous "model II" harvest
scheduling structure. in the nomenclature of Johnson and
Scheurman (1977. p. 20. model II form IX). or a "transition"
timber supply model as described by Binkley (1987).3 A
mathematical description is given in an appendix. and further
details can be found in Adams et al. (1994). The model
operates on a decade time step. Policy analysis is limited to
results for the 50 yrperiod from 1990 to 2040. but projections
are made for 10 decades to accommodate treatment of termi-
nal inventories. All exogenous model elements are held
constant after the fifth decade.

We model the markets for logs. which are assumed to be
competitive. Logs are differentiated by six product classes
(sawtimber. pulpwood. and fuelwood from both hardwoods
and softwoods). The objective function [appendix equation
(A-I») involves the maximization of the discounted sum of
future log consumer and producer surpluses. Consumer will-
ingness-to-pay is estimated for the six products. Costs of
timber management. log production and transportation are
deducted. and an adjustment is made for net returns beyond
the end of the finite projection period (the value of the
terminal inventory as discussed in a later section). The
objective is also reduced by the costs of investments to

A recent study in which management intensity is endogenous and rrec:to
vary with shifting public harvest policy and market conditions is lhat by
Sedjo et al (1994)0(the global impacts o( public cut reductions in the U.S.
using the Scdjo and Lyon (1990) TSM model.

} Sec also Johansson and LO(gren (1985) (ora useful summary tre3tm<:nt of
this class of problems.
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expand domestic log processing capacity. Export demand
and import supply functions for "off-shore" log trade are
included for each domestic log·producing region. and their
respective surpluses are incorporated in the objective to
emulate competitive trade.

There are four broad classes of constraints:

I. The timberland area constraints [(A·2) and (A·]) J are those
characteristic of a model II formulation:

a. over the projection period areas harvested and reserved
from those stands existing at the start of the problem must
equal the area of these original stands. and

b. areas reestablished in new stands in any period of the
projection must equal the areas cut of original and reestab-
lished stands in that period plus any net change in the land
base due to exogenous shifts to other land uses (assumed to

occur after harvest).
2. lnterproduct substitution is permitted from sawlogs to

pulpwood to fuel wood. Thus the log demand-supply
balance constraints (A-4) require that log consumption
for a particular product in any period equal total harvest
less exports and substitution "out" of the product class
plus imports and substitution "into" the product class.
Residue generated in the processing of sawlogs into
products is estimated in the model. Within a species
group. residues can substitute for round wood pulp-
wood as constrained in relations (A-S). Regional timber
harvest is computed as the sum of removals from
original and reestablished stands (A-6) plus (exog-
enous) public harvests.

3. Log processing industries are assumed to operate with
finite bounds on the volume of wood processed. Capacity
constraintS (A-7) limit consumption (pulpwood plus resi-
dues in the case of pulping) in any period to be less than the
sum of (depreciated) capacity at the start of the period and
any (endogenous) additions in the current period.

4. Inventories remaining at the end of the projection period
are valued as if they comprised a fully regulated forest
providing a fixed perpetual periodic yield. The terminal log
supply equations (A-8) compute the perpetual new supply
of logs from private and public sources and imports.

Nine U.S. log producing regions are recognized. but we
employ only a single national demand "region". Industrial
and nonindustrial private ownerships are treated as sepa-
rate classes. The timber inventory is further differentiated
by four tirne-l inked species order classes (see later discus-
sion). five land classes based on suitability for or prevIOUS
use in agriculture. three site productivity (quality) classes.
and four broad classes of timber management or silvicul-
rural intensity (that may vary in turn by region. species.
site quality. and land class).

Past studies of intertemporal timber supply using the
model II format with endogenous prices comprise a nurn-
ber of theoretical treatments and an array of empirical
applications (including use of the so-called ECHO algo-
rithm). Two studies have examined problems that are



similar in structure to the present analysis." Berek (1979).
using methods of optimal control. modeled private harvest
behavior in a single region using one product and assum-
ing a single (private) owner. Several subdivisions of the
resource base were recognized. but management invest-
ment decisions were exogenous. Sedjo and Lyon' s (1990)
TSM model is also related to the current work. Using
methods of optimal control. they examined timber supply
in a global context with many regions and subdivisions of
the inventory and a single product and owner in each (price
responsive) region. Timber management decisions were
endogenous, being represented by a yield function shift
dependent on the value of management investment.

The present analysis extends past work in several ways.
While our approach is fully consistent with an optimal
control formulation. we escape the computational complexi-
ties of optimal control solutions by structuring the problem as
a nonlinear program. With currently available algorithms.
this allows solution of very large problems having many time
periods and subdivisions of the inventory base. Investment
decisions are endogenous. involving choice among a set of
discrete management intensities (including species conver-
sion and "no management" options). We recognize two types
of private owners in each region and there are several product
classes (as well as milling residues) with opportunities for

substitution.

Regions, Owners, and Products
The model employs nine timber supply regions as shown

in Table I. Ddinitions of the private owner-groups are the
traditional ones, where industrial owners are integrated in
some way to processing facilities and nonindustrial private
owners are not. Public timber harvests are treated as exog-
enous and are split between Forest Service and other public
ownerships. Native American lands are included in the latter

group.
The sawlog product class comprises the aggregate of logs

used for lumber, plywood. miscellaneous products and ties.
Pulpwood is restricted to roundwood (or roundwood equiva-
lentsof chipped logs) excluding mill residues. Residue gen-
erated in the processing of saw logs (into lumber. plywood.
etc.) is estimated by means of region and species-specific
factors that give the proportion of sawlog volume left as

residue.

Forest Inventory and Land Base Changes
Forest inventory data for private timberlands are derived

from surveys of the forest resources in each state and region by
the USDA Forest Service (Powell et aI. (993). The data were
aggregated into strata defined by the nine supply regions (Table
I), the two private ownership classes, softwood and hardwoo<l
species groups, three site classes. up to four timber management
intensity classes, and ten 10 yr age classes.

4 wear and Parks (1988) discuss the theoretical structure and poienli.1
solution procedure [or. problem similar to Ihat addressed in the present
study. though the scope is regional. The optimal interternporal harveSl and
investment problem of the present model is also similar in Conn. though nOI
in sotution procedure. 10 the caule herd model d<:veloped in Spreen et .1.
(1980).

Each aggregate in the initial inventory has an independent
yield function measured in net cubic feet of growing stock per
acre. Yields are allocated hy the product classes described
above. Harvest of an acre of timberland can involve the
simultaneous production of a mix of softwood and hardwood
timber volume. translated into hardwood and softwood prod-
ucts in proponions that vary over time. as the aggregate ages,
and between rotations if Ihe timber management intensity or

species group changes.
Two species groups-softwoods and hardwoods-are

used to reflect variations in timber yields. financial retums.
and other attributes. Changes between species groups from
one rotation to the next are possible. with yields varying as a
function of the current and immediately preceding species
group. Thus the species of a particular inventory aggregate is
described by one of four possible interternporal species order
classes: SOFSOF. SOFHAR, HARHAR. and HARSOF.
HARSOF. for example. refers to acres currently in the soft-
wood group that were in the hardwood group in the previous

rotation.
The site productivity classification scheme is based on

potential annual cubic-foot volume growth per acre at culmi-
nation of mean annual increment in fully stocked natural
stands (Haynes et al, 1995}.lnventory data allowed differen-
tiation of lands into three site classes (low. medium. and high)
in the two southem regions and the Pacific Northwest
Westside. Elsewhere it was possible to identify only a single

"average" site class.
The land base is adjusted for exogenously determined

additions or reductions due to land use changes. Estimates of
the conversion of timberland to urban and developed uses are
based on projections by Alig et at. (1990). Related projec-
tions of timberland additions through govemment subsidized
afforestation. such as the Agricultural Conservation Pro-
gram, are likewise incorporated.

Timber Managemen/lntensi!y Classes
Timber yields also vary by management intensity class

(MIC). Four timber MICs were identified for both private
owner groups-high (HI), medium (ME), low (LO). and
passive (LL)_ The specific mix of timber management prac-
tices in a MIC varies by region. species. and site group, but
can be generally viewed as a hierarchy reflecting level of

timber management intensity:

passi ve-no management intervention of any kind between
harvests of naturally regenerated aggregates

low---cuslodial management of naturally regenerated ag-

gregates

medium-minimal management in planted aggregates

high-relatively intensive management of planted aggre-

gates

Shifts among MICs. species groups. or (exogenous) conver-
sion to another land use can only occur at lime ofharvesl. Lands
can be allocated to the passive (LL) MIC in any rotation after the
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Table 1. Timber supply region definitions.

Region
States

Western Washington and Oregon
Eastern Washington and Oregon
California
Idaho. Montana. Wyoming. Colorado. Utah. New Mexico, Arizona. Nevada
Minnesota, Wisconsin. Michigan
Missouri. Iowa, Illinois. Indiana. Ohio
Maine. Vermont, New Hampshire, Massacbuseus. New York. Connecticut. Rhode Island.

Pennsylvania, Maryland. Delaware. West Virginia. New Jersey
Virginia. North Carolina. South Carolina. Georg ia '. Florida
Kentucky, Tennessee, Mississippi. Alabama, Louls,ana, Arkansas. Easlern Oklahoma, Eastern Texas

Pacific northwest west
Pacific northwest cast
Pacific southwest
Rocky mountains
Lake states
Com belt
Northeast

Southeast
Southcentr.1

Note: North Dakota. South Dakota. Nebraska. Kansas. Western Texas. Western O!(lahoma. Alaska. and Hawaii are not included

in the analysis.

first. This class is intended to represent developments under
natural successional processes on lands effectively abandoned
after harvest: There are no lands classed as LL in the initial
inventory, since they could not be distinguished from the La
class based on available data and expert judgment. As a conse-
quence, some of the movement of lands from La to LL in
projections may represent a "reclassification" of LL lands to
their proper designation. At the same time. shifts of land that
were in fact LL in !.he initial inventory to La in subsequent
periods will not be observable in the simulations since they
would remain grouped in the La class.

Timber yields for the low. medium. and high MICs are
deri ved from yields used in the 1993 RPA Timber Assessment
Update. Yield relations within an MIC are not varied over the
projection period; that is. we do not assume exogenous trends or
improvements in timber-growing technology. While this would
be a straightforward addition to the model. we do not consider
the evidence for the existence of such trends to be sufficiently
compelling to warrant their inclusion at this time. For initial
inventory aggregates representing other than fully stocked stands.
timber yields are projected using the relative density change
approach (Mills and Kincaid 1992). Timber yields for passively
managed (LL) aggregates are a proportion of those for the La
MIC group and include a one-period regeneration lag. Minimum
harvest ages are specified by region. owner. species. site. and
MIC, effectively truncating yield curves in the lower age classes.

Costs of timber management include establishment and
any intermediate treatments and vary by region. species. and
MIC. Estimates of timber management costs were drawn
from a variety of regional (e.g .• Straka et al. 1993) and
national sources (e.g .• Moulton and Richards 1990). Each
product also has specific harvesting and hauling costs (haul-
ing in this instance relates to the movement of logs from the
woods to a regional concentration or delivery point). These
costs were derived from the TAMM Timber Assessment
database and cost projections used in the 1993 RPA Timber
Assessment Update (Haynes et al. 1995).

Demand, Capacity, and Trade
The demand for logs at the regional level is established by

the technology and cost characteristics of the mix of regional
log processing industries together with product prices. Trans-
portation costs restrict log movements across regional bound-
aries in the United States. but products are shipped and traded
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extensively in competitive national markets. Thus cornpeti-
tion in national product markets. acting through the cost
structures of regional processors. regulates regional log prices
rather than direct interregional log trade.

In !.hepresent model we use a single "national" market for
logs to represent what is in fact a set of regional markets. There
are no imerregionallog flows. Regional log supplies adjusted for
"transport" costs interact directly with a national log demand
curve. In effect, log conversion is treated as a fixed coefficients
production process. and we ignore any variation in log-to-
product conversions across regions. The marginal costs of
nonlog inputs (these are the "transport" costs) are allowed [0

vary across regions and over time but not with output. While this
approach departs from the details of real world markets in many
ways. it preserves the basic characteristics of interregional log
price behavior tha: are significant for the timber investment (i.e..
long-term) focus of this study. Specifically. regions are linked
together in a simple way tha; allows reasonable price transmis-
sion behavior. Shifts in national product demand are translated
into changes in our national log demand curves and raise or
lower the general structure of log prices as would be expected.
Changes in nonlog (transport) costs. timber supply. or logging
costs in one region are transmitted across regions. yielding log
price and harvest changes in the same directions as would be
anticipated in a more complex model that includes the product
sector.

The "national" price in our approach is taken as the highest
of the regional average prices observed during the 1980s. The
"transport" costs are the average differences between this
national and other regional prices. We assumed these differ-
ences would vary over time and relatively by region in
parallel with projections of product processing costs con-
tained in Haynes et al. (1995). Since all transactions are
measured "at the mill" or in "mill delivered" terms.
intraregional log haul costs are included in prices.

Recognition of multiple products with different demand
elasticities and (potentially) different prices is a departure
from the approaches of previous intertemporal harvest stud-
ies. The source of demand equation projections was the 1993
RPA Timber Assessment Update analysis (Haynes et al.
1995) and the associated T AMM (Adams and Haynes 1996)
and NAPAP (lnce 1992) models for the solidwood and fiber
products sectors. respectively. Demand equations for saw logs



for the five initial decades of the projection were derived from
TAM M by summing regional derived demand relations for
sawlogs (with prices adjusted to the national level). Resulting
demand elasticities varied between -0.34 and -0.44 for
softwood sawlogs and -0.19 and -0.23 for hardwood saw logs
over the projection period. Demand for wood in pulping
combines demands for both pulpwood (roundwood) and
residues, which are treated as perfect substitutes. Demand
relations were derived from the basic NAPAP wood con-
sumption and price projections using a linear demand
approximation with an elasticity of -0.43 for both soft-
woods and hardwoods. Fuelwood demand was treated as
insensitive to price. Fixed national fuelwood demand
volumes by decade were derived from the Assessment
Update report. The price of fuel wood was assumed to be
fixed at a preset level. Milling residue used as fuel was
projected outside the model and deducted from the residue
volumes generated in each region.5

It is assumed that sawlog and pulpwood processing facili-
ties possess some maximum capacity to produce output in
any given period and hence that wood demand has some
upper bound. Capacity in this instance can be viewed as a
device to mimic rising marginal costs at higher output levels
using linear functions. Additional capacity may be purchased
at a fixed cost per unit in each period to augment current and
future log consumption. Capacity present at the start of the
projection together with. any additions depreciate at a fixed
rate. This treatment of capacity does not entail any changes
in the slopes or positions of the log demand functions. as a
result of capacity investment.

Log trade with regions outside the United States was
treated by including price-sensitive product-specific demand
(export) or supply (import) functions for each region as
appropriate based on historical trading patterns. We assume
that domestic and traded logs are perfect substitutes. Export
demand and import supply are reckoned at point of entry/exit
in the United States. and trade and domestic prices are
identical. These relations were held constant over the projec-
tions. Their function was to complete the accounting for
regional sources and uses of logs. Gi ven their form, inclusion
of these relations does not have the same effects on projec-
tions as would incorporation of a fully elaborated set of
endogenous off-shore log trading regions (that included
timber inventory and management as in domestic regions).

Terminal Valuation Conventions
Timber inventory remaining at the end of a finite projec-

tion period should be incorporated in the objective function
at the value it would yield if managed in an optimal fashion
in perpetuity (from the terminal time point onward). If all
possible terminal inventory states were valued in such a
fashion, the infinite horizon harvest problem would involve

S Our analysis docs not include a feedback representation in its demand
relations. The T AMM and NAP AP derived sawlog demand and pulpwood
quantity projections are linked to specific (endogenous) price projections.
Alternative intertemporal price trajectories would be associated with
different demand projections. The iterative approach used in a similar
situation by CardeUichio and Veltkamp (1980) was not immediately
fusible here given the nature of the TAMM and NAPAP models.

choosing the optimal path from a fixed starting point (the
current inventory) to one of the several terminal inventory
states, so as to maximize the sum of transition and terminal
values. Valuing, or approximating the value of, the terminal
states would be aided if they could be characterized in some
general way. If all external conditions are held constant after
some point, available theoretical studies generally concur
that convergence to some form of equilibrium (fixed cycles
or even flow) is to be expected, but it is difficult to be more
specific except in special cases.f

If, as in the present case. policy concern is limited to the
first few periods of the projection. a practical solution is to
adopt some approximation for terminal inventory valuation
and extend the projection period to the point where the
discounted contribution of the terminal state is so small that
it does not influence the results in the period of interest. This
is the approach taken here. For any given terminal inventory
volume, an associated perpetual periodic harvest volume is
computed assuming the inventory is fully regulated. We
approximate this regulated flow by means of von Mantel's
formula (see, e.g., Davis and Johnson 1987). Rotation ages
for this calculation were drawn from average harvest ages
observed in the solution in the decades immediately prior to

termination, requiring an iterative process to arrive at a final
solution. We assume that public harvest levels, export de-
mand and import supply functions, and export and import
shipment patterns observed in the terminal decade (2080)
continue unchanged indefinitely. The value of the regulated
private harvest flows, in the context of the full market, are
then computed as the discounted value of a perpetual series
of consumer·surpluses from the domestic and export terminal
decade demand curves less all associated costs of harvest,
management, transport. and areas under the import supply
curves. Ending processing capacity also represents a terminal
inventory and is added to the timber values at replacement
cost.

Considering only the behavior in the first 5 decades of the
projection. extending or reducing the projection period by I
decade has a limited impact. At a 4% real discount rate.
terminal conditions contribute only some 1.5% to the total
objective function value in a 10 decade projection. as op-
posed to 2.2% in a 9 decade projection and 1.0% in an II
decade projection. Large aggregates such as total softwood
and hardwood consumption, inventories, and sawlog prices
change little relative to the 100 yr run (changes less than 2%
averaged over the first 5 decades). Detailed elements. such as
acreage allocations to species and MIC classes by owner in
specific years. exhibit larger differences that increase over
the projection period, but no change was observed in the
general trends of these elements between the 100 yr run and
the shorter or longer projections.

Solution Methods
The model was constructed using the General Algebraic

Modeling System (Brooke et al. 1992). Since all of the
demand relations and constraints are linear, the problem is a

6 Sec Binkley (1987). Scdjo and Lyon (1990). and Montgomery and Adam,
(1995) for summary discussions of the several available studies.
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quadratic program and is solved using a variant of the
MINOS optimizer. A typical problem involves approxi-
mately 20,000 activities and some 4,000 constraints. Solu-
tion orra 486/66mhz microcomputer from a "cold" start
generally required 12-16 hr. Using various methods to obtain
an advanced starting point reduced solution times on the 486
to 6 hr or less.

Simulation Results

Base Case
As a datum for comparison in sensitivity analyses and

policy simulations, we develop a BASE scenario. Exogenous
inputs were derived from the Timber Assessment Update
"base case" (Haynes et al. 1995).7 In this projection, demand
relations for all products rise at a decreasing rate over time as
do the real costs of timber growing and stumpage-to-log
processing. The forest land base declines steadily as a result
of continued losses to urbanization, infrastructural develop-
ment, and agriculture. Projected harvests on public lands are
well below average levels of the 19805 in all regions, reflect-
ing the assumed adoption of the "President's Plan" for the far
West and judgments regarding the impacts of growing con-
cern for nontimber outputs on public harvests in eastern
regions (see public harvest summary below). Illustrative
results for this projection are shown in Figures 1-4. The
projections as described here hold all exogenous conditions
constant after 2040. Results for the period 1990--2040 differ
little, however, when exogenous inputs are assumed to con-
tinue along their historical trends in the period after 2040.

Aggregate U.S. harvest and consumption of all product
categories rise, in some cases irregularly, over the next 50 yr
(Figure 1). Softwood prices rise in the 2000 decade but
decline thereafter (Figure 2). Hardwood prices rise steadily.
Increased harvest of softwoods is accommodated by a major
projected expansion in the area of private forestland enrolled
in the higher management intensity classes on softwood
types in the South (Figure 3). These lands come primarily
from the conversion of higher quality hardwood lands to
softwood types. There is also upgrading of management on
existing softwood types. At the same time, small areas of less
productive softwood lands are shifted into the lowest or
default management class. The net impact of these manage-
ment changes is reflected in a marked rise in softwood
inventory on southern private lands (Figure 4), with less
pronounced shifts in other regions and ownerships.

In contrast, hardwood management intensity declines
consistently across owners and regions with large areas
converted to softwoods or. shifted into the lowest manage-

7 In brief, the base ease assumptions (or the 199(}-2040period include:
coltStTUCtioll--new residential housing SLatU avenge 1.7millionunits (.11
types) per year with • dcclining trend. residential upkeep and repair
expenditures grow at 1.4% per YeM.value o( nonresidential constroction
put-in-place rises at 0.8% per year; mtJ11ufacturi",~ GOP grows at
2.7% per year. the index of manufacturing production .t 3.6% per YeM;
shippilll-1'aJlet production roughly doubles by 2040; ,nugy COSlS~
world oil prices roughly triple by 2040: technolog~cchnical improve.
ment in processing and wood utilization efficiency inconsumptionchange
in response to endogenous price signals and assumed trendsudescribed
in Haynes et 01.(1995).
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Figure 1. U.S. pulpwood and sawlog harvest volumes projected
in present study and by Haynes et al. (1995). SAWTis sawtimber.
PULP is pulpwood, SW refers to softwoods. HW to hardwoods.

ment intensity class. Despite these reductions in growth
potential. the largest region-owner component of the hard-
wood inventory, that in the Southern nonindustrial private
group, continues to grow until 20 I0 (Figure 4). Inventories in
other regions and ownerships are stable or declining.

To provide some perspective on how projections from the
present model relate to those from more traditional models,
Figures I and 2 also include the Timber Assessment Update base
case. Harvest projections from the present model rise at least as
fast as those from the Update and reach higher levels by 2030.
Hardwood prices in the present model grow in line with Update
projections. Softwood prices show little trend, while those in the
Update are rising. A rough comparison of management assump-
tions and inventory trends between the two studies suggests
some of the key reasons for these differences. Developments in
the South are of central concern. In softwoods, the Update's
projected growth on southern nonindustrial private ownerships
is lower than the present study, despite some assumed intensifi-
cation of management, and the Update's inventory projection
falls steadily. On southern industrial lands, the Update does
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Figure 2. Real (S19901 delivered pulpwood and sawlog prices
projected in present study and by Haynes et ..1. (19951.

assume some shift from hardwoods to softwoods and of soft-
woods into higher management intensity classes. leading to a
gradually rising inventory projection. Due in part to perfect
foresight, these changes happen sooner and to a greater extent in
the present model. with larger inventory effects. For hardwoods,
developments in the southern nonindustrial ownership are criti-
cal. Growth and inventory projections for this group from the
present model are somewhat higher than the Update. but the
patterns of inventory change overtime (as shown in Figure 4 for
the present model only) differ little from those in the Update.

Sensitivity Tests
To illustrate the sensitivity of projections to variations in

exogenous economic assumptions. we examine three key
elements: interest rate. costs. and demand trends. Results are
summarized in Table 2. The directions of deviations from the
BASE conform to expectations in most cases. Changes in
interest rate influence the opportunity costs of inventory
holding. A rate I% higher than the BASE leads to reduced
inventories. lower long-term harvest. higher prices. and low-
ered private investment in management. A I% lower rate
produces the opposite results. Impacts are not symmetric
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Figure 3. Softwood forest area by MIC group for forest
industry and other private owners in the South and West in
the BASE case. The LMH group includes LO. ME, and HI; LL
includes only the LLMIC.

between the two runs and differ markedly between regions
and owner groups. Lower costs (including costs of species
conversion) encourage additional management investment.
raise inventories and harvests. and lower prices. Changes on
Southern nonindustrial private lands dominate the reduced
costs results. with large areas of hardwood conversion to
softwoods accelerating the growth in hardwood sawtimber
prices. Holding demand functions constant (all product de-
mand functions were held constant at their 1990 decade
levels) reduces management investment. harvest in the longer
term. and inventory. It does not eliminate near-term (first
decade) price growth. however. suggesting that price move-
ments in this period are governed primarily by limitations in
the starting inventory.

Policy Scenarios
In addition to the BASE. we examine three alternative

scenarios of public timber harvest. There are. of course.
many possible views of future levels and regional varia-
tions in public harvest. Our intent here is to examine
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alternatives representative of those that have received
some attention in the current debate over timber harvest on
public lands. The BASE itself should not be construed as
a projection of the "most likely" development of public
cut. This case involves harvests for national forests in
some regions that are close to levels proposed in the final
1990 land management plans, levels which are presently
in litigation or under appeal (see Adams and Haynes 1989
for an earlier analysis of these plans). As a result, harvests
in the BASE rank somewhere in the mid- (0 upper range of
levels which have been proposed by various factions in the
public cut debate.

The LOCUT scenario reduces harvests from the BASE by
50% for national forests and 25% for other public lands in all
regions, assuming further restrictions on public timber pro-
duction of the sort seen during the past decade. In the West.
harvest levels in this range might result if on-going legal
challenges of the President's plan are successful and if results
of the so-called "eastside FEMAT' process (Science Integra-
tion Team 1994) for federal lands in the Columbia Basin
mirror those of its westside predecessor (FEMAT 1993). We
assume that comparable reductions on public lands in other
regions would be forthcoming.

The HICUT scenario assumes national forest harvests
return to the levels proposed in the final land management
plans adopted. by the Forest Service in 1990. Harvests on
other public lands are set at levels projected by the various
state and federal agencies during the late 19805. Harvest
levels of this magnitude are representative of those advanced
by commodity-use advocacy groups and fall in the upper end
of the range of recent proposals .

The ZERONF scenario assumes that timber harvesting on
national forests is prohibited after 1995. Cut on other public
lands is set at BASE levels. Elimination of harvests on the
national forests has been proposed by some environmental
groups as the only approach consistent with other federal
environmental legislation.

The ZERONF scenario represents an average (1990-
2040) reduction in U.S. public harvest of about 9 billion ft3

Table 2. BASE and sensitivity test results for selected proje<:tion elements.

Interest rate

Base 3% 5%
50% cost
reduction

Constant demand
equations

1990-2000
2010-2040

1990-2000
2010-2040

1990-2040

WESTFI
SO FI
WEST OP
SO OP

FI (HI+ME)
OP (tt)

Total U.S. softwood harvest (cumulative: billion fill
237.7 237.0 238.2 237.6
447.5 446.9 444.5 469.9

Softwood sawtimber price growth (~Jyr)
0.6 0.5 0.7 0.5

-0.4 -0.4 -0.3 -0.5
Hardwood sawtimber price growth (YJyr)

0.8 0.8 1.1 0.9
Softwood growing stock in 2040 (billion fil)

41.5 52.1 37.6 45.2
51.1 38.3 47.3 45.0
43.6 51.7 40.8 49.5
93.0 95.9 92.4 97.0

U.S. softwood arc3 by MIC group in 2020 (million Ie)
33.7 34.6 33.7 36.1
28.6 23.6 29.5 21.3

239.9
413.5

0.5
-0.3

0.5

43.4
36.5
45.1
62.0

26.1
45.0
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per decade relative to the BASE, the LOCUT scenario a
reduction of 6 billion ft3 per decade, while harvests in the
HICUT scenario are some 8.5 billion ft3 per decade above the
BASE. Since public lands are concentrated in the West, the
largest changes in public cut occur in that region and involve
primarily softwood sawtimber volumes. Levels of public
harvest in the 1990 and 2030 decades for the four scenarios
are summarized in Table 3.

In simulating these scenarios, only the levels of public
harvest were changed. All other exogenous inputs were as in
the BASE. Log market changes brought about by the sce-
narios could, however, shift conditions in markets for pro-
ductive factors treated as exogenous in our analysis, includ-
ing relative values for land in forest versus nonforest uses and
log-haul costs. Alternative assumptions about exogenous
land shifts and cost movements, as examples, might be
appropriate for each scenario if these impacts are thought to
be large. In the analysis reported here, we have not changed
the BASE assumptions.

Prices
As illustrated in Figure 5 (upper part), softwood prices are

more sensitive to reductions in public cut than to increases.
Harvest changes in the ZERONF and HI CUT scenarios are of
roughly similar magnitude (though of opposite sign), while
the absolute price changes in the first 2 decades associated
with the former are roughly twice those deriving from the
latter. This reflects, in part, the limited volume of merchant-
able timber on private lands in the 1990 inventory that
constrains any compensatory increase in private harvest in
response to a public cut reduction. Prices depart most widely
from BASE levels in the first two decades then move rapidly
back toward the BASE as the effects of adjustments in
management activities are realized.

. Pulpwood price changes follow the general pattern for saw-
timber, with the exception of near zero changes in the third
decade. These departures result both from the assumption of
fixed product proportions in the stand yield tables and from
changes in private management investment between the runs. In
the reduced harvest cases, higher levels of management invest-
ment in the South during the first decade produce higher
harvestable volumes. of all products by the third.. This yields
increased volumes of sawtimber output (in response to higher
prices) but carries with it sufficient additional volumes of
pulpwood to return pulpwood prices to near BASE levels. This
process operates in reverse for the mcur case.

SOFTWOOD PRODUCT PRICES
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Figure 5. Softwood product price and harvest level changes from
the BASE case (BASE-scenariol for ZERONF (ONFI. LOCUT (LOI.
and H(CUT (HI) public harvest seenarios.

Harvests
Averaged over the 1990-2049 period, total U.S. softwood

harvest rises 0.8 billion ft3 per decade under the mCUT
scenario and falls by 1.8 and 1.0 billion ft3 per decade under
the ZERONF and LOCUT scenarios, respectively. 8 Average

a Log trade also responds to the public cut changes. For softwood sawlog
exports, the largest single trade flow, exports over the 1990 and 2000
decades drop by 5.2% and 3.2% in the ZERONF and LOCUT scenarios
and rise 2.0% in the HICUT.

'National forests

Table 3. Public timber harvest by scenario and ownership for 1990 and 2030 decades,

West East Other public Total

Decade 1990 2030 1990 2030 1990 2030 1990 2030

Scenario Million til per decade
BASE 9,953 7,275 3,762 3,922 9,719 10,798 23,434 21,996
LOCUT 8,414 3,865 3,164 2,744 8,657 8,635 20,235 15,244
HICtIT 12,655 13.666 4,045 5,182 10,759 12,810 27,458 31,659
ZERO NF 4,977 0 1,881 0 9,719 10,798 16,576 10,798
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private harvest rises in the reduced public cut scenarios and
falls in the HICUT. The largest absolute changes in private
harvest occur in the South under all scenarios. ranging from
five to ten times the private change in the West.

As illustrated in Figure 5 (lower part). however. averages
mask significant trends in private harvest response. In both
scenarios. private cut shifts overtime so as to gradually offset
the change in public cut and move the net change in harvest
(summed across all owners) toward zero. By the third decade.
the direction (sign) of the net harve hange has been
reversed in all scenarios due to compensating movements in
private cut. During the first 2 decades of the projection.
changes in private harvest are accomplished by drawing
down or building up in ventory. In later decades. reductions or
increments in harvest are maintained largely without further
inventory adjustment through prior changes in management
investment and resulting growth.

The offsetting private harvest trends depicted in Figure 5
differ markedly from results of earlier studies. With preset
interternporal management investment plans. past estimates
of private harvest response have been strictly a reflection of
inventory shifts (see. for example. Adams and Haynes 1989).
Typically. in a reduced public cut scenario. private harvest at
first expands in response to higher stumpage prices then
declines or remains stable as inventory is drawn down. While
growth may rise. it does so only because of movements along.
rather than shifts in. yields functions. The response to in-
creased public harvest presents the reverse pattern as inven-
tory builds steadily over the projection.

Management Investment
Figure 6 shows changes from the BASE case (deviations

above and below the levels in Figure 3) in softwood land area
by MIC grouping for those regions and owners most heavily
impacted. For the ZERONF and LOCUT scenarios. the
pattern of changes between MIC groups on western industrial
ownerships is initially asymmetric. indicating that lands are
being converted from hardwood types.9 After 20 10. changes
are symmetric. indicating that lands are simply being reo
shuffled between the higher and lower MIC groups. The
pattern for the HICUT scenario shows a sharply lower abso-
lute response than either reduced cut scenario and is generally
asymmetric as a result of less area being converted from
hardwoods relative to the BASE.

Investment patterns on southern industrial ownerships. in
contrast, are quite sensitive to the HICUT case and involve
larger (absolute and relative) area shifts than their western
counterparts in all scenarios. Adjustments in forest type
conversion activities dominate the patterns of changes. For
example. under the HICUT scenario virtually the entire
reduction of5 million ac allocated to the LMH softwood MIC
group comes from a reduction in hardwood-softwood con-
version. The largest (absolute and relative) investment reo

9 Since the movement of land into or out of forest produc.ion and between
ownerships is determined exogenously in !he prescnt model. expansion of
softwood land in. say. the LMH MIC grouping rnus: come from shifts out
of the LL group (lCJlding 10 • symmeuic change pattern in Figure 6) or from
•he conversion of hardwood IYpes 10 softwoods (yielding an asyrruneuic
change pattern) or some combination (also asyrruneuic).
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Figure 6. Changes from BASE case levels of land allocation to
softwood types by management intensity group under ZERONF
(ONA. LOCUT(LOI.and HICUT(HI)public harvest scenarios.

spouses occur on southern nonindustrial private lands where
all three scenarios produce substantial MIC shifts. The pal'
tern of change from the BASE is markedly asymmetric wilt.
nearly 15 million ac of hardwood lands shifted into SOflwOOC
production over the course of the ZERONF projection.

Welfare Impacts
Table 4 summarizes welfare and public revenue changes

from the BASE case by group and region. Undiscouruec
surplus changes are plotted in Figure 7 for the sums 0

consumers plus private producers and consumers plu:
private producers and public revenues. Discounted sur
plus changes for consumers are nearly twice as large a:
those for private producers (Table 4). At the regional level
southern private producers realize the largest absolute an:
relative surplus changes. As illustrated in Figure 7 for th•
undiscounted periodic surplus results. consumer and pro



. Table 4. Di~counted ~ASE case surp~usas and public timber harvest revenues and absolute and percentage changes relative to BASE
for alternatIve scenanos lall cumulative 1990-2040). .

Log producers

log
Public

Scenario consumers West North South Total revenues All groups

Billion constant dollars (disco~nted to 1990)

Base levels 1,351 87 54 10\ 24\ 55 1,648
Changes from base (billion constant dollars and percent)

Zero NF -177 27 \3 5\ 92 -15 -101

%. change -13.1% 31.4% 24.3% 50.9% 38.0% -27.1% -6.1%

lOCUT -103 17 7 29 53 -8 -59

% change -7.6% 19.5% 12.9% 28.8% 21.9% -15.1% -3.6%

HICUT 79 -9 -6 -26 -40 17 57

% change 5.9% -9.8% -10.8% -25.4% -16.5% 31.4% 3.4%

ducer impacts differ most in the first 2 decades. Thereaf-
ter, the gains and losses of the two groups are more nearly
equal and the net change approaches z.ero. Shifts in public
revenues, in contrast, reach their highest levels after the
2000 decade, and play a somewhat larger role in total
welfare changes in later periods.
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Figure 7. Undiscounted welfare changes from the BASE case
(BASE-s<:enario) for ZERONF(ONFI.LOCUT (LO). and HICUT (HI)
public harvest scenarios. CONS refers to log consumers. PROD to
private log producers. PUBUC to public: lands.

Discussion and Conclusions

Some findings of our BASE case contrast markedly with
other long-term studies of the U.S. forest sector and merit
further emphasis. The simulation suggests that pri vate forest
lands in the United States have sufficient timber production
potential to sustain softwood consumption levels far higher
than those foreseen in other recent projections, with stable to
declining prices in the long term (once limitations in existing
inventories are overcome). Long-term harvest is expanded
through private management investment. Under the competi-
tive product market and perfect capital market assumptions
of the model, large areas of privatehardwood forest in the
South would be converted to softwoods. At the same time,
some portion of existing nonindustrial private softwoods
would be shifted into the least intensive (passive) manage-
ment class (roughly 10% of the initial 1990 softwood land
base).

Results of the public-harvest scenarios clearly reflect the
effects of endogenous management investment decisions and
differ in important ways from the findings of earlier studies
as summarized in our introductory remarks. Prices do in-
crease in the reduced cut scenarios in parterns that differ
somewhat by product, In all cases, however, they then return
almost to BASE levels by the 2010 decade. Prices appear to
be more sensitive to harvest reductions in the first 2 decades
due to limited volumes of merchantable timber in the initial
private inventories and the minimum time required to grow
merchantable stands.

Harvest does shift to pri vate lands, and the South's share
in total private harvest does rise in the reduced cut.scenarios
as found in past studies. In the present model, however,
reduced public harvest stimulates a pattern of increased
private management investment which enables growing com-
pensatory changes in 'private cut. This results in private
softwood inventories that are not only rising but generally
larger than the BASE.

Our results contrast with past findings in that welfare
impacts on private log consumers are substantially larger
than those for log producers. This reflects,in part, the failure
of previous studies to account for welfare changes in the
pulpwood sector. With endogenous management intensity
and perfect foresight, major net welfare transfers between
consumers and producers are largely limited to the first 2
decades. Revenue changes for public suppliers are persistent,

2040
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however. reflecting the fixity of their supply. and playa
largerro\e in the net social welfare results in the third and later
decades. Though public harvest changes are concentrated in
the West. the largest absolute and relative welfare impacts

occur in the South.
While past studies of changes in public harvest have

always found interregional impacts and transfers. the results
presented here suggest that some of the largest effects may be
realized outside of the regions in which public forestlands are
con entrated. Southern harvest changes are far larger than
those in the West as are the associated welfare impacts on
Southern private timberland owners. Major shifts in manage-
ment and the disposition of the forestland base also occur in
the South. These have important economic implications. but
they also signal major transfers of biological/ecological im-
pacts as well. Conversion of (or failure to convert)several
million acres of southern hardwood types to softwood plan-
tations may have important implications for biodiversity
trends in the South and for habitat conditions for a wide range
of wildlife species. Similar concerns attend the shifting of
areas of nonindustrial private lands into the passive manage-
ment category and the near-term rotation compressing effects
on private lands in the reduced pub lie cut scenarios.

The model developed for this study. with both optimal
interternporal harvest and timber management investment
decisions. suggests a far more elastic market response to
changes in public cut than models such as TAMM (Adams
and Haynes 1980) or FORSIM (Cardellichio and Veltkamp
1980. Bruner et al. 1981). commonly used to examine public
harvest policy shifts in the past. In effect. the present model
and models like T AMM form the extremes of a continuum of
possible assumptions on imperfections in both intertemporal
product and capital markets. In T AMM. future market condi-
tions are irrelevant to the determination of current harvests
and investment is preset and inflexible. In the present model.
any change in future conditions is optimally anticipated
(from a net social welfare viewpoint). and investment is free
to vary over time. A representation of "real world" behavior
doubtless lies somewhere between. The structure of the
present model provides a useful platform for future research
to examine some of these questions of "stickiness" in product
and capital markets. including limits on investment borrow-
ing or capital budgets (as explored by Kuuluvainen and Salo
1991). increasing marginal costs of borrowing. and uncer-
tainty regarding future market conditions.

The foregoing results must also be considered in light of
the many simplifications and assumptions employed in con-
structing our model. Two issues warrant particular attention.
The treatment oflog demand using national markets does not
allow variable interregional log price differentials and ab-
stracts from the process of regional processing capacity (log
demand) adjustment. In this instance. variations in regional
price adjustments could impact optimal forest investment
decisions. An ideal solution to this limitation would be the
addition of a product market level to the model. with explicit
regional product supply processes and. perhaps. national
markets for the products. This extension would also allow
explicit consideration of product trade flows. A second
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concern is the exogenous treatment of land base changes.
particularly the shifting of land between the forest and agri-
cultural sectors. A fixed land base. by limiting avenues of
adjustment. would impact long-term trends in harvest and
prices. It would be desirable to allow land to move entirely
out of forestry or to be able to recruit additional land to forest
production as market conditions warrant. Solutions here
might range from the addition of some form of regional land
supply relations to linkage of the present model with a model
of the agricultural sector.
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Appendix A

Harvest and Management Decision Model

Subscripts (owner. land suitability class. and site class are omitted 10 reduce the complexity of notation}:

c age (cohort) of an aggregate in existence at start of problem (1,2, ... ,N - I where N - I is the oldest recognized age class
measured in decades)

d date of aggregate harvest (decade midpoints 1. 2, ... , T and N as defined above)

g product (softwood and hardwood sawtimber, pulpwood. and fuel wood)

h age of aggregate at harvest (1.2 ..... N - I, N where N indicates "never harvested" or not harvested during projection period)

m management intensity class (MIC = high. medium. low. and no or "passive" management)

r region

s species (order) class (softwood followed by softwood. softwood followed by hardwood. hardwood followed by hardwood.
hardwood followed by softwood)

projection period (I. 2•.... T - 1. nmeasured in decades

Variables (activities):

Mg•r.1

=;
DEg•r•1

DMg•r.r
Hg.r.t

Nr,I.h.m..S
THg.r

Ugl,r,l

Xr.c.d.m.s

volume of log processing (consumption) capacity added for product g, region r, period (

volume of product g consumed domestically in period t

volume of product g exported from region r in period (

volume of product g imported to region r, period t

total volume harvested of product g in region r, period t

acres regenerated in region r, period t and harvested at age h. from MIC m and species s

terminal (perpetual) harvest volume of product g in region r (beginning at the end of period n
volume of product g 1 substituted into another product class in region r, period t (sawtimber can substitute for
pulpwood. pulpwood can substitute for fuelwood, and residues for pulpwood within a species and softwood
fuelwood can substitute for hardwood fuel wood)

acres harvested of an existing aggregate in region r, from cohort c. d periods after start of problem, in MIC m, and
species s
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Exogenous variables and functions:

DTg,r.r

GCr,m.s,t

KCg,r,t

<,
NLC r.m.s, I

PCr,m.s,t

PDg,t' PEg,r,t' PMg,r,t

R
r.I'f1.S

n.:
UCg,r

XYg,r,c + t- l,m.s

=.;

rate of capacity depreciation for product g

starting inventory of area in existing aggregates in region r, cohort c, MIC m, and species s

proportion of sawlog volume left as residue after processing into products. only defined when g is
softwood or hardwood saw logs, in region r in period (

per unit volume domestic transport costs for product g from region r, period (

per acre aggregate growing (or tending) costs between origmation and harvest in region r, MlC m;

species s, in period t

harvesting cost per unit volume removed of product g, in region r, period (

discount rate

unit capacity costs for product g, region r, period (

volume of log processing capacity for product g, region r, at start of projection period

net timberland area change due to shift to or from other uses in region r, MIC m, species r, in period

1 ,
per acre yields of aggregates originating during the projection period of product g, in region r, at age

h. MlC m, and species class s

planting cost per acre in region r for MlC m and species class s, period (

national domestic demand (PD). regional export demand (PE), and regional import supply (PM)
functions solved to give own price as a function of quantity for product g. region r, and period (

sum of domestic and all regional export demand functions solved to give own price as a function of

quantity for P~\lct g and period t

approximate optimal rotation for aggregates in region r, MIC m; and species s (derived from harvest
ages observed in model projections)

trade transport costs for product g in region r, period (

unit cost of substituting (downgrading) product g to the next "lower" product class in region r

per acre yields of existing aggregates of productg. in region r, at age c +(-:-1. MlC class m, and species

class s
harvest from pub1ic lands of product g, region r, period (
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Equo:JWns
Objective function:

Existing acres constraints

for all r. c. rn, and s.

maximize (for the set of activities shown above)

T DD"

I/2~,f PDg.t(z)d:r- L(DTI.o(HI.r.,-DE,.n +DM'J)
I-I s 0

- "'" "",(H - HG \uCL.LJ l.r,1 l.r.1 t" l.r.1

-LLI [IIxr.c.d ....S+ LLNr.p.A.nv l-fr.nv.,- LI6K1.r.lKC,.r.l
r no s c d>1 p<l h [V r I

1ft

+I[(mI.r - HGt.r.T - OMl.r.T XHC,.r.T + Dr,.r.T),
+(DMI.r.T + DE,.r.rlTTI.r.T II }/(((I + illO -IJ(1 +i)-IIJ(T+I)}

I Xr.c.d.",.s = Ar,c,,,,,s
d

(A-I)

(A-2)
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New acres constraints:

I. I. I. x.,...m.s + I. I I n.,..-p.m.s
c m I p<1 1ft. S

-I. I. NLCr•m•s •• = I. I. I. Nr s, h•m•s
m s h

(A-3)

for all t and r.
Log demand-supply balance constraints:

(A-4)

for all g and where g I (g) is the index for the product that can be substituted for g and g2(g) is the index of the product for which

g can be substituted, excluding residues.
Residue demand-supply balance constraints

(A-5)

only for (g) softwood or hardwood sawlogs, where UPUlJ>,r,1 indicates substitution of residues for pulpwood within a species

group.
Regional timber harvest:

H,.r.. = II(I~r.c ..,...sXYt.r.c+.-Lnv+ IN~.p.'_P.mJNYt.r,,_p.mJ)+HGt.r ..
m s c p<l

(A-6)

for all g, r, and t,
Capacity constraints:

t

DDt.r .• s Kt.r.1(1-O,)' + I((l-o,)·-ktiK,.r.k
ksl .

(A-7)

for all g. r, and t.
Terminal (perpetual) log supply volume:

(A-8)

+ HG,.r.T + DM,.r.T

for all g and r.
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The effects of factor supply assumptions on
intertemporal timber supply behavior: the cases
of investable funds and land
Darius M. Adams, Ralph J. Alig, Bruce A. McCarl, Steven M. Winnett, and
J.M. Callaway

Abstract: lntertemporal timber supply models typically assume perfect capital markets and perfectly inelastic supplies of
land. Using a dynamic model of U.S. timber and agriculture markets, we examine (i) borrowing limits or capital constraints, in
which investment in forest management on nonindustrial private ownerships is restricted, and (i/) a nonzero elasticity of land
supply. Results suggest that alternative treatments of supply conditions for these factors influence the flexibility of the
simulated market system to adapt to changes over time and across policy scenarios. Supply restrictions limit adjustment
options in management activities and force greater change in other endogenous elements such as price and consumption.
Implications drawn from any policy analyses also differ with input supply assumptions. Policy impacts were found to be
largely transitory in the cases without investment limits and essentially permanent when limits exist. Recognizing a
price-sensitive land supply, at least as this process is represented in the present model, partially compensates for the
imposition of borrowing restrictions, moving projections closer to behavior observed in the perfect capital market cases.
Access to additional land as potential afforestation investments provides additional private investment flexibility. Typically,
however, this linkage is neither explicit nor endogenous in forest sector models.

Resume: Les rnodeles d'offre de matiere ligneuse 11caractere temporel supposent typiquement des marches de capitaux
parfaits et une offre de territoires parfaitement inelastique. A I'aide d'un modele dynamique des marches de l'agriculture et
des marches du bois aux Etats-Unis. nous exarninons (I) des limites aux emprunts ou des contraintes aux capitaux, dans
lesquelles l'investissement en arnenagernent forestier des proprietes privees non industrielles est restreint et (il) une offre de
territoires 11elasticite differente de zero. Les resultats laissent supposer que des traitements alternatifs des conditions d' offre
pour ces facteurs, influencent la flexibilite du systerne de marche simule pour s' adapter aux changements dans Ie temps et
dans I'ensemble des scenarios de politiques. Les restrictions de I'offre limitent l'ajustement des options dans des activites de
gestion et impriment un plus grand changernent dans d'autres elements endogenes tels Ie prix et la consommation. Les
implications decoulant de n'importe lesquelles des analyses de politiques different aussi avec l'introduction d'hypotheses
concernant I'offre. Les impacts de politiques se sont averes largement transitoires, dans les cas sans limites d'investissement,
et essentiellement permanentes avec I'existence de limites. L'introduction d'une offre de territoires sensible au prix, du moins
comme ce processus est represente dans Ie modele actuel, compense partiellement pour l'imposition de restrictions aux
emprunts, rapprochant davantage les projections du comportement observe dans Ie cas des marches de capitaux parfaits.
L'acces 11un territoire additionnel comme des investissements potentiels de reboisement, procure une flexibilite additionnelle
pour I'investissement prive. Typiquement, cependant, cette relation n'est ni explicite ni endogene dans les modeles du secteur

forestier.
[Traduit par la Redaction]

ket conditions or background policy in ways that are partly
dictated by assumptions about the supplies of timber produc-
tion inputs.2 In most models, factor supplies are assumed to be
either perfectly elastic or perfectly inelastic. Treatment of in-
vestable capital typically represents one extreme. Studies com-
monly assume perfect capital markets. For models with

Introduction
Intertemporal timber supply models, such as those described
by Johnson (1973), Walker (1976), Berek (1979), Rahm
(1981), Sedjo and Lyon (1990), Brazee and Mendelsohn
(1990), and Adams et al. (l996b), respond to changes in mar-
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As used here, an intertemporal timber supply model is one that projects timber harvest and price simultaneously over periods within the
time horizon for one or more owners in a market context. Mechanically, harvests (and any other endogenous decisions, such as
management investment) are set so as to maximize the present value of producers' plus consumers' surpluses. All future demand
relations (or price conditions), the discount rate, and production costs are assumed to be known.
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endogenous management investment decisions, there are no
limits on the amounts that can be borrowed (no credit ration-
ing) at a fixed interest rate. Land, in contrast, is generally
treated as fixed. It may be possible to abandon land in some
supply models (that is, not regenerate it by any means), but it
is seldom possible to add land, except exogenously, for timber
production.

This paper examines the impacts of alternative assumptions
about supplies of capital and land as inputs in projections of
timber supply and timber market behavior. Using a dynamic
model of the U.S. timber and agricultural markets as a vehicle,
we focus on the specific cases of (i) borrowing limits or capital
constraints, in which investment in forest management on non-
industrial private forest ownerships is restricted, and (ii) a
nonzero elasticity ofland supply. The next section reviews past
work and the potential effects of the presence or absence of
land and capital supply constraints. The third section presents
the simulation approach and results. A final section discusses
some implications of our findings.

Previous work and theoretical background

Most past studies that have employed optimizing intertempo-
ral harvest models have treated capital markets as perfect and
the land input either as strictly fixed or varying according to
exogenous rules or considerations. Indeed, with the exception
of some recent theoretical and econometric studies, the timber
supply implications of these standard assumptions have been
given little attention. Using a savings-consumption model and
assuming that private owners maximize intertemporal utility,
Koskela (1989a, 1989b) considered the theoretical effects of
various taxation schemes when future prices were uncertain,
with and without a borrowing limit. Kuuluvainen (1990) and
Kuuluvainen and Salo (1991) treated the case of perfect infor-
mation and provided empirical tests of the notion that credit
rationing (or perceived rationing) is a significant determinant
of observed harvest behavior. In these studies, however, the
land input was fixed and borrowing undertaken only to aug-
ment current period consumption. Options to change timber
yields through management investment (as another use of cur-
rent income or borrowed funds) were not considered.

Since capital investment is a key input to timber production,
limiting its supply (or linking interest rates to amounts bor-
rowed) would have an impact on optimal harvest timing of
existing and future stands, aggregate timber output, and (in the
market context) timber prices. The detailed nature of these
effects would vary with the specific conditions. If investment
in management were extensive in the absence of capital lirni-
tations, however, it is likely that borrowing limits would act to
reduce harvest volumes in the long-term and raise prices in the
face of reduced timber yields.

The potential effects of abandoning assumptions of a fixed
or exogenous land base are somewhat more complex. In the
simplest case, the land input could be made variable by posit-
ing a land supply function with prices representing the (rising)
opportunity costs of returns foregone in other uses, such as
agriculture, as do Richards et al. (1993) and Parks and Hardie
(1995). Land movement is unidirectional, from other uses to
forests, and owners must determine the optimal amounts by
which to augment the initial forest land base. The impacts of
such an option could act to expand potential supply and lower
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prices; though the extent and timing of impacts would vary
with the specific case.

A more realistic extension would allow bidirectional move-
ment of land, from other uses to forestry or the reverse, as
relative returns dictate. Historical experience in the United
States and 'elsewhere clearly indicates that changes in relative
land rent over time can be large enough to cause some land
to move back and forth between agricultural and forest uses.
Often this involves concurrent movement of lands of different
qualities and productive potential between the two sectors.
With bidirectional movement, harvest and price effects would
depend on the net shift of land into (out of) the forest sector.

With perfectly inelastic supplies of either land or capital, it
is also likely that the projected responses of timber markets to
changes in policy or other external conditions will vary from
cases where supplies are price sensitive or perfectly elastic.
Since constraints of this sort act to limit options for market
(timber owner) adjustment, price and harvest reactions to pol-
icy changes may well be exaggerated compared with uncon-
strained cases.

But while the general directions of potential market and
model response to changes in land and capital supplies seem
clear enough, the extent and timing are uncertain and, to the
authors' knowledge, have not been explored in past timber
supply studies. Do changes in these elements produce any sig-
nificant variation in projections or in the interpretation of sce-
nario simulation results? Or can we employ the traditional
assumptions with impunity? The present study offers an em-
pirical assessment of these questions in the context of a spe-
cific model.

Simulation methods

To examine the intertemporal harvest effects of alternative
assumptions on the supplies of capital and land, we conducted
a set of simulation experiments with the forest and agriculture
sectors optimization model (FASOM, Adams et al. 1996a).
FASOM is a multiperiod, price-endogenous, spatial and tem-
poral equilibrium market model of the U.S. forest and agricul-
tural sectors. It simulates production, consumption, and
investment decisions in the two sectors consistent with in-
terternporal welfare maximization. The two sectors are linked
both in the joint objective function, which comprises the pre-
sent value of producers' and consumers' surpluses in the mar-
kets of the two sectors, and through constraints on the
availability of land and its transfer between sectors. A model
solution gives prices, production, consumption, and manage-
ment actions in both sectors for the full projection period. In
management and investment decisions, producers are assumed
to have full knowledge of current and future market conditions.
Simulations proceed on a decade time step with a 9-decade time
horizon to accommodate treatment of terminal inventories.
Analysis focuses on 'the first five decades of the projection
(1990 to 2040) as the period of primary interest for purposes
of most policy analyses. The model employs nine geographic
regions in the United States.

The forest sector module, described by Adams et a!.
(1996b). treats only the market for logs, differentiated by hard-
wood and softwood species and sawlog, pulpwood, and fuel-
wood products. Empirical demand functions for logs were
derived from solutions of the TAMM and NAPAP models
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(Adams and Haynes 1996; Ince 1994) together with cost data
on transportation and harvesting. Capacity to process logs is
limited, and decisions to purchase additional capacity are en-
dogenous. Substitution of roundwood between product cate-
gories (sawlogs for pulpwood, pulpwood for fuel wood) and
between residue generated in saw log processing and pulpwood
is permitted. Log trade with regions outside the United States
is recognized via price-sensitive, product-specific export de-
mand and import supply relations.

The model of private harvest and management follows the
"linear forest" form of Johansson and Lofgren (1985) or
"model II" of Johnson and Scheurman (1977). Timberland is
differentiated by two owner classes (industrial and nonindus-
trial), forest type, site productivity, management form or in-
tensity, suitability for transfer to agriculture, and age-class.'
Decisions on harvest age, management intensity, and posthar-
vest forest type are endogenous. Public log supply is treated
as exogenous.

The agricultural sector module was adapted from an earlier
equilibrium model described by Chang et al. (1992). As in the
forestry case, its objective maximizes the present value of con-
sumer willingness-to-pay net of the costs of intermediate and
primary factors and transportation. Production activities com-
prise more than 200 potential budgets, representing different
types of crops, cropping methods, and options for secondary
processing. Some 36 primary crops and livestock commodities
and 39 secondary or processed products are considered, in-
cluding field crop, livestock, and tree crop production. At the
regional level, crops compete for price-sensitive labor and ir-
rigation water supplies and a land base (which includes areas
converted from forests).

Land movements between the sectors occur through the
nonindustrial private forest ownership. This is the only group
that holds both forest and agricultural lands in the same own-
ership and has historically been the pathway for virtually all
of the land-use transfers between sectors. Forest industry land
holdings are treated as exogenous in the present analysis. Suit-
able nonindustrial private land can move, after timber harvest
in the case of timberland conversion, between forest and agri-
cultural use based on considerations of intertemporal profit-
ability and subject to the availability of other resources. Limits
on the area of convertible forest land were derived from the
National Resources Inventory and the Second RCA Appraisal
(USDA Soil Conservation Service 1989; USDA National Re-
sources Conservation Service 1996). Area estimates for agri-
cultural land suitable for conversion to forests were drawn
from Moulton and Richards (1990). A summary of total U.S.
land areas involved is given in Table l.

A highly condensed mathematical description of the model,
emphasizing the sectoral land linkages, is given in the Appen-
dix. Endogenous variables in forestry are forest harvest vol-
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ume (H in the Appendix notation) and the area of harvesting
and regeneration of existing (X) and newly created forest
stands (N) over time, and the intensity of management (M)
applied to the latter. In the agriculture sector, the model deter-
mines agricultural output.(Q), primary (crop or livestock) and
secondary production (C and S) and use of price-sensitive ag-
ricultural inputs (W, comprising irrigation water and labor).
Land movements between sectors are represented by the vari-
ables L2A, land from forest to agriculture, and LFA, land from
agriculture to forests. Given the model's detailed treatment of
the land base, both L2A and LFA may be nonzero in any given
period. Shadow prices of Appendix constraints [A2] and [A4]
give equilibrium prices in the forest and agriculture product
markets. Relations [A3], [AS], [A 7], and [A8] regulate the
movement of land between sectors. In the forest sector, land
can move to agriculture if the opportunity costs of diversion
from forestry plus any conversion costs (CO plus any rents to
conversion limits [A7] are less than its value in agriculture.
This is the shadow price of Appendix relation [A3]. If land is
converted from agriculture to forestry, subject to limitations in
[A8], the shadow price of relation [AS] can be interpreted in a
similar way for the agriculture sector.

The model treats the process of forest management as if it
were a decision made solely at time of stand initiation (regen-
eration) with perfect foresight. Stands cannot change manage-
ment class or management intensity until harvested. We
simulate the effects of investment (capital) borrowing limits
for nonindustrial private forest owners by adding a set of in-
vestment cost constraints to the FASOM structure (relations
[A9] in the Appendix)." The sum of regeneration costs in each
period is restricted to be no larger than a prespecified real
dollar bound, Kt• Bounds vary across regions but we did not
change them over time. They were based on estimates of total
nonindustrial planting area for 1993 derived from U.S. Forest
Service planting reports (USDA Forest Service 1994) and
authors' estimates of per-acre planting costs.'

The effects of varying the elasticity of land supply were
examined by manipulating FASOM's land base interface.
Land may move to either use depending on its relative returns.
When FASOM is run with this linkage intact, the forest sector
effectively faces a rising supply curve for its land input. This
supply relation will vary over time and with any changes in
the simulation conditions. When the linkage is eliminated
(dropping activities L2A and LFA and constraints [A7] and
[A8]), the sectors operate independently and the land supply
for forestry is fixed.

Finally, as noted above, it is likely that alternative land and
capital supply assumptions will modify the impacts of changes
in externally imposed simulation conditions. To illustrate this
prospect we examine three scenarios:
(I) A "base" case that follows general timber market conditions

J Four management intensity classes are used: passive (effective abandonment after harvest with limited natural regeneration and reduced
yields), low (natural regeneration), medium (planting), and high (planting with improved stock, intennediate treatments such as fertilization
or thinning). Basic inventory and timber yield information were derived from data collected for The 1993 RPA Timber Assessment Update
(Haynes et al. 1995), Moulton and Richards (1980), and Birdsey (1992). The largest part of the timber management cost data were
developed from regional input and price data by the authors.

4 Industrial owners may face similar restrictions, but we do not examine them here.
S So that model investment might resemble observed investment behavior as closely as possible in all its dimensions, we also limit both the

mix of afforestation and reforestation and the total area of planting to 1993 levels. In all cases, the investment, mix, and area constraints are
simultaneously binding in the solutions. This approach adds a further element of realism to the capital limitation and has no impact on the
general nature of our results or the conclusions that we draw from the analysis.
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Table 1. Areas (xl06 hal of agricultural land, timberland by owner, and lands convertible between
uses in the United States, 1990 (see comments in text for sources).

Timberland by owner Agricultural
landsNonindustrial Industrial Other

116.4
15.5

28.5 53.2 309.3
Total area
Timberland suitable for agricultural
Agricultural land suitable for timberland

89.2

Fig. 1. U.S. softwood sawtimber prices under alternate capital and land supply assumptions, expressed as percent changes from the fixed land

base, no capital limit case.
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described in Haynes et at. (1995) and agriculture market
conditions as in Chang et al. (1992).6

(2) A "high recycling" outlook, in which we allow wastepaper

utilization rates in the United States to reach 60% by 20 \0
in contrast with 45% by 2040 in the base case (see Haynes
et at. (1995) for further details of this case). This scenario

6 Base case assumptions for the 1990-2040 period include (I) construction: new residential housing starts average 1.7 million units (all types)
per year with a declining trend, residential upkeep and repair expenditures grow at 1.4% per year, and value of nonresidential construction
put-in-place rises at 0.8% per year; (2) manufacturing: real GDP grows at 2.7% per year. the index of manufacturing production grows at
3.6% per year; (3) shipping: pallet production roughly doubles by 2040; energy costs: real world oil prices roughly triple by 2040;
technology: technical improvement in processing and wood utilization efficiency in consumption change in response to endogenous price
signals and assumed trends as described in Haynes et at. (1995).
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Fig. 2. U.S. softwood sawtimber consumption under alternative capital and land supply assumptions, expressed as percent changes from the

fixed land base, no capital limit case.
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(RECYCLE) reduces demand for both softwood and hard-
wood pulpwood relative to the base case, with greatest
changes in the South.

(3) A "reduced public timber harvest" outlook (LOPUB),
where harvests from national forests in all regions are re-
duced by 50% from the base and cut from all other public
lands is reduced by 25%. This represents a reduction in
public cut from an annual average of62.2 to 45.3 x 106 m ',
relative to an annual total harvest of roughly 628.3 x m3

.

In contrast with the reduced demand conditions of the
RECYCLE case. this scenario represents a reduction in
supply. primarily of softwood sawtimber in the West.

Simulation results
Results are illustrated in Figs. 1-4 for softwood sawtimber
prices and consumption. nonindustrial private plantation area
in the South and total U.S. private softwood inventory. Projec-

tions labeled CAPUM refer to the case of limited investment
funds. The upper portions of the figures (labeled FIXED
LAND) show the results of fixed land base runs. those in which
agriculture-forestry land movements were restricted. The
lower parts (labeled VARIABLE LAND) show results where
endogenous land exchange between the sectors was allowed
and land supply for forestry is price sensitive. In all cases the
figures show the percent deviation from the case most com-
monly assumed in timber supply studies. that of a fixed land
base and unlimited access to capital.

Limited capital
Regardless of the scenario or land supply mechanism. con-
straining nonindustrial private planting investment raises the
time path of sawtimber prices (Fig. I) and reduces consump-
tion (Fig. 2). These shifts are limited in the I990s and 2000s and
expand thereafter. The initial lag in response reflects the time
required from planting to first merchantability for softwood
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Fig. 3. Area of softwood plantations on Nonindustrial private land in the U.S. South. expressed as percentage changes from the fixed land
base. no capital limit case.
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plantations. Harvest responses during this interval are based on
inventory existing at the start of the projection. Reductions in
the area of new plantations. as in the CAPLIM case. are re-
flected in merchantable inventory in later periods.

Prices rise and consumption falls because the area of
planted softwood forests. and hence the growth and inventory
of harvestable softwood timber. in the CAPLIM runs declines
relative to the unconstrained cases. Figure 3 shows total area
of plantations in the southern nonindustrial private ownership.
In the FIXED LAND runs. these plantations are reduced 60 to
80% (16.2 to 24.3 x 106 ha) in the long-term by imposing in-
vestment limitations." And while industrial ownerships re-
spond by expanding plantations. the industrial land base is too
small to fully compensate. As a consequence southern and
total U.S. private softwood inventories are lower in the
CAPLIM runs as shown in Fig. 4.

The response of softwood prices and consumption to the
high recycle and low public cut scenarios differs markedly
between CAPLIM and unrestricted runs. In the CAPLIM
cases. prices and consumption (Figs. 1 and 2) depart from base
levels for the entire projection. The unrestricted cases differ in
the first two decades (again reflecting the minimum time for
maturation of new stands) then converge to roughly similar
time paths. suggestirig that it is optimal (in terms of the model
objective) to return to the base case price and volume trajec-
tories as soon as possible after an initial disturbance and ad-
justment. This is realized by modifying management investment.
Figure 3 indicates. however. that the restricted runs have little
latitude to affect such adjustments. The planting investment
restrictions are binding in all periods. and planted area is rising
as rapidly as constraints will allow. Restricted scenarios have
no means to attain the unrestricted production trajectories.

7 In the CAPLlM cases these areas are regenerated after harvest using one of the less costly natural regeneration management classes rather
than by planting.
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Fig. 4. Total U.S. private softwood timber inventory, expressed as percent changes from the fixed land base, no capital limit case.
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Price-sensitive land supply
The VARIABLE LAND projections, shown in the lower parts
of the figures, allow lands that are suitable for either forestry
or agriculture to move between the two sectors, as market
forces dictate. In the no capital limit, VARIABLE LAND case,
for example, the net land exchange involves the movement of
some 1.6 x 106 ha of agricultural land (mostly pasture in the
South) into forestry during the first 5 decades. In the CAPLIM,
VARIABLE LAND run, in contrast, there is a net movement
of nearly the same area in the opposite direction (from forestry
to agriculture). In this instance, the gross area moving to agri-
culture is actually lower than in the no CAPLIM case. But the
CAPLIM restriction sharply reduces the transfer from agricul-
ture to forestry, yielding a net flow to agriculture.

Under FIXED LAND there is a greater dispersion of the
scenario results for price and consumption around the base
case compared with VARIABLE LAND for either treatment
of capital (see Figs. 1 and 2). With a fixed land base, timber
owners can adapt to the scenario changes only by shifting har-

vest levels and investment. As a result, market changes (prices
and consumption) provide a greater portion of the overall ad-
justment. A fixed land base also affects the differences be-
tween the CAPLIM and no CAPLIM cases (contrast
comparable pairs of broken and solid lines within the upper
and lower panels of the figures). Imposition of the CAPLIM
leads to greater increases in price and losses in consumption
in the FIXED LAND runs. The drop in plantation estab-
lishment between free and limited investment in Fig. 3 is also
larger in the fixed land case. Since the CAPLIM forces near
equality in plantation responses between fixed and variable
land cases, the main difference between the upper and lower
panels in the figure is in the no CAPLIM cases. Here the higher
forestry prices in the FIXED LAND runs encourage more
planting than the VARIABLE land cases. For timber inventory
in Fig. 4, in constrast, a smaller forest land base and inventory
in the FIXED LAND case yields a smaller inventory drop
between no CAPLIM and CAPLIM than for VARIABLE
LAND.
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Discussion

The simulation results suggest that perfect capital market and
. fixed land supply assumptions employed in many timber sup-
ply studies may have important effects on both basic projec-
tions and the outcomes of policy analysis. Using the FASOM
model, we find that the land supply assumption has small, but
discernible, impacts on measures of softwood sawtimber con-
sumption and prices. In contrast, the CAPLIM restriction pro-
duces substantial changes, shifting both base and scenario
results by 5-15% in the case of consumption and 20-40% or
more for prices, depending on the time period within the pro-
jection. Applied jointly, interaction of the two restrictions fur-
ther exaggerates impacts.

Alternative treatments of supply conditions for land and
capital influence the flexibility of the simulated market system
to adapt to changes over time and across scenarios. Con-
strained supplies. as in the CAPLIM and FIXED LAND cases.
limit adjustment options in management activities and force
greater change in other endogenous elements such as price.
Projections of price and consumption from FASOM with the
CAPLIM restriction more closely resemble those from market
models such as TAMM (Adams and Haynes. 1996) that are
not set in an intertemporal optimization context and use fixed,
exogenous forest management (investment) assumptions. This
is suggested in Figs. 1 and 2. where we have added the analo-
gous TAMM projections from the most recent U.S. Forest
Service Timber Assessment Update (Haynes et al. 1995).

Implications drawn from any policy analyses would also
differ between CAPLIM and unrestricted runs. The CAPLIM
projections of the RECYCLE and LOPUB scenarios show dis-
tinct price. consumption. and inventory patterns over time.
with none of the tendency toward convergence of the unre-
stricted cases. Policy impacts are transitory (to a degree de-
pendent on the earliest ages of merchantability of plantations)
in the unrestricted case and essentially permanent in the other.
Again. use of the TAMM model for policy analysis shows
results very similar to this latter. restricted case (see Haynes
et al. 1995, pp. 50-64. for examples of this behavior).

Recognizing a price-sensitive land supply, at least as this
process is represented in FASOM. partially compensates for the
imposition of borrowing restrictions. moving projections some-
what closer to behavior observed in the perfect capital market
cases. Access to agricultural lands as potential afforestation
investments provides a significant expansion in nonindustrial
private investment flexibility. Typically, however, this linkage
is neither explicit nor endogenous in forest sector models.
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Appendix

Table AI. Condensed mathematical description of forest and agriculture sector optimization model.

[AI) Max
T

I (I + r)-< [f DF(H,) dR, - F(X" N" M,) - CL(L2A,)
r=()

H, - h(X" N" M,)
R(X" N" M,) - L2A, + LFA,

+ f D A(Q,) dQ, - A(C" S,) - f Sw(W,) dW,]

[A2)
[A3)
[A4)
[A5]
[A6]
[A7)
[A8]
[A9)

Q, - Y(C" S,)
+a(C,)

w(C,) -w,

o
EF
o
EA
o
SFA
SAF
K,

subject to

L2A,- LFA,

L2A,-LFA,
-L2A,+LFA,

P(N"M,)

Note: Time subscripts suppressed on functions, where (in alphabetical order) A(C" S,). costs of producing, processing, and shipping agricultural products
determined by crop-livestock and secondary product output; a(C,), land use in crop-livestock production; CL(L2A,). cost of converting forest land to agricultural
use; C" crop and livestock production; DA(Q,), demand for domestic agricultural products; DF<H,), net demand for products from the domestic forest sector; EF•

EA, initial endowments of forest and agricultural land; F(X
"

N" M,). management (for regeneration and other activities varying with M). harvest, and log
shipment costs; HI' harvest volume from forest sector in period t, determined as a function. h. of areas of existing (X) and replanted (N) stands and their
management intensity (M). K" upper bound on capital available for investment in management; L2A" land moved from forest to agricultural use; LFA" land
moved from agricultural to forest use; M" forest management intensity (comprising four classes); N" area of new forest stands created since the start of
projection (differentiated at each time I by date of planting and date of harvest); P(N" M,). management costs (planting and any subsequent treatments) on
regenerated areas (N) varying with management intensity; Q" production of domestic agricultural products; R(X" N" M,). regeneration of forest X and N areas at
various management intensities, M; SFA. SAF. area (maximum net shift) of land in forests suitable for agriculture and land in agriculture suitable for forest; S"
secondary agricultural processing; Sw(W,). supplies of price-sensitive inputs used in crop and livestock production (irrigation water and labor); WI' use of
price-sensitive inputs in agricultural production determined as a function, w, of crop-livestock production (C); X" area of forest stands that existed at the start of
the projection (differentiated at each time t by initial age and date of harvest); Y( C" S,lo yield of agricultural products from crop-livestock and secondary
processing. The model is structured as a nonlinear programming problem and solved using MINOS within the GAMS programming system (Brooke et al. 1992).
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Abstract. A model of product and land markets in U.S. forest and agricultural sectors is used to
examine the private forest management, land use, and market implications of carbon sequestration
policies implemented in a "least social cost" fashion. Results suggest: policy-induced land use
changes may generate compensating land use shifts through markets; land use shifts to meet policy
targets need not be permanent; implementation of land use and management changes in a smooth or
regular fashion over time may not be optimal; and primary forms of adjustment to meet carbon policy
targets involve shifting of land from agriculture to forest and more intensive forest management in
combinations varying with the policy target.

Key words: afforestation, climate change, intersectoral, land-use change

1. Introduction

Increasing forest area and enhancing productivity of existing forests are two options
being considered by U.S. policy makers to mitigate global climate change through
the sequestration of carbon (C) in forests and forest products. Forests are an attrac-
tive vehicle for policy action, in part because the stocks themselves have values
beyond that of the C sequestered and because programs for expanding stocks have
been used for a variety of other objectives over many decades in the U.S. Thus,
increments of C sequestration may be achievable in conjunction with other objec-
tives of forest policy. Since forests sequester C from the atmosphere as part of the
growth process, any increase in forest biomass constitutes a sink that will reduce the
build-up of atmospheric carbon dioxide. However, anthropogenic activities involv-
ing forests, such as land use change and timber harvest, can alter the amount and
temporal distribution of C storage. In past analyses of C sequestration in forests,
land market interactions, timber harvest, and forest investment have received far
less attention than the biophysical relationships between forest biomass and C

The U.S. Government's right to retain a non-exclusive, royalty free licence in and to any
copyright is acknowledged.



260 RALPH ALIG ET AL.

sequestered. The potential impacts on C storage and fluxes of adjustments in agri-
cultural and timber markets have only been addressed in limited ways (Adams et
al. 1993; Haynes et al. 1994). Opportunities to sequester more C in U.S. forests
include both increasing net growth on existing timberland (Alig et al. 1992) and the
conversion of suitable agricultural land to forest (Moulton and Richards 1990). In
the latter case, programs designed to secure the afforestation of these agricultural
lands could stimulate adjustments in both product and land markets that would
partially offset land use shifts to forestry. Shifting agricultural lands to forestry
should cause agricultural land rents to rise and forest land rents to fall, favoring
a reverse flow from forestry to agriculture of lands not the direct object of the
programs. The effects would be higher program costs and lower net increments in
C sequestered relative to those suggested in static or single sector studies.

We apply a linked model of the U.S. forest and agriculture sectors, with endoge-
nous land use and forest management investment decisions, to examine the conse-
quences of intersectoral market forces on forest C storage, C fluxes, and costs.
We investigate: I) whether the effects of forest C sequestration programs differ
significantly from those suggested in previous studies using static or single-sector
approaches; and 2) the costs and the mixture of land base adjustments obtained
when meeting a specific C sequestration target so as to minimize net social welfare
costs in the intersectoral model. We briefly review previous studies that have esti-
mated costs of terrestrial C sequestration. We then describe base case projections
from our intersectoral model, results from simulation of an afforestation C program
(Parks and Hardie 1995), and projected impacts of meeting specific C sequestration
"output" targets in a least social cost fashion.

2. Methods of Past Studies

Previous studies of C sequestration through afforestation of marginal agricultural
land can in part be differentiated by their treatment of management investment
decisions and land prices in both the forest and agricultural sectors. A group of
single sector studies, such as Haynes et al. (1994), focus on the impacts of various
exogenous levels of land transfers on the forest sector and on forest C storage,
based on econometric models centered on historical land use relationships (Alig
1986; USDA Forest Service 1990). Modeling of land transfers in these studies do
not involve intertemporal feedbacks that recognize developments in agriculture or
implications for forest land prices and the intensity offorest management on private
ownerships. Moulton and Richards (1990) and Parks and Hardie (1995) explicitly
consider the opportunity cost of the current use of land in deriving supply schedules
for C sequestered in trees planted on marginal agricultural land. In Parks and Hardie
(1995), for example, supply curves for transferable land are positively sloped (unit
costs rise as more land is shifted) but are fixed over time with no feedback from
changes in forest and agricultural markets. Moulton and Richards (1990) also pro-
vide supply curves for sequestering C by intensifying timber management on extant
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timberland, but do not consider interactions between the afforestation and timber
management supply schedules. Adams et al. (1993) link a highly simplified model
of forest sector markets (assuming exogenous management investment decisions)
with a detailed model of agriculture that includes agricultural land - the Agricul-
tural Sector Model (ASM) (Chang et al. 1992; McCarl et al. 1993). In a long-run
equilibrium analysis, they establish the costs of land transfers for afforestation
with (partial) adjustment in the agricultural sector, but with no feedback from, or
management adjustment in, the forest sector.

3. Model of Forestry and Agriculture

To allow land exchange and land price equilibration between the forest and agri-
culture sectors, we developed a linked interternporal model of the two sectors.
The Forest and Agricultural Sector Optimization Model (FASOM) is constructed
as a multi-period, price-endogenous, spatial equilibrium market model (Takayama
and Judge 1971). The objective function maximizes the discounted economic
welfare of producers and consumers in the U.S. agriculture and forest sectors over
a finite time horizon: Quantity integrals of demand functions provide total will-
ingness to pay, and the difference between total willingness to pay and production
and processing costs is the sum of producer and consumer surpluses. The model
operates on a decadal time step, with projections made for 9 decades to accom-
modate treatment of terminal inventories. Policy analysis is limited to results for
the 50-year period from 1990 to 2040. Exogenous model elements in the forest
sector component, drawn from the Timber Assessment Market Model (Adams and
Haynes 1996), are held constant after the fifth decade. Terminal inventories (at the
end of the finite projection period) are valued in both sectors, assuming perpetual,
steady state management following the last year of the time horizon (Adams et al.
1996a). Solutions are obtained using a separable programming approach.

3.1. FOREST AND AGRICULTURE SECTORS

FASOM treats only the log market portion of the forest sector. Log demand is
derived from the markets for processed products such as lumber, plywood, and
paper. Logs are differentiated by six product classes: hardwood and softwood
sawlogs, pulpwood, and fuel wood (Adams et al. 1996a). I FASOM describes
private timberland in terms of strata that are differentiated by: nine geographic
regions, two classes of private ownership (industrial and nonindustrial), four forest
types (describing species composition - softwoods or hardwoods - in the current
and immediately preceding rotation), three site productivities (potential for wood
volume growth), four management intensities (timber management regimes applied
to the area)", suitability for transfer to or from agricultural use (four classes for
crop or pasture plus a "forest only" class that can not shift use), and ten 10-year age
classes. Harvest age, management intensity, and forest type decisions are endoge-
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nous for private owners. FASOM simulates the growth of existing and regenerated
stands by means of timb r yield tables that gi ve the net wood olume per hectare in
unharvested stands by age class for each stratum. Public timber harvests are taken
as exogenous.

The agriculture sector component in FASOM is adapted from the equilibrium
price-endogenous ASM. aggregated to regions matching those used in forest assess-
ments (Chang et al. 1992; McCarl et al. 1993). To convert ASM to a (disequi-
librium) decade time step. the basic relations in ASM were treated as if they
represented an annual period and repeated ten times each decade. Demand and
supply components were updated between decades by means of projected growth
rates in yield. domestic demand. exports. and imports. ASM simulates the produc-
tion of 36 primary crop and livestock commodities and 39 secondary. or processed.
commodities. Crops compete for land. labor. and irrigation water at the regional
level. The costs of such inputs are included in budgets for regional production
variables. More than 200 production possibilities (budgets) represent agricultural
production in each decade. including field crop. livestock. and tree production.
Farm policy programs are included only for the first decade in the model (Adams
et al. 1996b; Alig et al. 1996).

FASOM links the land inventories in the agricultural and forest sectors (Alig
et al. 1996). Suitable nonindustrial private land can move. after timber harvest
in the case of timberland conversion. between agricultural and forest uses based
on considerations of inter-temporal profitability and subject to the availability of
resources and the provisions of particular policies. 3 Estimates of the area of conver-
tible forestland are derived from USDA studies and inventories of forestland with
medium or high potential for conversion to crop or pasture use (USDA SCS
1989; 1994). Area estimates for convertible agricultural land are drawn largely
from Moulton and Richards' (1990) study of land suitable for tree planting.
Land balances within sectors and exchanges between sectors are controlled by
constraints.

3.2. CARBON ACCOUNTING

FASOM accounts for forest C and stock changes for lands moving between sectors.
The total C stored in the forest ecosystem of an unharvested stand is composed of
five C pools: 1) tree; 2) woody debris; 3) soil; 4) forest floor; and 5) understory.
FASOM accounts for C losses in nonmerchantable C pools from stands that are
harvested. displaced fossil fuel from the burning of wood for fuel. and C decay in
products derived from harvested timber. FASOM also accounts for differences in
soil and understory C as land shifts between forest and agricultural uses. Soil and
vegetation C on agricultural land is assumed to be a constant that varies according
to land type (cropland and pastureland) and region. When a hectare of land is
afforested, the C account is credited by an amount equal to the difference between
the agricultural level and the higher. steady-state level of soil plus understory C for
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forests. As the forest stand matures, this soil C difference lessens as the soil and
understory C move toward a steady state condition. When forested hectares revert
back to the agricultural sector, the net loss of C associated with the soil, understory,
and timber inventory is accounted for in reverse fashion.

4. Intersectoral Projections

With the linked model, we project a base case (BASE), a simulated fixed afforesta-
tion program assuming a 4.9 million hectare transfer from agriculture to forest
plantations in the 1990s, and three C flux target scenarios. We examine the fixed
afforestation scenario as an example of programs that have been proposed involv-
ing large one-time afforestation actions. In the C target scenarios, we look more
broadly at the land base and management adjustments that would be necessary to
achieve specific C flux trajectories over time.

4.1. BASE CASE

We first consider the BASE and then compare those projections to model results
under the fixed afforestation and C target scenarios. The BASE projection entails
an array of land use reallocations and land management shifts. Assumptions on
exogenous inputs to the BASE case for the forest sector derive from the USDA
Forest Service's 1993 RPA Update (Haynes et al. 1995) while agriculture sector
assumptions were taken from Chang et al. (1992) and McCarl et al. (1993).4

4.1.1. Economic Welfare

Projected welfare measures for the BASE and changes associated with the alter-
native simulations are shown in Table I. Differences in the size of BASE welfare
measures between sectors, while striking, are unimportant to our analysis. We are
concerned only with changes in the welfare measures at the margin, which are not
necessarily proportional in size to the components of the overall welfare estimates.

4.1.2. Land Transfers

Projections of intersectoralland transfers for all scenarios are provided in Table II.
In the BASE, approximately 21.4 million hectares are transferred between sectors
from 1990 to 2039. Forestry realizes a net gain from agriculture of 5.0 million
hectares (Figure I); 2.3 million hectares from crop uses and 2.7 million hectares
from pasture uses. BASE land transfers fall within the range of historical experi-
ence, representing less than 10% of the existing agricultural land base. Indicative of
regional differences in land capabilities, transfers are concentrated in the East. Less
than 0.3 million hectares change use in regions west of the Great Plains. Trans-
fers of agriculture land to forestry use are concentrated in the first two projection
decades. This is due in part to the relatively tight supply and demand situation for
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Table I. Distribution of welfare in the BASE and changes in the Net Present Value"
of selected welfare components for afforestation and carbon target scenarios ($1990
billion)

Base Fixed Carbon Carbon Carbon
Surplus measure case afforestation target I target 2 target 3

Change from the base case
Forest sector
Domestic consumers 2,388.9 0.3 -7.5 5.4 -11.4
Domestic producers 228.8 -0.2 6.6 -4.6 8.9
Totalh 2,753.5 0.2 -1.3 1.2 -3.0

Agriculture
Domestic consumers 34,633.7 -1.4 -76.4 -31.4 -66.0
Domestic producers 956.7 -3.3 39.6 12.3 40.1
Govt. agoprog. costs 44.0 0.3 -2.1 -1.3 -0.1
Totalh 38,965.9 -4.1 -49.5 -21.9 -40.4

Total 41,719.4 -3.9 -50.8 -20.7 -43.4

a Calculated using a discount rate of 4% over 90 years.
h Includes surpluses from foreign trade not shown in detail.

Table lI. FASOM projections for net transfer of land to nonindustrial
private forest from agricultural uses for the BASE and four scenarios,
1990-2039 ('000 hectares)"

Fixed Carbon Carbon Carbon
Decade(s) BASE afforestation target 1 target 2 target 3

1990 2431 3902 8855 6382 2464
2000 4061 3315 -1851 3109 3576
1990-2039 4983 3311 12649 8410 13664

a Positive number indicates net afforestation.

forest products that is influenced by the existing age class structure of forests that
contain limited merchantable volumes.

4.1.3. Forest Management Investment

In addition to land transfers, the BASE involves significant changes in the intensity
of private timber management. One indicator of the intensity of management is
area in plantations, including conversion of hardwood types to softwoods. Relative
to the 1990 level, the BASE adds 15.5 million hectares of private forest plantations
in the first decade (Figure 2), leading to reduced area of naturally regenerated
stands, i.e., fewer low intensity and passively managed hectares. This exceeds
the 9.7 million private hectares planted to forests over the past decade in the
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Figure J. Projected cumulative intersectoralland transfers for the base case, an afforestation
scenario and three carbon target scenarios, 1990--2039.

U.S., with the largest differences on nonindustrial private lands. In the second
decade, private owners add an additional 15.8 million hectares of plantations. For
the remainder of the projection private plantation area rises less rapidly, increasing
about 14% between 20 I0 and 2039. A higher proportion of investments on industry
ownerships is in relatively intensive plantation management (e.g., precommercial
thinning, fertilization, and commercial thinning) compared to nonindustrial lands.

Most of the projected intensification of timber management is in the South
and the Pacific Northwest. The area in commercially-preferred softwood types
rises, with conversion of hardwood types to planted softwood stands. Conversion
of hardwoods is driven by a relative softwood shortage (and rising softwood
sawtimber prices). This, in tum, causes declining harvest volume levels and rising
prices for hardwoods starting around 2020. Despite type changes, only about one-
third of the future private forest landscape would consist of plantations, and most
timberland area in nonindustrial private ownership would still be concentrated in
the two lowest management intensity classes that involve naturally regenerated
stands.

4.1.4. Carbon Projections

Table III shows the projected time path of the C inventory on private timberland.
The initial estimate for the C inventory (1990) is 23.71 gigatonnes (billions of
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Figure 2. Projected pri vate softwood plantation area for base case, afforestation scenario and
three target scenarios, 1990-2039.

metric tonnes), similar to Birdsey's (1992) and Turner et al.'s (1993) estimates. C
storage in the BASE rises at an increasing rate between 1990 and 2009 and at a
decreasing rate thereafter. In the 1990s, the C stock grows by 4%, equal to a "flux"
(or average change in C stock over the decade) of 0.98 gigatonnes per decade.
The BASE flux then attains its maximum level of 1.61 I gigatonnes per decade
during 2000-2009. C fluxes remain positive over the projection, but drop to 0.7
gigatonnes by the 2030s decade.

4.2. ALTERNATIVE SCENARIOS: AFFORESTATION AREA INPUT AND CARBON
TARGETS

4.2.1. Afforestation Program

Afforestation through tree planting has been proposed as one of the less expensive
means of C sequestration in tree biomass (e.g., Moulton and Richards 1990). Here
we simulate a "forced" land use shift from agriculture through afforestation of 4.9
million hectares of pasture land between 1990 and 1999. The model is constrained
to transfer at least the specified amount of land. Once forested, however, we do not
require that these hectares remain in forestry indefinitely, nor do we restrict any
contemporaneous or ensuing shifts in forest or agricultural land that might occur
in response to this initial transfer.
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Reacting to the pasture land transfer to forest plantations, the agricultural sector
increases conversion of other forest land to agricultural use {Table II), demon-
strating that intersectoral responses can lead to outcomes that diverge from those
intended in policy formulation. Compensating adjustments result in more forest
land being converted to agriculture than in the BASE. In the South, the primary
region for the afforestation, the conversion of forest to pasture use almost doubles
compared to the BASE, and some of the afforested land returns to agriculture when
it is first eligible to transfer after timber harvest (once it reaches minimum harvest
age). Thus. the net effect on land area in forest versus agriculture is significantly
smaller than suggested in previous studies using static afforestation cost schedules
(Moulton and Richards 1990; Parks and Hardie 1995). As a result, projected differ-
ences in timber harvest levels and timber inventory volume are relatively small
between the BASE and the afforestation scenario.

4.2.2. Carbon Sequestration Targets

Table III shows the projected C inventory and flux rates for the BASE. In this and
other studies (Birdsey 1992; Turner et al. 1993) the rate of increase in forest C
storage peaks early in the projection period. But policy makers are also interested
in the costs and implications of achieving constant or increasing rates of forest C
sequestration in the face of greenhouse gas emissions that may grow due to rising
population and energy use. To illustrate such policies we developed three scenarios
in which C goals are expressed as a series of decadal C flux targets (Table III).5
Scenario 1 has a constant flux target, the target in Scenario 2 is a flux pattern which
is a fixed amount above the BASE levels in each decade, while Scenario 3 has a
rising long-term C flux pattern. Fluxes in all target scenarios must be at least as
large as those in the BASE in each decade and were further constrained to meet the
following targets by scenario: 1) C flux in all decades no smaller than the maximum
BASE decadallevel of 1.61 gigatonnes per decade; 2) C flux 0.4 gigatonnes larger
than the corresponding BASE rate in each decade; and 3) C flux that starts at the
first-decade BASE level and then grows each decade by an increasing amount of
0.2 gigatonnes per decade (i.e., growth accelerating by 0.2 gigatonnes each subse-
quent decade). All flux targets are held constant after 2040. No restrictions were
placed on how these targets could be met. In light of the model objective function,
the resulting solutions can be considered least social cost allocations of land and
investments to meet the targets, where least social cost is defined as the minimum
loss in the NPV of the welfare of producers and consumers in the agriculture and
forest sectors.

4.2.2.1. Projected Carbon Stocks and Fluxes. Figure 3 shows projections of
changes in C fluxes relative to the BASE. Scenario 1 required a constant C flux of
1.61 gigatonnes each decade, which in the first decade is 0.63 gigatonnes higher
than the BASE flux. This represents a substantial increase in the size of the C
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stock over a short period. To reach this objective, first-decade net afforestation
is 6.4 million hectares higher than in the BASE, more than a three-fold increase.
Net afforestation remains higher in later decades as the target flux stays constant
while the BASE flux declines. By the 2020-2029 decade, for example, Scenario I
requires 6.3 million hectares more afforestation than the BASE case. Viewed from
the agricultural side, the cumulative amount of forest land converted to agricultural
use in this scenario, and the other two C target scenarios as well, is less than in the
BASE.

Scenario 2 required a flux pattern that was 0.4 gigatonnes larger than the BASE
in all decades. In our simulation this entails roughly twice as much net afforestation
as the BASE in the first decade. Following the BASE pattern, however, fluxes
decline in decades after the second. Thus, to sustain the flux differential relative to
the BASE in subsequent decades, Scenario 2 need only maintain the afforestation
base through reduced conversion of forest land to agriculture use. As in Scenario
I, the relatively large amount of afforestation required upfront for the "ramping
up" of C stocks in the initial period provides some added flexibility in subsequent
decades. Beyond afforestation, the average harvest age of stands in some regions
is also reduced in the first decade of the projection, creating more area in younger
reforested age classes with higher growth and C flux.
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Scenario 3 required gradually rising flux rates (though never less than the
BASE). It entail:" a fairly ~teep rise in C flux relative to the BASE after 2019
(Figure 3) with rates by 2040 more than twice the BASE. To reach these higher
long-term targets, Scenario 3 has the largest rates of afforestation in the later decades
of the three targets and as well the largest cumulative amount of net afforestation
(see Figure 1 and Table II).

4.2.2.4. Welfare Effects of Carbon Sequestration. Total net social welfare costs of
the three C target scenarios - representing opportunity costs to society - range from
$20.7 billion for target 2 to $50.8 billion for target 1. These costs reflect the size and
temporal patterns of the targets and illustrate some potentially important trade-offs.
While target 2 involves modest increments in C flux in the first two decades, fluxes
may decline (following the BASE) thereafter. Its costs are lowest in large part
because objectives in these latter periods can be achieved by husbanding initial
afforestation increments with no further major additions to the forested land base.
Under this scenario forest stocks are tailored to meet declining targets through
expanded harvest (accompanied by declining prices) in later decades.

Target I, in contrast, requires larger flux increments both before and after the
2000 decade peak in BASE flux. The higher (present value) of welfare losses
relative to other scenarios results primarily from the sizable shift in agricultural
lands needed to meet flux limits in the first decade. Additional shifts are required
in later periods but amounts are smaller relative to Scenario 3 and have reduced
impact due to discounting. This latter process also explains the lower costs of
Scenario 3. While more acres are afforested in this scenario than in Scenario I, it
is possible to effect the use shifts in a gradual fashion over time, pushing costs into
the distant and more heavily discounted future.

The impacts of the C target scenarios on welfare in the agricultural sector
are consistent with expectations. Consumers' surplus falls in all of the scenarios.
Losses are largest in Scenario I at $76.4 billion (Table I), which involved the
largest amount of first-decade net afforestation (Table II). Reducing the amount
of agricultural land lowers agricultural production and drives up land rents and
agricultural commodity prices. Higher agricultural commodity prices translate into
losses in consumers' surplus. Producer surpluses increase because of the inelastic
nature of agricultural commodity demand curves. The largest increment is $40.1
billion in Scenario 3.

Government costs for agricultural farm and conservation programs are reduced
for all three C target scenarios, which require more net afforestation than the BASE
in the 1990s decade while farm programs are still in effect. More net afforestation
acts to reduce agricultural land availability, increase agricultural commodity prices,
raise the prices consumers pay, and narrow the gap between target prices and
market prices (Callaway and McCarl 1995). This reduces the net present value of
the deficiency payments to farmers, leading to reduced government payments in the
range of $0.1 to 2.1 billion across the three C target scenarios. The largest reduction
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is for Scenario I that had the largest net afforestation in the 1990s, the decade
in the model when farm programs are in effect. Unknown amounts of govern-
ment expenditures to induce the necessary timber management intensification and
afforestation, however, are not considered in this accounting. For example, just
for the fixed afforestation case, total expenditures to induce transfer of the 4.9
million hectares are estimated to be at least $2 billion based on analysis of costs
estimates by Parks and Hardie (1995) and comparisons with FASOM intersectoral
projections. Scenarios I and 2 would both require a substantial additional amount
to induce more net afforestation in the 1990s decade, given that opportunity costs
of alternative land uses and program costs are likely to increase at higher levels of
afforestation.

In the forest sector, the projected effects on welfare of consumers and producers
are reversed between Scenario 2 and Scenarios I and 3. While Scenario 2 had the
smallest area of land use shift from agriculture to forests, it followed declining flux
targets after the 2000 decade, allowing higher timber harvests than in the BASE.
As a result, consumers could gain $5.4 billion under this scenario. Consumer gain
is larger than producer loss, resulting in a net gain to the forestry sector of $1.2
billion. While Scenario 3 had far more land shifted from agriculture, more of the
forest inventory had to be reserved to meet the higher terminal C flux target. Given
the need to increase C storage, product harvest falls and prices rise relative to the
BASE and consumer welfare declines. Projected welfare impacts under Scenario
I are similar to those for Scenario 3 with respect to general types of effects on
producers and consumers, but the timing is switched with most impacts in the first
two decades.

5. Discussion and Conclusions

Policy makers are currently debating the role of forest C sinks in achieving reduc-
tions in atmospheric carbon dioxide. Candidate programs to promote terrestrial C
sequestration can produce complex interactions between the forest and agricultural
sectors as a result of land use changes and alter inter-owner and inter-regional
patterns of investment in forest management. Past studies have examined the
impacts of potential policies with models that: (i) ignore spillovers in the other
sector, or (ii) simply "add up" impacts across the two sectors, ignoring feedbacks
or interactions through the markets for land, or (iii) treat forest management invest-
ment as exogenous. The present study applies a linked model of the U.S. forest
and agriculture sectors that treats both land use and forest management investment
decisions as endogenous.

In the C target Scenarios I and 3, with a constant or growing flux increment
relative to the BASE, afforestation of agriculture land is an important source of
the C inventory increases. These land use shifts were not, however, "once and for
all" shifts. In some cases, large areas shifted from agriculture to forestry early in
the projection and were subsequently allocated back to agriculture in later years.
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This suggests that minimum social cost strategies need not involve smooth or
gradual trajectories of change in C fluxes or in patterns of implementing actions.
Such strategies have more complex intersectoral welfare implications than schemes
commonly considered. In contrast, Scenario 2, with a flux target tied directly to
the BASE, relied more on a combination of retaining land in forest (i.e., smallest
amount of deforestation) and higher amounts of intensively managed forest land
in several of the decades.

The structure of forest management investment is also modified (relative to the
BASE) to grow or retain more wood to meet the C flux targets. Land shifting from
agriculture must first be planted and is placed either into medium or high intensity
management classes. In subsequent periods when these lands are harvested, they
are regenerated into a mixture of the medium and passive management classes.
Areas harvested from the passive class in some cases then shift back into agricul-
ture. Softwood areas in the original forest inventory are managed in a modestly
more intense fashion, with less area shifted to the passive management class. There
is little change in the general pattern of management intensity allocations within
hardwoods, but substantially fewer hectares are converted from hardwood to soft-
wood types compared to the BASE. Over the projection period of 1990 to 2039,
average softwood and hardwood rotation ages are significantly longer.

Among the carbon target scenarios, the present value of surpluses in the forest
sector increases only under target 2, which involves declining flux targets and rising
harvests in the long-term. The (declining) flux pattern of this scenario is similar
to the types of afforestation policies examined in most previous studies of forest
carbon sequestration, as exemplified in our analysis by the fixed afforestation case.
Past studies have generally concluded that such policies would increase net welfare
in the forest sector, a result in accord with our findings for target 2 and the fixed
afforestation case. The remaining cases with stable or rising flux targets, however,
have generally not been considered in previous studies and portray a rather different
prospect. In these scenarios, forest sector welfare declines. Despite relatively large
transfers of land into the forest sector, aggregate harvest output declines, prices
rise, and losses in consumers' surplus outweigh producers' gains.
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Notes

I. Milling residues generated in saw log processing can substitute for pulpwood.
2. The four management intensity classes are: "passive" - no management intervention between

harvests of naturally regenerated aggregates; "low" - custodial management of naturally regen-
erated aggregates; "medium" - minimal management in planted aggregates; and "high" - genet-
ically improved stock, fertilization and/or other interrnediate treatments in planted aggregates.
Specific practices vary by region, site quality, forest type, and agricultural suitability.

3. Land is also exogenously shifted from both forest and agricultural uses of nonindustrial owner-
ships to urban/developed uses along with some timberland reclassified to reserved uses (Adams
et al. 1996b; Alig and Wear 1992).

4. Future climate conditions in the BASE are assumed to approximate those of recent decades.
Using FASOM, Burton et al. (1995) projected relatively small national and regional economic
impacts for timber growth changes of less than 10 percent, as might occur under some global
climate change scenarios.

5. None of the parameters in the scenarios are tied specifically to a projected rate of increase in
emissions since there is no consensus on that projected rate of increase.
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Minimum Cost Strategies for Sequestering
Carbon in Forests
Darius M. Adams, Ralph]. Alig, Bruce A. McCarl,
fohn M. Callaway, and Steven M. Winnett

ABSTRACT. This paper examines the costs of
meeting explicit targets for increments of carbon
sequestered in forests when both forest manage-
ment decisions and the area of forests can be var-
ied. Costs are estimated as welfare losses in mar-
kets for forest and agriculwral products. Results
show greatest change in management actions
when targets require large near-term flux incre-
ments, while land area change is largest when
long-term increments are needed. Marginal cases
per tonne of carbon flux do not vary greatly with
the form of the target and are similar to findings
of earlier studies for comparable size of average
carbon flux increment. (JEL Q23)

1. INTRODUCTION

Sequestering carbon in forests and forest
products is a potentially useful mechanism in
global efforts to offset expanding gre~nhouse
gas emissions (see, for example, United Na-
tions 1992). In the United States, the Clinton
Administration's 1993 Climate Action Plan
called for near-term incremental carbon sav-
ings of some 10 million metric tonnes (Mrnt)
per year through various activities in the for-
est sector (Clinton and Gore 1993).1 The po-
tential for expanded rates of forest carbon
sequestration or net carbon flux beyond 10
Mmt annually appears to be substantial, how-
ever, and an array of recent economic studies
have examined the costs of attaining higher
rates.' In most of these studies, the sole vehi-
cle for expanding flux is the afforestation of
agricultural land. Consideration of afforesta-
tion is certainly critical, since it will likely
form the backbone of any program to obtain
major expansions in forest carbon flux, but it
need not be the only focus for policy action.
Rates of forest carbon flux can also be modi-
fied through changes in management on ~x-
isting and future forests, without drawing
new land into the forest base. In addition, the
time patterns of flux change attainable with

afforestation alone are limited. Other man-
agement actions may be needed, particularly
if large near-term flux increases are required.

This paper examines the costs of meeting
incremental forest carbon flux targets in the
United States, when both forest management
actions and the area of forests can vary. Costs
are estimated as the welfare losses in the
markets for forest and agricultural products
incurred in pursuing various flux policies
over the first five decades of the program. We
consider a representative range of flux target
scenarios and identify the mixes of manage-
ment actions and land transfers needed to
meet these targets at minimum social cost. In
the following sections we describe the meth-
ods and models used to estimate costs, deri-
vation of the example targets, and projection
results. A concluding section discusses the
implications of our analysis for forest carbon
sequestration policy.

The authors are, respectively. professor. Department
of Forest Resources. Oregon State University; research
forester. U.S. Forest Service, PNW Research Station;
professor, Department of Agricultural Economics.
Texas A & M University; research scientist. Risoe Na-
tional Laboratory, Roskilde, Denmark; and policy ana-
lyst, U. S. Environmental Protection Agency. Northeast
Regional Office. This research was supported by grants
from the U.S. Environmental Protection Agency and the
U.S. Forest Service. The comments of two referees lead
to substantial improvements in this manuscript.

I The 1997 Climate Action Report (U.S. Department
of State 1997) recognizes that. due to funding limita-
tions. forest sector actions are likely to achieve addi-
tional annual sequestration of only .4 Mmt by 2000
(ramer than 10 Mrnt) and 2.2 Mmt by 2010.

1Studies include Moulton and Richards (1990). Ad-
ams et al. (1993), Parks and Hardie (1995). Richards.
Moulton. and Birdsey (1993). Sedjo et al. (1995). and
Stavins (\996).
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II. METHODS FOR ESTIMATING
COSTS AND CARBON FLUX

In reckoning the costs of carbon seques-
tration programs. many previous studies have
limited attention to the direct costs of affores-
tation. plus the compensation or subsidies re-
quired to induce owners of agricultural land
to shift its use to forestry. The present analy-
sis measures cost as the net change in pro-
ducer and consumer surpluses in markets for
forest and agricultural commodities.' We em-
ploy a model of the U.S. forest and agricul-
tural markets in which the sectors are linked
through the market for land. Alternative
carbon flux targets are examined by con-
straining the model to find market solutions
that allow achievement of the targets. Wel-
fare differences between constrained and un-
constrained results provide estimates of im-
pacts on market participants and include the
conversion and land use opportunity costs of
previous studies.

This is, of course, a partial equilibrium
analysis. Our model explicitly treats primary
producers in both forest and agriculture sec-
tors, but includes only a portion of the verti-
cal market structures, stopping short of final
consumers. Welfare impact estimates derived
from the model, under conditions described
by Just, Hueth, and Schmitz (1982), may re-
flect changes in the main markets of the for-
est and agriculture sectors, but not in tribu-
tary factor or product markets where we have
assumed (as is customary) fixed prices. Fur-
ther, we do not consider any impacts on ame-
nity, existence, or other non-commodity val-
ues in the two sectors that might arise from
changes induced by a carbon sequestration
policy. Finally, we consider only adjustments
in private forest land and management.
While public forest lands will play some role
in meeting carbon targets, policy directions
are not at present clear and we have assumed
that their management and harvests are held
constant in their current form and levels in
all projections.

Within the conditions noted above, the
aim of the present study is to identify what
can be termed minimum social cost strategies
to achieve forest carbon flux targets and to
characterize the associated resource and

management changes comprisina these strat-
egies. While we offer some comments on the
nature of public programs to implement these
chang~s 10 the concluding section. specific
analysis of policy vehicles is left to futur re-
search.

Market Model

Estimates of flux tarzet costs were ob-. 0
tamed from simulations usinz a rnerzed

o '"model of the U.S. forest and agriculture sec-
tors (Adams et a1. 1996). The combined
model employs a joint objective function,
maximizing the present value of producers'
and consumers' surpluses in the markets of
t~~ two sectors. and restrictions on the dispo-
sition of the land base that is suitable for use
in either sector. The combined structure is an
optirnizing-interternporal, spatial-equilibrium
market model that simulates prices, produc-
tion, consumption, and management actions
in the two sectors. Producers are assumed to
have full knowledge of current and future
market conditions and access to perfect mar-
kets for capital. Simulations proceed on a de-
cade time step with a nine decade time hori-
zon to accommodate treatment of terminal
inventories. We limit our policy analysis to
results for the 50-year period from 1990 to
2040. All prices and costs are deflated (in
1990 dollars) and the real discount rate
was 4%.

Treatment of the forest sector is restricted
to the market for logs, which are distin-
guished by species (hardwood and softwood)
and product (sawlogs, pulpwood, and fuel-
wood). Demand functions for logs were de-
rived from solutions of the TAMM and NA-
PAP models (Adams and Haynes 1996; Ince
1994). The resulting functions shift over the
decades of the projection. They incorporate
endogenous adjustments and substitution re-
sponses in the TAMM and NAP AP models,
as would be observed in a l Osyear period,
and are more elastic than the short-run rela-

l Examples of the former approach include Moulton
and Richards (1990). Parks and Hardie (1995). and
Stavins (1996). Efforts to measure costs in a market
context are less numerous and include Adams et al,
(1993).
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tions found in TAMM and NAPAP.~ Log-
processing capacity is limited in each time
period and decisions to purchase additional
capacity are treated as endogenous. Output in
certain product categories can be used as
substitutes (sawlogs for pulpwood, pulpwood
for fuel wood) and residue generated in saw-
log processing can replace pulpwood. Export
demand and import supply relations are used
to represent options for log trade with other
countries.

Private timber inventories are modeled us-
ing the' 'linear forest" structure described by
Johansson and Lofgren (1985) or the" model
II" form of Johnson and Scheurman (1977).
We distinguish timberland by age class, for-
est type, management intensity, suitability
for agriculture, and site quality, for nine do-
mestic regions and two ownerships (indus-
trial and nonindustrial). Harvest age, man-
agement intensity, and forest type decisions
(when regenerating harvested land) are en-
dogenous. Log supply from public lands is
fixed.

An earlier equilibrium model described by
Chang et al. (1992) was expanded and
adapted to describe the agricultural sector. Its
objective maximizes the present value of
consumer willingness-to-pay net of the costs
of factors and transportation. Demand elas-
ticity estimates were drawn from a variety of
sources (see Chang et al. for discussion) to
reflect substitution options and potentials
consistent with our 10-year time interval.
Production activities are represented by po-
tential budgets for different types of crops,
cropping methods, and options for secondary
processing. Within in each region, crops
compete for price-sensitive labor, irrigation
water supplies, and a land base, a portion of
which is comprised of land converted from
forests.

The land bases for agriculture and forestry
are linked. We treat land use decisions on in-
dustrial ownerships as exogenous, but a por-
tion of nonindustrial land is suitable for both
uses and may move between them as land
rents dictate. The extent of convertibility of
forest land to agriculture was estimated from
data in the National Resources Inventory and
the Second RCA Appraisal (USDA, SCS
1989; USDI, NRCS 1996). Limits on agricul-

tural land that might be converted to forests
were derived from Moulton and Richards
( 1990).

A mathematical outline of the model is
given in the appendix. Notation and sub-
scripts relating to time, region, products,
ownership, and land classification have been
omitted, with the exception of the initial time
s~mmation in the objective function (appen-
dix equation [A I]) to suggest the interternpo-
ral nature of the problem.

In the forest sector, decision variables in-
clude forest production (C), harvest and re-
generation of existing and newly created for-
est stands over time (E and R), and the
intensity of management on these areas (I).
In the agriculture sector, endogenous vari-
ables include agricultural output (A), primary
(cropllivestock) and secondary production (F
and 5), and use of price-sensitive agricultural
inputs (L, irrigation water and labor). Land
movements between forestry and agriculture
are represented by the variable ITA, and
from agriculture to forestry by ATF. Since
there are many qualities of land represented
in the model, both IT A and ATF can be non-
zero in any period. The movement of land
between sectors is controlled by equations
[3], [5], [7], and [8]. The value of an acre of
forest land converted to agriculture is the op-
portunity cost of diverting it from forestry,
plus costs of conversion (the function Ce),
plus any implicit returns to the limits on land
suitable for conversion [7]. This is the
shadow price of relation [3]. Analogously,
the value of an additional acre converted
from agriculture to forestry, subject to limits
on lands suitable for conversion in [8], is the
shadow price of relation [5].

If the carbon target constraint [9] is opera-
ble, management activities in both sectors (E,
R, I, F, and 5) may change and as well the
extent and timing of any land transfers. There
is one constraint [9] for each period, and we
simulate alternative carbon flux trajectories
by allowing Tc to vary in different patterns
over the projection. The shadow price of this

• For example, the elasticity of demand for softwood
sawtimber. the largest single volume category. is 2-3
times larger than in comparable functions in the TAM!"I
model.
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constraint in any period t is the present value
of the costs in that and all subsequent periods
of an extra unit of carbon flux in period (.
Thus there is a "marginal cost of carbon" in
each period, and these costs will vary with
the time path of Tc-

Carbon Inventories

Our carbon accounting includes stocks on
forest and agricultural lands and changes as
lands move between sectors (Adams et al.
1996)-this accounting underlies the func-
tions {)'CF and {)'CA in equations [9] of the ap-
pendix. Forest carbon comprises five pools:
tree, woody debris, soil, forest floor, and un-
derstory. The extent and relative importance
of these pools vary as stands age and by re-
gion, forest type, site productivity, and man-
agement intensity. Carbon inventory change
(carbon flux) can be influenced by modifying
the mix of these forest characteristics as well
as by changing the aggregate forest land
base. When a stand is harvested, we estimate
losses in the nonmerchantable pools (debris,
soil, etc., other than tree boles), gains due to
displacement of fossil fuels by use of wood
for fuel, and carbon losses over time in prod-
ucts derived from the harvested portions of
trees.' Differences in soil and understory
pools as land shifts between forest and ag-
ricultural uses are also recognized. Carbon in
soils and vegetation on agricultural lands is
assumed to be a constant that varies by type
of agricultural practice and region.

III. FOREST CARBON
SEQUESTRATION OPTIONS AND
ALTERNATIVE FLUX TARGETS

Much recent analysis of forest carbon se-
questration has focused on expansion of the
area of forests through afforestation of ag-
ricultural lands. Either in a one-time ap-
proach (planting some fixed area and
allowing it to mature), or a cumulative pro-
gram of plantings staggered over several pe-
riods, the basic time pattern of carbon flux
achievable in the near term is limited to a
gradually rising form. As planted stands in-
crease in age, their growth rises, peaks, and
then declines. The details of this pattern vary

markedly by species, region and rnanase-
ment regime (as Richards 1993 notes) but ~he
basic form is the same. For a one-shot affor-
estation program, aggregate carbon flux of
the plantation would follow this same gen-
eral pattern. For a sequence of plantings, (he
flux of the aggregate would show a lonzer
"flatter". peak, but would ultimately drop- at
some POlOt after the final planting.

The benefits of sequestering carbon derive
from the avoidance or reduction of darnazes
resulting from climate change in the future.
Greenhouse gas emissions are thouzht to
contribute to climate change in a cumulative
fashion. As a consequence, an incremental
unit of carbon sequestered at some future
point, when atmospheric concentrations of
greenhouse gases have grown to high levels
and climate has been modified, will have less
impact on then extant climate conditions and
damages than a unit sequestered at an earlier
time. While little is known about the nature
of damages likely to result from global
change and the further link of these to accu-
mulation of greenhouse gases, there is some
likelihood that climate change and associated
damages will respond only with a lag to (and
at different rates than) changes in greenhouse
gas emissions and atmospheric concentrations.

Given these potential lags between
changes in net emissions, climate change and
damage, policy analysts may wish to con-
sider forest carbon sequestration options that
have larger near-term flux targets than would
result from plantations alone. Meeting such
targets would entail changes in the manage-
ment of existing stands and reforested areas
as well as the expansion of the forest land
base and the treatment of afforested lands."

S The "fate" of carbon in different types of forest
products influences the time path of carbon stocks. Thus
the mix of forest products produced and used is a fur-
ther issue in forest carbon policy. The three classes of
products in the present model (saw logs, pulpwood, and
fuelwood) have markedly different patterns of carbon
storage and release in consumption. These patterns in-
fluence forest management and land transfer decisions
in our model but we do not consider constraints on
product mix as a policy tool in the present study.

6 Reforested stands refer to forest lands that"are har-
vested and replanted or allowed to regenerate naturally.
Afforestation refers to planting of lands previously in
some non-forest use.
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TABLE t
CARBON TARGET DEFINITlONS AND CARBON SEQUESTRATION RELATIVE TO BASE (No CARBON

POLlCY) CASE FOR THREE CLASSES OF TARGETS: (lA-tO) CONSTANT FLUX, (2A-2C AND 2D-2f)
DEPARTURES FROM BASE FLUX IN NEAR-TER..'1 RETURNING TO BASE PA ITERN THEREAFTER, AND

(3A-3C) GRADUALLY RISING FLUX

A verage Annual
Average Annual

Definition
Flux Increase

Target Flux (Mrnt) over Base (Mrnt)

BASE 117.6

IA MAX BASE FLUX ALL PERIODS 161.1 43.4

IB MAX BASE FLUX + 100 million mt 171.l 53.4

lC MAX BASE FLUX + 200 million mt 18l.! 63.4

lD MAX BASE FLUX + 300 million mt 191.1 73.4

2A +200 million mt OVER BASE FROM 1990 137.6 20.0

2B + 300 million mt OVER BASE FROM 1990 147.6 30.0

2C +440 million mt OVER BASE FROM 1990 161.6 44.0

20 +200 million mt OVER BASE FROM 2000 133.6 16.0

2E + 300 million mt OVER BASE FROM 2000 141.6 24.0

2F +550 million rnt OVER BASE FROM 2000 161.6 44.0

3A +400 million mt OVER 1990 BASE BY 2040 140.8 23.2

3B +800 million mt OVER 1990 BASE BY 2040 157.1 39.4

3C + 1120 million rnt OVER 1990 BASE BY 2040 171.5 53.8

Specific actions could involve: (1) changing
harvest ages for existing stands; (2) shifting
the species planted and intensity of manage-
ment on reforested or afforested areas; and
(3) altering the site, regional, and ownership
concentrations of (1) and (2). Even in the
customary case of gradually rising flux tar-
gets, this same array of options should be
considered as a potential means of reducing
costs.

The effective carbon goal for the U.S. for-
est sector in the first Climate Change Action
Plan (Clinton and Gore 1993) was to main-
tain a stable-to-rising flux pattern over the
next several decades. In the present study, we
consider this and several other flux patterns
within three broad classes: (1) constant flux,
(2) increases in near-term flux, and (3) gradu-
ally rising flux, as detailed in Table 1. All of
the targets are defined relative to a "base"
case with no forest carbon policy. As illus-
trated in Figure 1, the base involves an in-
crease in flux of some 1.25 gigatonnes per
decade between the first and second decades
with declining rates thereafter. The constant
flux targets in the first group (e.g., lA in Fig-
ure 1) emulate the general intent of the Cli-
mate Change Action Plan in maintaining sta-
ble fluxes at or above the second decade
peale This entails large flux increases relative

to the base in both the near and long-term.
Targets in group (2), in contrast, are less am-
bitious, aiming to increase near-term flux
while requiring that future fluxes only main-
tain their positions relative to the base (and
so may decline but never fall below the
base). This group is further divided into a set
forcing departure from the base in the 1990s
decade (2C in Figure 1) and a second set with
the departure delayed to the 2000s decade
(2F in Figure 1). The third class follows the
usual pattern of gradual flux increases associ-
ated with plantations, except in decades
where the base flux is larger than the target
would have been (3B in Figure 1).

IV. PROJECTION RESULTS

A central concern of the present study is
the identification of opportunities to meet
forest carbon flux targets through modifica-
tions in forest management (beyond the cus-
tomary approach of adding land to the forest
base). Table 2 presents five measures or indi-
cators of management actions (in addition to
area shifts): changes from base case levels
for: (1) average harvest age; (2) a "manage-
ment intensity index" computed as the area
weighted average management intensity
class (lowest class rated as 1, highest as 4);
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FIGURE 1
CARBON FLUX TRAJECTORIES FOR BASE CASE AND SELECTED TARGETS

and (3) average timber volume per unit
area, and national percentage levels for (4)
softwood/hardwood species mix and, (5)
geographic concentration of forest inventory.
Simulation results in Table 2 compare the
base case and selected targets from the four
classes defined in Table 1 which have
roughly comparable average annual flux in-
crements relative to the base (between 39 and
44 million rnt per year). Changes during the
first two decades are shown separately from
those for the full 50 years to help identify ac-
tions needed to meet the near-term elements
of the targets.

Land Base and Management Changes

In all cases, meeting targets entails shift-
ing land from agriculture to forests at some

point during the first five decades. Targets in
classes 1 and 3, with large long-term flux tar-
gets, shift more area from agriculture over
the projection, but most of this occurs after
the second decade. Targets in class 2, that
roughly parallel base flux patterns, shift
smaller areas but do so earlier to meet the
high-flux requirements in decades 2 and 3.

Since the weight of carbon in a forest sys-
tem is a different measure of forest biomass
than the timber volumes used in the model's
harvest yield relations (these are the func-
tions CF' and c, respectively, in equations (91
and [2]), changes in harvest age may be use-
ful in varying rates of carbon uptake. Results
in Table 2 indicate that for softwoods
chancres in average harvest age are employedo ..
mostly to meet long-term restncuons. For
hardwoods, however. a somewhnt larger part
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TABLE 2
RESULTS OF CARBON TARGET SIMULATIONS FOR SELECTED TARGETS, 2 AND 5

DECADE INTERVALS, AND SOFTWOOD AND HARDWOOD SPECIES

Target Soft

Interval -7 First 2 Decades All Years

Soft HardHard

Net Land Exchange: AG to for +, for to ag -

Thousand Acres

IA
2C
2F
3B

Average Harvest Age

3386
10339
13225
3405

% Change from Base

20342
14332
16826
28465

IA
2C
2F
3B

0.1%
0.39'0
0.1%
0.39'0

Management Intensity Index

-2.5%
1.9%
0.4%

-4.5%

1.6%
1.69'0
0.4%
1.5%

0.7%
2.4%
1.3%

-0.8%

% Change from Base

IA 2.5% 1.0% 3.2% 4.9%
2C 3.49'0 1.0% 2.4% 3.8%
2F 1.7% 0.0% 2.0% 2.2%
3B 0.8% 0.5% 2.4% 3.8%

Volume of Timber per Unit Area

% Change from Base

1A
2C
2F
3B

2.8%
1.4%
1.4%
2.8%

Softwood Species Area

0.0%
0.9%
0.0%

-0.9%

5.8%
6.5%
4.5%
3.2%

2.4%
4.0%
2.4%

-0.8%

Base
IA
2C
2F
3B

Southern Inventory

37.1%
36.5%
37.1%
36.9%
36.3%

% Private Forest Land in Softwoods

South as % of U.S. Private Forest Land

41.9%
40.6%
41.3%
41.6%
40.5%

Base
IA
2C
2F
3B

54%
52%
52%
54%
53%

54%
54%
54%
54%
53%

59%
57%
57%
58%
58%

54%
51%
53%
53%
49%
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of the initial (1990s) inventory is comprised
of older stands. As a result, harvest ages in
the near term may actually be reduced in
some cases as these older stands are replaced
with more rapidly growing hardwood regen-
eration. The overall percentage changes are
small in both species, representing average
adjustments of roughly one year for the tar-
gets shown.

Management intensity is represented in
our model by a set of discrete classes with
varying timber and carbon yields and costs.
Higher management intensity classes have
faster growth and carbon uptake. As illus-
trated by the management intensity index re-
sults in Table 2 (measured as changes from
base levels of the index), early management
intensification is particularly important in the
scenarios requiring larger first-decade flux
increases (1 A and 2C) and is larger for soft-
woods than hardwoods. Long-term manage-
ment intensity changes, in contrast, are larger
for hardwoods. This pattern reflects the array
of management options available for the two
species in the present analysis. Softwood
growth can be increased in the near term
through increased use of plantations (as op-
posed to natural regeneration). Hardwood
management intensification, in contrast, in-
volves variants of natural regeneration, with
significant yield increases occurring only
after several decades.

Timber volumes per unit area carried on
forest lands (termed "stocking") provide a
further indication of management intensity.
Consonant with findings on the intensity in-
dex, softwood stocking rises early in the pro-
jection and remains higher, while hardwood
stocking increases occur mostly in periods 3
through 5. Expansion in hardwood stocking
is smallest (or even negative) in scenarios
with higher long-term targets.

Hardwood and softwood species grow at
different rates and sequester different
amounts of carbon. Thus the choice of spe-
cies mix over time is a further potential tool
in meeting carbon flux targets. In all cases in
Table 2, the proportion of softwoods in total
private forest area is reduced relative to the
base. This occurs because the conversion of
hardwood stands to softwoods on existing
forest lands is reduced relative to the base in

all the targets. Changes in softwood area are
larger after the second decade and for the
scenarios with large long-term targets (lA
and 3B).7

A final issue, addressed in several recent
forest carbon studies, is the geographic con-
centration of modifications in rnanazernent

"and/or forest land area. Past studies have
generally found that the South, with its rap-
idly growing coniferous species and large ar-
eas of marginal crop and pasture land, was
the most effective location for carbon planta-
tions. In the present study, however, the
largest share of incremental forest lands
comes in the North, particularly in the Lake
States region. These area changes are trans-
lated in Table 2 to the fraction of total U.S.
timber inventories in the South. We see that
the share of southern inventories is stable to
declining in all target classes, with particu-
larly large reductions in the cases with high
fluxes in decades 4 and 5.

Costs of Carbon Flux Targets

Table 3 presents cost, carbon flux, and
land use transfer measures for the 13 target
scenarios together with comparative esti-
mates from four studies of forest carbon se-
questration employing a national land base.
Column.3 gives a commonly used measure
of average discounted cost or "cost effec-
tiveness" per tonne of carbon sequestered.
This measure is computed as the decadal dis-
counted value of total costs divided by the
average decadal flux. For targets with
roughly comparable increments in average
annual flux (denoted in column 1 by b), aver-
age costs using this measure are not greatly
dissimilar. Compared to the results of previ-
ous studies shown in Table 3, however, we
find average costs to be roughly twice as
large for cases with equivalent increments in
average annual flux (recall that our costs de-

7 In the initial decade, softwoods comprise some
33.4% of the total timberland base of about 340 million
acres. A reduction in softwoods from 33.4% to 32.4%
(and a corresponding increase in the hardwood area
from 66.6% to 67.6%) in the early periods of the projec-
tions would represent a movement of about 3.4 million
acres. Thus, while the percentage shifts are small, the
area changes involve millions of acres.
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TABLE 3
ESTIMATED COSTS OF CARBON TARGETS AND COSTS FROM PAST STUDIES

Annual
Flux

Increase Land Shift: Average Cost: Average Cost:
Relative Agriculture U ndisccunted Discounted Marginal
to Base' to Forests Carbon Carbon Cost

Target or (Mmt/yr) (Million acres) (51 mt) (S/mt) (S/mt/yr)
Scenario (I) (2) (3) (4) (5)

IA 43" 20 21 26 15
IB 53 25 23 27 17
IC 63 30 25 29 19
10 73 34 26 29 21
2A 20 8 17 17 5
2B 30 10 19 19 8
2C 44' 14 22 22 II
20 16 7 13 17 5
2 24 10 IS 20 6
2F 44' 17 22 28 II
3A 23 16 15 33 12
3B 39' 28 18 37 15
3C 54 38 19 39 IS

Moulton and 23 9 9 9
Richards 45' 21 10 II
(1990)

Richards et al. 44' 25 9-22
(1993)'

Adams et al, 29 3 13
(1993) 56 50 7 19

Parks and 44' 22 12 21
Hardie 88 22 51
( 1995)

'Average base flux is 118 Mrnr/year .
• Denotes scenarios with roughly equivalent average annual flux increment relative [0 base referenced in text
'Values estimated from figures for a 7.8 billion short [on program over 160 years. Marginal costs vary with assumptions on

discount rate, agricultural land demand elasticity. and agricultural land availability. Carbon is discounted.

rive from welfare estimates while earlier
studies consider only direct plantation sub-
sidy payments),

This average cost measure, or any of its
variants (see Richards 1997 for a review),
fails to account for the time pattern of bene-
fits (loss or damage reductions) arising from
changes in forest carbon flux. Since incre-
mental carbon sequestration is spread
through time, presumably its impacts are as
well. To accommodate the time distribution
of benefits, Richards (1993; 1997) suggests
discounting the physical carbon flux values
as well as the costs. This approach would

yield an exact index if damage reductions
were a fixed function of incremental carbon
sequestered and if this link between damages
and carbon was invariant over time. It is not
obvious that this is the case, however, given
the potential lags between atmospheric con-
centrations of greenhouse gases and climatic
changes. Nonetheless, discounting of the
physical volumes gives an indication of the
direction of the effects of discounting bene-
fits on the cost effectiveness (cost/benefit)
measure. Column 4 provides a measure of
this sort, being computed as the ratio of an-
nualized discounted costs to annualized dis-
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counted flux increment. In this instance, sce-
narios with major flux increments late in the
projection (2F, 3B) have higher costs than
those with earlier increments (2C, lA).

Column 5 of Table 3 gives, for each tar-
get, the annualized value of the shadow price
of a one tonne per year increase in forest car-
bon flux in all years of the projection. In Fig-
ure 1 this change would appear as a uniform .
10 million tonne per decade vertical shift in
the flux target trajectories. The flux target
constraints (9) limit period-to-period change
in the carbon stock to be at least as large as
the targets. Thus, a one tonne increase in any
period's flux target (ceteris paribus) trans-
lates into a one tonne increase in carbon
stock in that and all future periods. Raising
the flux target in every period results in cu-
mulating increments in the carbon stock. The
cumulated shadow prices of the flux con-
straints over all periods is the present value
of all future costs associated with a sustained
one unit increase in flux. This is the marginal
cost of forest carbon (as column 5 is headed)
employed in this study. Given the policy im-
portance of carbon flux, this is a reasonable
approach to the definition of marginal costs.
The time patterns of carbon stock and flux
changes are also similar to those found in
other studies where additional units of car-
bon were obtained exclusively by afforesta-
tion of additional land in the initial period of
the analysis. The result, as in our study,
would be an acceleration in the accumulation
of the carbon stock and an upward shift in the
flux pattern over time as more land is added.

As illustrated at the bottom of Table 3, es-
timates of the marginal cost of an extra tonne
of carbon at comparable annual flux incre-
ments have increased modestly in past stud-
ies as models of the land use decision process
have become more detailed and comprehen-
sive. Adams et al. (1993) find higher costs
than Moulton and Richards (1990) in a long-
run equilibrium analysis that considers a
broader range of impacts, including those on
consumers and producers in both agricultural
and forest products markets. Parks and Har-
die's (1995) estimates are still higher, in part
because they employ a smaller land base than
Moulton and Richards (Hardie and Parks

1995). For comparable levels of averaze an-
nual flu~ increase (.b in column 1), the p~esent
study YIelds marginal cost estimates within
the range of earlier work. The form of the
~ux change appears to have only a limited
Impact on the le el of marginal cost (ranging
from $II-IS/mt/year for scenarios l A, 2C,
2F, 3B). Variation within the classes of tar-
gets is greater, and the patterns of rnarzinal
costs within scenario groups are simil~r to
those for average costs.

That our marginal cost results are similar
t~ findings of past studies is noteworthy,
given the markedly different nature of our
modeling approach. Earlier studies with a na-
tional scope have generally focused on the
process of shifting land from agriculture to
forestry and, excepting Adams et a1. (1993),
the reckoning of costs has been limited to di-
rect government payments to producers (for
planting and rent subsidies) using a fixed
schedule of agricultural land rental values.
Once subsidies exceed rent plus conversion
differentials, land shifts uses. In the present
study, costs are net changes in surpluses in
both agricultural and forest markets for con-
sumers as well as landowners/producers, rent
schedules are dynamic because of explicit
product markets, and land may shift in both
directions.'

Table 4 illustrates the potential distribu-
tional impacts of achieving the various flux
targets. In the forest sector, consumers lose
in all but one scenario, and these losses are
not fully offset by gains to forest producers.
The largest single source of loss for most tar-
gets is agricultural consumers. Like forest
consumers, this group also loses in all but
one case, while impacts on agricultural pro-
ducers are mixed. Neither sector shows a net
gain in any scenario.

Varying discount rate and inflation as-
sumptions could confound comparisons of

I Both the present analysis and past studies assume
"frictionless" land use change. Though measured dif-
ferently, as we note, the costs of land use change are
the opportunity costs of the foregone use plus conver-
sion. Work by Stavins and Jaffe (1990) and Stavins
(1996) suggests that actual land use transfers may be
less fluid and require subsidies in excess of the measur-
able or imputable opportunity costs.
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TABLE 4
INCIDENCE OF WELFARE IMPACTS ON CONSUMERS AND PRODUCERS IN THE

FOREST AND AGRICULTURE SECTORS DUE TO CARBON TARGETS

Present Value of Change From Base $ Million 1990

Forest Forest Agriculture Agriculture
Target Consumers Producers Consumers Producers

IA -1.154 933 -2,492 1,197
IB -1,269 1,022 - 3,463 1,660
IC -1.395 1.075 -4,558 2.061
10 -1,835 1.460 - 5,373 2,..06
2A 170 -226 -925 491
2B -150 73 -1.779 892
2C -674 507 - 3.305 1.746
20 -387 286 -182 -86
2E -629 501 -476 -64
2F -788 593 -2.422 754
3A -1.327 1,117 311 -733
3B -1.618 1,251 -826 -315
3C -1.926 1.376 -1,7'22 -81

our results and those of earlier studies,
though there do not appear to be great dispar-
ities in this respect. For example, both Parks
and Hardie (1995) and Richards, Moulton,
and Birdsey (1993) use deflated prices
($1987 and $1992, respectively) as we do
($1990) and real discount rates that are the
same as, or bracket, the 4% rate used in our
study. To consider this issue further, we de-
veloped simulations to explore the interest
rate sensitivity of our results. Since the origi-
nal carbon targets were defined relative to the
base projection and the base projection
changes when the discount rate is altered, it
is not possible to compare the original sce-
narios run at alternative discount rates. For
this purpose we employ a constant absolute
flux target, similar in form to scenarios lA-
D (see Table I and Figure 1), with a level set
at 1.8931 gigatonnes per decade for all de-
cades. The following tabulation summarizes
results:

Annual Average Average
F1ull: Cost: Cost:

Interest Increase Undiscounted Discounted Marginal
Rate from Base Carbon Carbon Cost
(%) (Mmt/yr) (SImI) (Slmt) (S/mt/YR)

3
4
5

31
26
22

35
28
26

27
21
17

56
n
82

As the interest rate rises, the model projects
higher near-term harvests, lower long-term
cut, and lower average carbon inventories in

. the base cases. Thus the constant flux target
employed in these simulations requires larger
flux increments relative to the base and en-
tails larger undiscounted costs with rising in-
terest rate. Nonetheless, the discounting im-
pact of the rising rate is sufficient to yield
falling average and marginal costs across the
range of rates examined. Richards, Moulton,
and Birdsey (1993) found rising marginal
costs with interest rate, but this may be due
(as they suggest) to their use of discounted
carbon in their total and marginal cost com-
putations.

Hardie and Parks' (1995) comparative
analysis of cost results from forest carbon re-
serve studies suggests that treatment of land
base and carbon yield curves may also play
important roles in explaining differences be-
tween studies. Our forest land base includes
all (commercial) timberland in the U.S. pri-
vate forest sector and hence is larger than
the base of past studies. This is critical to our
objective of examining the potential role
of variations in management practices as
sources of additional carbon flux. At the
same time a larger base could offer addi-
tional and cheaper alternatives for plantation
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establishment than were available to past
studies and so draw our costs down. Our ag-
ricultural land base was derived from the
same acreage and resource data as Moulton
and Richards (1990) and Parks and Hardie
(1995), and like the latter study we exclude
the semi-arid lands of the Northern and
Southern Plains from consideration for affor-
estation. This could raise our costs relati ve to
Moulton and Richards (1990) who included
these areas, but not relative to Parks and Har-
die (1995) who excluded them.

Stand level carbon yield estimates for the
present study were derived from essentially
the same source as past studies (Birdsey
1992), but with additional adjustments for
carbon dynamics in woody debris as sug-
gested by Turner et al. (1993). Once timber
is harvested we also attempt an accounting
for the "fate" of carbon in harvested prod-
ucts and the residuals left in the forest. While
it is difficult to show a direct comparison, the
carbon yield structure in the present study
should be similar to that used in Parks and
Hardie (1995) and, as Hardie and Parks
(1995) illustrate, lower than yields used by
Moulton and Richards (1990).

V_ CONCLUSION

The foregoing results offer some new in-
sights into the nature and extent of policy ac-
tions needed to increase rates of carbon se-
questration in forests and differ in several
ways from those of earlier studies. Our con-
jecture at the outset was that the minimum
cost mix of management input and afforesta-
tion changes might vary with the type of tar-
get: land transfers and afforestation being
more important for the long-term, manage-
ment adjustments for the near-term. The
comparisons in Table 2 seem to bear this out.
Land transfers from agriculture are larger:
(1) for targets that differ most from base
fluxes late in the projection; and, (2) in later
periods within a given target when differ-
ences from the base expand over time. Man-
agement input changes can also act to in-
crease the carbon uptake of the lands
transferred. Thus for comparable average
flux increases, land transfers in our analysis

are ?enerall'y smaller than those suggested in
earlier studies, reflecting in part higher man-
agement Inputs on these acres that increase
their growth.

Our indicators of management input (av-
erage management Intensity class and vol-
ume per unit area) rise in most cases but
show the largest deviations from the base for
targets with major near-term flux increments.
The percentage changes are relatively small,
but these represent shifts across millions of
acres of forest land so their azzresate effects

00 0

are large. An additional aspect of manage-
ment, harvest age, was also found to chance
but in patterns that vary by species. For soft-
woods, rotations lengthen over all periods."
Hardwood rotation changes are mixed and
may, in some cases, involve reductions in
both the near and long term.

Results in this study suggest that efforts to
expand forest carbon flux should have a
rather different geographic and species focus
than that proposed in past studies. In contrast
to both Moulton and Richards (1990) and
Parks and Hardie (1995), we find a greater
emphasis on hardwood species to be appro-
priate in minimum cost strategies. Hardwood
area increases under all targets. Some of this
involves direct conversion of softwood to
hardwood forests after harvest, but most de-
rives from reductions in rates of hardwood-
to-softwood conversion relative to the base.
Related to this shift, our simulations also in-
dicate that the bulk of the projected afforesta-
tion and management changes should occur
in the North, mostly in the Lake States re-
gion. This is an area of large concentrations
of hardwood forests in which hardwood
stands can yield significant rates of carbon
uptake. While our model recognizes the rapid
growth potential of afforested stands in the
South just as in previous studies, broader
measures of costs and inclusion of welfare
trade-offs across markets and regions act to
shift the minimum cost solution away from

9 This outcome is similar to the findings of van
Kooten et al, (1995), though we do not place any ex-
plicit value on carbon flux as in their equilibrium rota-
tion analysis.
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the customary prescnption of pine planta-
tions on marginal southern agricultural lands.

This study has emphasized the physical
changes and associated costs of forest carbon
sequestration strategies and has given little
attention to the actual policy mechanisms or
programs that might be required to imple-
ment the mix of actions indicated for a partic-
ular flux target. This is a significant issue in
that the costs or complexity of administering
an otherwise ideal plan may preclude its use.
Since there are many examples of existing
programs that attempt to induce land use
changes through various subsidies, the cen-
tral concern here is whether other aspects of
management investment and rotation can be
influenced. As with land use decisions, some
form of subsidy would seem to be appro-
priate to induce more intensive management
and longer rotations. The current SIP pro-
gram at the federal level and an array of state
programs offer examples of schemes de-
signed to promote precisely these types of
management changes (Alig, Lee, and Moul-
ton 1990). Payments to lengthen rotations in
future stands would involve only minor con-
ceptual extensions of these existing pro-
grams.

APPENDIX

Simplified mathematical representation of
linked forest and agriculture sector model (time,
region, product, and ownership subscripts
omitted).

T
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.-0
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suitable for agriculture and land
in agriculture suitable for
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= land moved from forestry to
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from crop/livestock and
secondary processing

= discount rate
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product shipment
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O(F, S) = costs of producing, processing
and shipping agricultural products
dependent on cropllivestock and
secondary product output

= regeneration of forest areas E and
R at various management
iruensi ies, I

= price dependent demand function
for agricultural products

= price dependent demand function
for products from the domestic
forest sector

= forest stands regenerated since the
start of projection

= secondary agricultural processing
= supplies of price-sensitive inputs

used in crop and livestock
production (irrigation water and
labor)

= target carbon flux
= changes in carbon inventory

(carbon flux) on forest and
agricultural lands

P(E, R, l)

R

The model was formulated and solved in the
GAMS programming system (Brooke, Kendrick,
and Meeraus 1992).
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ABSTRACT. A policy question of current interest is how
to cope with climate change. One suggestion is to use forests
to offset carbon emissions, and therefore, reduce the threat of
global warming. This study develops a rigorous model of the
relationship between optimal forest harvesting regimes and
carbon sequestration. The theoretical analysis integrates the
carbon sequestration life cycle into the Faustmann framework
and develops optimal cutting rules when carbon sequestration
benefits are considered. The carbon life cycle includes both
the sequestration of carbon and its ultimate re-release into the
atmosphere. A case study of Douglas fir applies the theoretical
framework.

KEY WORDS: Climate change, Faustmann models, forest
rotation.

I. Introduction. Global climate change has evolved from an inter-
esting research topic to an international policy concern over the past
several years. The likelihood of significant climate change has been
confirmed several times by the National Academy of Sciences ([1979]'
[1982]' [1991]), and is the subject of considerable economic discussion
and analysis (see Schelling [1992J and Nordhaus [1991aJ, [1991bJ for
overviews). Several approaches to addressing carbon emissions and
their potential effect on climate have been suggested recently. These fall
into two categories, proposals that focus on reducing emissions such as
carbon taxes, and proposals to absorb carbon after it has been emitted.
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The most prominent proposal to absorb carbon from the atmosphere
has been the use of forests as a carbon sink.

Considerable analysis of the potential usefulness of adapting existing
forest management schemes to mitigate the effects of global warming
is underway. Sedjo [1990] examines the role forests may have in the
global carbon cycle. Moulton and Richards [1989], Birdsey [1991a],
Van Kooten [1991] and Adams et al [1993] have all examined strategies
for using forests to absorb CO2 from the atmosphere and reduce global
warming. While each of these studies has examined the role of forests
in the management of global warming, none has cast the problem
into a full intertemporal framework. One framework that addresses
the intertemporal aspect of many timber management issues is the
Faustmann model. This study integrates global warming into the
Faustmann framework of forest management.

This analysis models the full carbon life cycle, including both the
sequestration provided by growing trees as well as the ultimate re-
emission of the carbon into the atmosphere. By casting the forest
management problem into the Faustmann framework the relationship
between several economic and natural forces can be examined explicitly.
Among these is the value of carbon sequestration on forestlands and
the value of timber under a harvesting regime that includes the value of
carbon sequestration. The effect of these impacts on optimal rotation
periods is also examined.

The paper proceeds in the following way. In the next section the
carbon sequestration life cycle is integrated into the Faustmann frame-
work. In the third section a case study of Douglas fir is presented.
The final section presents some conclusions and discusses some of the
limitations of the analysis.

II. Optimal timber rotation and global warming. We use the
Faustmann model of timber rotation in this analysis. Several authors
have used the Faustmann model to analyze forest management issues.
The Faustmann model begins with the assumption that the highest and
best use of a plot of land is in growing forests, the model proceeds to
maximize the net present value of a stream of harvests of trees on the
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land. The Faustmann objective function is given in equation (1):

(1) V; _ PgGte-rt
t - 1_ e-rt

Where,

Vi = the present value of timber,
Pg = the price of timber,
G, = the quantity of timber at time t,

r = the discount rate, and,
t = time.

Applying the Faustmann formulation to address carbon accumulation
requires the expansion of (1) to include the complexities associated with
the carbon cycle.

The carbon cycle consists of three distinct phases. The first is the
carbon sequestered in growing trees. The second is the carbon left
in the lumber from the harvested trees. In the final phase, carbon is
slowly released back into the atmosphere after harvest. This results in
three additional terms being added to (1).

The first additional term captures the carbon sequestered in the trees
as they grow. This is simply the addition of a term that accounts for
the value of the flow of carbon sequestered with each year's growth.
Since it is a flow we must continuously discount it from the planting at
time zero until the time of timber harvest, t", This adjustment is the
same as the one developed by Hartman [1977] and Strang [1982] for
environmental amenities that evolve as the forest grows. The second
adjustment values the carbon sequestered at the time of harvest. This
is simply an adder to the timber value of the trees that captures the
value of the carbon sequestered in the lumber. The third adjustment
recognizes that the carbon sequestered by the trees will be released
into the atmosphere after harvest. Essentially, the sequestration effect
decays. When determining the optimal rotation period, t", the rate
of decay needs to be taken into account. Note that like the first
adjustment, this is also a flow and must be discounted continuously.
Equation (2) shows the addition of the carbon terms to the equation.

PgGte-rt + PcFte-rt + J; e-rt PelT dr - J:XJ e-rt PCDT dr
Vi = 1_ e-rt(2)
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Where the new terms are,

Pc = the price of sequestered carbon I,
Fe = the total amount of carbon sequestration at t,
It = the rate of carbon sequestration at t,
D, = the rate of release of carbon back into the atmosphere at time t.

The optimal social rotation period is found by differentiating (2) with
respect to t, setting it equal to zero and solving for t. After rearranging
the derivative can be shown to be:

[
PcF + Pct _ PcF _ PcD] + [PgG _ PC]

r r r r 9

= r_ t [PcF+Pc r F(x)e-rz se-»; 100

D(x)e-rz dX+PgC]1-e r Jo t

(3)

The interpretation of equation (3) follows conventional lines. The
left hand side of the equation includes two bracketed terms. The
first bracketed term provides the incremental value of the carbon
sequestration on the total value of harvesting in time t. The second
term provides the effect of the timber value. This is balanced against
the right hand side of the equation which provides the value of waiting
an additional year. The first term on the right hand side simply
accounts for the multiple rotation aspect of the Faustmann objective
function. The terms inside the bracket again break down into carbon
sequestration effects and timber effects. The first carbon term is the
value of the carbon locked up in the timber at time t, the second term
is the value of the carbon sequestered in the growing trees and the third
term accounts for the value in delaying the decay of the lumber carbon
sequestration effect. The final term is the effect on timber values of
delaying harvest.

III. Douglas fir case study. This section presents the results of
a case study of Douglas fir forests. The first subsection presents the
equations and parameters we use to build our simulation model. The
second subsection presents our simulation results,

A . Methodological approach. Douglas fir forests growing on a rela-
tively fertile setting, site class 160, are used as a case study in the
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simulations. Implementing the model described in the previous sec-
tion requires three functions. One is the timber growth function, G(t).
Second, the carbon storage function, the C(G(t)) function is needed.
Finally, an estimate of the rate of release of carbon into the atmosphere
is required.

One of the most popular timber growth functions are logistic growth
functions. Equation (4) shows the basic form of the logistic growth
function.

(4) cubic feet (t) = eoo+f3t!t

Logistic growth functions for several species of trees have been imple-
mented when simulating Faustmann models by several authors.! Lo-
gistic growth functions were estimated for Douglas fir sites using the
yield tables reported by Birdsey [1991bJ. Like other authors who have
used logistic growth functions, we find that the equations fit well, and
that all coefficients are estimated quite precisely. The first column of
Table 1 shows the result of this regression.

Two carbon relationships also need to be estimated. One is the total
carbon sequestered annually. We utilize a logistic functional form when
estimating this equation. The results are given in the second column
of Table 1. Like the growth function the logistic functional form also
fits the carbon sequestration function well. This relationship gives the
quantity of total carbon sequestered in any given year directly. This is
the F(t) function of equation (1). The marginal increment of carbon
sequestered, f(t), is found by differentiating F(t) with respect to t.
Figure 1 shows the relationship between these two measures.

The second part of the carbon cycle is the rate of release of stored
carbon back into the atmosphere. Rowand Phelps [1992] report a
detailed accounting of the marginal rate of re-emission of carbon into
the atmosphere from all sources upon timber harvest. Figure 2 shows
the marginal and total re-emissions of carbon into the atmosphere. It
is convenient for us to convert their data into a function to capture our
function, D(t). 2 These results are reported in the last column of Table
1. Both parameters are highly significant and the equation has a good
fit.
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TABLE 1. Regression results used in the simulation model.Q

Growth Carbon Carbon
Function Emission Sequestration

Function Function
Dependent log of yield Carbon Emissions Carbon Stored
Variable (cubic feet) (tons/year ) (tons/year)
Constant 10.688' 0.0088' -8.208

(0.015) (0.0011) (6.147)
Years:"! -74.984' 0.0548'

(0.662) (0.0049)
Years 2.296"

(0.334)
Years2 -0.031"

(0.004)
Years3 0.0001"

(0.0000)
R-squared 0.998 0.865 0.846

Observations 15 21 16

Q standard errors in parentheses
• significant at the 1% level or beyond

The final pieces of information to be incorporated into the analysis are
the prices of carbon and timber. Since timber is a traded commodity
we have market prices available. We use the 1991 price for Douglas
fir (see Warren [1992]). Sequestered carbon, however, is a non-market
commodity. A wide range of values for sequestered carbon have been
proposed. We use $10, $100 and $200 per ton in our simulations. The
$10 value is consistent with the estimates of Adams et al [1993] and
Callaway et al [1993] of the cost of sequestering carbon on agricultural
lands. The higher values are derived from the work of Nordhaus
[1992] and Falk and Mendelsohn [1993] who examine the damages that
could result from global warming. While these choices are somewhat
arbitrary, they represent the range of values currently under discussion
and the equations can easily be simulated using other values.

B. Simulation results. Simulations were performed using a range of
discount rates between 2% and 10%. Three kinds of simulations were
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performed using the equations in Table 1. One of these simulations was
to substitute the relationships of Table 1 into equation (2) and calculate
the optimal social rotations. The second set of simulations examined
the optimal rotation periods when only the carbon sequestration value
of the forest is considered. This was done by setting the timber value
of trees in equation (2), G(t), to zero. Finally, a simple Faustmann
rotation where the carbon effects, F(t), J(t) and D(t) are set to zero
is included for comparison.

Table 2 shows the rotation ages associated with the three simulations
for five discount rates. At a 2% discount rate the Faustmann and
social rotation period for carbon priced at less than $200 per ton is 48
years. If the value of sequestered carbon is $200 per ton the optimal
rotation period is lowered to 47 years. The social rotation period
reflects the value of both the carbon sequestration and the timber
while the Faustmann rotation includes only the timber value. If one
ignores the timber value and focuses solely on the carbon sequestration
benefits, the rotation period associated with a 2% discount rate drops
to 20 years. At a 10% discount rate the situation reverses and the
carbon sequestration period is 49 years while the social rotation period
is between 29 and 27 years depending on the price per ton for carbon.
The complete results are graphed in Figure 3 for greater clarity.

Figure 3 shows the number of years since planting on the vertical axis
and the discount rate used in the simulation on the x axis. The overall
social maximum for $10 and $200 per ton of carbon and the carbon
sequestration maximizing simulations are all shown in Figure 3. As is

TABLE 2. Rotation periods under three harvesting criteria.

Standard Carbon Social Maximizing Rotations
Discount Faustmann Maximizing

Rates Rotations Rotations $lOlton $100/ton $200/ton
2.0% 48 20 48 48 47
4.0% 38 29 38 38 38
6.0% 33 41 33 33 33
8.0% 29 47 29 30 30

10.0% 26 49 27 28 29
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FIGURE 3. Optimal rotations for a Douglas fir forest.

easily seen, the rotations are equal at a discount rate of about 5%. This
"switching"of harvesting dates is driven by the rate of re-ernission into
the atmosphere of sequestered carbon. At low discount rates the re-
emission of carbon into the atmosphere is less important. The driving
factor is the accumulation of carbon, f(t), and the storage of carbon
F(t). The carbon objective is best maximized by rapidly turning over
the forest to drive up F as quickly as possible. The overall social
objective function mitigates this by accounting for the increased value
associated with the larger trees. As discount rates rise, however, the
rate of decay of the sequestered carbon begins to playa larger role.
At high discount rates the best pure carbon sequestration strategy is
to delay harvest to put off the decay process. Rather than storing the
carbon as timber, society is better off to store the carbon as living trees.
In the overall social maximum the rotation periods shorten as discount
rates grow just as in the simple Faustmann timber rotation problem.

IV. Conclusion. Global warming is a policy topic of considerable
current interest. One of its most challenging aspects is that it appears
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to have already begun. As a result abatement strategies take on an
added importance. Reducing the level of carbon emissions is one
policy tool under consideration. Another tool is the reduction of
greenhouse gases, most notably carbon dioxide, in the atmosphere. A
strategy for reducing carbon dioxide that has been frequently proposed
is increasing carbon sequestration through the implementation of new
forest management schemes. The question is what sort of forest
abatement strategy makes the most sense and under what conditions.

In this paper we have examined the management of forests to seques-
trate carbon in a Faustmann forest rotation framework. By placing
the problem in the Faustmann framework we are able to examine the
unique intertemporal relationships that carbon sequestration involves.
The special characteristics of carbon sequestration in forests, especially
the decay of carbon after the trees are harvested, make the intertem-
poral aspects of the problem especially important.

We find that the optimal timber policy is sensitive to the discount
rate, and to the weight that policy makers place on carbon as opposed
to the timber values of the forest. For carbon shadow prices in the
range of current policy discussions the impact of including carbon on
rotation periods is small. However, the qualitative effects of higher
discount rates is opposite to the conventional case where only timber
values are considered. This result is due to the release of carbon back
into the atmosphere once the trees have been harvested. The decay of
the sequestered carbon causes the optimal harvest to be delayed rather
than shortened as discount rates rise.

ENDNOTES

1. Brazee and Mendelsohn [1990J,Gamponia and Mendelsohn [1987Jand Englin
[1990J all use logistic growth functions for Pacific Northwest Douglas fir. Those
functions were based upon yield tables from McArdle [1949J. In this context,
however, the growth functions are based upon the tables reported in Birdsey [1991bJ.
There are two reasons why Birdsey provides superior data in this context. First,
Birdsey's tables are based upon the yield of second generation managed stands. The
management regimes under consideration here apply primarily to existing industrial
forests. Secondly, Birdsey's yield and carbon sequestration data are drawn from the
same sources. As a result using Birdsey's data assures us that the growth and carbon
yield functions match.

2. Because we use a third degree polynomial as our functional form to capture
the "bump"at year 35, we limit our simulations to a time horizon of 125 years.
After 125years the cubic term begins to dominate the entire expression. If a longer
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time series of data than Birdsey [1991b]. or a different functional relationship were
available, this problem could be avoided.
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ENVIRONMENTAL IMPACTS OF SEQUESTERING CARBON
THROUGH FORESTATION

JEFFREY ENGLIN
Department of Agricultural Economics, University of Nevada, Reno, NV 89557-0105, U.S.A.

and

JOHNM. CALLAWAY
RCG/Hagler. Bailly, Inc., 1881 9'h Street 11201,Boulder. Colorado 80302, U.S.A.

Abstract. An issue that arises when considering the potential damages of climate change is whether
it is possible to slow or stop human caused climate change. One suggestion to reduce the threat
of global warming is to change our management of forests to offset carbon emissions. This study
examines the impacts of such a policy on environmental amenities in existing Douglas-fir forests. In
this analysis Douglas-fir forest management is modelled in a Faustrnann framework. where the forest
produces three goods: timber, carbon sequestration and amenities. Using this framework, the level of
amenities under profit-maximizing and carbon-sequestration management regimes are compared. The
change in the level of seven specific amenities is modelled. These amenities include trout, wildlife
diversity, visual aesthetics. soil stability, deer populations, elk populations. and water yield. The
study finds that the effect of a carbon sequestration policy will depend on the discount rate chosen.
In most situations externalities vary less than plus or minus ten percent. However, those externalities
that exhibit discontinuities in their relationship to forest age may vary a hundred percent or more
depending on the discount rate used.

1. Introduction

The likelihood of significant short term climate change caused by human activities
has been con finned several times by the National Academy of Sciences (1979),
(1982), (1991), and is the subject of economic discussion and analysis by sev-
eral researchers (see Schelling (1992) and Nordhaus (1991a, 1991b)). Several
approaches to reducing net carbon emissions and their potential effect on climate
have been suggested recently. These fall into two categories: proposals that focus
on reducing emissions, such as carbon taxes, and proposals to absorb carbon after
it has been emitted. The most prominent proposal to absorb carbon from the atmo-
sphere has been to exploit that fact that forests are an enormous carbon sink.

Considerable analysis of the potential usefulness of adapting existing forest
management schemes to mitigate the effects of global warming is underway. Sed-
jo (1990) examined the role of forests in the global carbon cycle. Moulton and
Richards (1990), Birdsey (1991a, 1991b), Van Kooten (1991), Adams et al. (1993)
and Englin and Callaway (1993) examined strategies for using forests to absorb
C02 from the atmosphere and reduce global warming. Each author focused exclu-
sively on increasing the quantity of carbon absorbed from the atmosphere by
forests. Forests provide a variety of other social benefits besides timber and carbon

Climatic Change 31: 67-78. 1995.
© 1995 Kluwer Academic Publishers. Printed in the Netherlands.
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sequestration. Among other things, forest ecosystems stabilize soil, provide scenic
benefits, and are habitat for birds and other animals. Since these services provided
by forest ecosystems are not priced in timber markets, they are not considered
by private timber firms. As such, they represent benefits that are external to the
forest companies timber harvesting decision. An important consideration, then, is
the impact that new regimes of forest management would have on these external
benefits.

Previous work has focused on either the social costs of switching agricultural
land into forestland to maximize the carbon sequestered in forests or the carbon-
forest link. There remains, however, no broader analysis of the impacts of such a
policy on the external benefits provided by forests. A larger analysis should include
at least, the non-market, non-carbon impacts of maximizing carbon sequestration
on forest land. The complete impact of a carbon sequestration policy can not be
measured accurately, unless an analysis of the impacts of such a policy on external
(i.e., environmental) benefits is conducted. Increases in wildlife habitat, along
with reductions in sedimentation and overland storm runoff, and other potential
environmental improvements are real benefits of carbon sequestration policies
that should be weighed into the decision to implement a carbon sequestration
policy. This analysis addresses this issue by extending the Hartman-Strang version
of the Faustrnann model of forest management to include carbon sequestration
activities. By incorporating carbon sequestration into a model that includes timber
and external benefits we are able to examine the trade-offs between market, non-
market and carbon sequestration activities. Examining the trade-offs puts us into
a position to more fully understand the effects of various forest based carbon
sequestration policies.

This paper's first section presents a brief overview of the Faustmann model
of forestry management with an environmental externalities component and intro-
duces carbon storage into the model. The second and third sections discuss and
present a case study of Douglas-fir forests in the Pacific Northwestern United States.
The concluding section suggests research needs and provides cautions about the
potential uses of the results of our case study.

2. Faustmann Model with Externalities

The Faustmann model is often used in forestry analyses to determine the optimal
rotation length for a stand of trees. In its original form, the objective function of
the Faustmann model was expressed strictly in terms of the maximization of the
net present value of revenues derived from harvesting trees for sale in stumpage
markets. The Faustrnann objective function is given in Equation 1:

P, G e-rtV. _ g t
t - 1 _ e-rt '

(1)
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where:
Vt = the present value of timber,
P g the price of timber,
G, = the quantity of timber at time t,

r = the discount rate, and
i = time.

Hartman (1976) and Strang (1984) extended this model to include environmental
externalities by adding a term to the Faustmann objective function that includes the
benefits associated with environmental impacts. Their Faustmann rotation problem
with an extemaliry.j', is given in Equation 2:

(2)

where:
Vt = the value of the plot if trees are harvested at time t;

t = time
r = the discount rate;

Pf = the price of externality f,
It = the quantity of externality f at time t;
P g = the price of timber;
G, = the quantity of timber at time r;

The optimal social rotation period is the one that maximizes Vt• The difference
between the private market version of the Faustmann model and the Hartman-
Strang version is the expression J e-r,. Pf Ir dr in Equation 3, which captures the
effect of the environmental externality (shown as a benefit, here) on the optimal
rotation length.

Applying the Faustmann-Hartman-Strang formulation to address the effect of
carbon policies on environmental amenities requires three adjustments to Equa-
tion 2. The first is to include the present value of the carbon sequestered in the
timber that results from each harvest. This is simply the inclusion of a term,
(Pc *C*e-rt)/(1_e-rt), which accounts for the carbon sequestration value of the
timber above and beyond its market value as lumber. Pc is the social marginal
benefit or shadow price associated with sequestering a ton of carbon, C is the
total tons of carbon sequestered at harvest and e-,.tl(l_e-rt) discounts the val-
ue into present value terms. The second adjustment is the inclusion of a term
that captures the incremental flow of carbon being sequestered as the trees grow.
The present value of the carbon sequestered during three growth, c, is (Pc J
c(G)*e-r,. dT)/(l-e-rt) integrated from the last harvest, at time 0, to the current
time t. Again, (J er"dT)/(l-e-rt) discounts the flow back to a present value.
Finally, sequestered carbon, C, is released into the atmosphere. Carbon is released
during harvest and then, from the date of harvest (r) to infinity as wood products
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decay. This effect is captured by the term U d; e -TT dT)/(l-e -Tt). Adding three
carbon terms to Equation 2 becomes:

(3)

The socially optimal cutting date is found by maximizing the value of Vt with
respect to the rotation age. Analytically, the maximum value of Vt is found by
differentiating Equation 3 with respect to t and setting the result equal to zero. An
alternative is to solve Equation 3 numerically. Numerical solutions to Equation 3
are attractive for two reasons. First, it is more straightforward than an analytical
solution. An analytical solution of Equation 3 will be difficult to interpret. Secondly,
and more importantly, we wish to know the magnitude as well as the direction of
the impact of carbon sequestration activities on the external products of the forest.
Quantifying these impacts requires numerical solutions.

As Equation 3 demonstrates, proposals to sequester carbon using forests will
affect externalities (the It function). The appropriate social rotation, accounting
for carbon sequestration benefits and externalities, can be found using Equation
2 if all the prices and physical yield functions are known. While it is arguable
that the physical relationships are reasonably well understood, the shadow prices
(i.e., marginal benefits) associated with carbon sequestration and amenities remain
uncertain. A full social maximization analysis is beyond the scope of this study.

Nevertheless, insight into the relationship between forestry management, carbon
sequestration, and amenities can be gained by examining two special cases of
Equation 3. The two management regimes include a private profit maximization
regime (one that ignores all non-timber benefits and maximizes Equation I), and
a regime that maximizes carbon sequestration. These two regimes are interesting
because they form two polar cases with respect to carbon sequestration policy.
One case entirely ignores carbon sequestration benefits while the other focuses
exclusively on maximizing carbon sequestration. Once the optimal rotation period
under each management regime is found, one can compare the level of externalities
generated by forest under each regime. These policies bound the environmental
impacts of possible sequestration policies.

First consider the case of a hypothetical manager that focuses solely on the
timber value of the land. This manager does not consider either global warming
impacts or conventional externalities. The cutting rule for this manager is found
by solving Equation 1. By applying the implicit function theorem Equation 1 can
be solved for the private profit maximizing rotation period as a function of G and
r. This rotation period will be termed gg(G, r). An important point is that, since
Pgis constant across time, the optimal rotation period, tg, is invariant to the price
of timber.

The second case is one where the forests are managed solely to mitigate global
warming to sequester carbon. This is done by locking up carbon in forests and forest
products. In this setting neither the forest's non-carbon externalities nor its timber
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value enter into the cutting decision. The cutting rule for this manager is found
by setting all terms that do not directly involve C to zero and solving Equation 3.
Again, by applying the implicit function theorem Equation 5 also implies an optimal
rotation period that depends on C(C) and r, denoted here tc(C(C),r). Again, as in
Equation I, the optimal rotation period is invariant to Pc·

The level of externalities generated under tg and tc are straightforward to com-
pare using relatively limited information. Using t« and tg, one can compute the
ratio of the quantities of externalities associated with each management regime.
The rotation period for each regime is simply the upper limit of integration on the
externalities function. Equation 6 shows the construction of this ratio.

P ~t" j e-TTdr
Percent difference between two regimes = f ~ TPf Jog jTe-TTdr

Since the prices of externalities are assumed to be linear, they cancel in the ratio of
the two management regimes. The resulting percent difference is the difference in
the physical quantities of the externalities. Whether including carbon sequestration
in the objective function increases or decreases the relative level of any particular
externality is an empirical question. We examine this issue with a case study of a

Douglas fir forest.

(4)

3. Douglas-Fir Case Study

This section presents the results of a case study of Douglas-fir forests. We first
present the equations and parameters of our simulation model and then show the

results of our simulation runs.

3.1. METHODS

This section describes the approach taken to calculate the impact on externality
levels of two regimes for managing a Douglas-fir forest. The Douglas fir forest is
assumed to be grown on a high yield site. Implementing the models described in
the previous section requires four kinds of empirical or estimated information. This
includes: (1) the timber growth function, G(t); (2) the time profile of the quantity
of the externality (j(t)); (3) the parameters of the carbon storage function (C(C(t));
and (4) the carbon decay function.

One of the most popular timber growth functions for modeling Douglas-fir
is logistic growth. Brazee and Mendelsohn (1988), Garnponia and Mendelsohn
(1987) and Englin (1990) used logistic growth functions for United States Pacific
Northwest Douglas-fir. Equation 5 shows the basic form of the logistic growth

function.

cubic feet of merchantable timber at time t = eO:I)-~ (5)
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Most previous analyses have estimated the parameters of the growth function usins
data provided by McArdles (1949) yield tables. In this context, however, we base
our growth function on yield tables developed by Mills (1989).

There are two reasons why Mills (1989) provides superior data in this context.
First, Mills' tables are based upon the yield of second generation managed stands.
This is consistent with the management regimes applied to existing industrial
forests, which is the most likely application of our results. Second, the data Mills
used to develop these tables is the same data Birdsey (199lb) used to develop his
carbon yield ratios. By using Mills' data to estimate the growth functions we can
be assured that the carbon yield ratios and the growth functions are consistent.
The growth function parameters developed from Mills are not directl{comparable
to McArdle since Mills' data is strictly for managed second growth stands. Since
Mills data is for managed second growth stands it reflects a higher management
intensity than McArdle's data.

Logistic growth functions were estimated using ordinary least squares regres-
sion methods for high and low quality Douglas-fir sites. Table I shows the result of
the ordinary least squares regressions. Like other authors (see Brazee and Mendel-
sohn (1988), Gamponia and Mendelsohn (1987) and Englin (1990» who have
used logistic growth functions .we ·find that the equations perform well. Over 95%
of the variance in the data is explained by the regression and all coefficients are
significantly different from zero at the 1% level or beyond.

A number of externalities have been associated with standing forests. Perhaps
the most exhausti ve study of the external benefits associated with standing Douglas-
fir remains the work of Calish et at. (1978). They identified seven externalities that
vary with stand age. Since each of these externalities has a unique time profile
the two harvesting regimes will impact the externalities differentially. Calish et al.
(1978) used this data to develop a series of empirical functions that relate the level
of each externality to the rotation age of the forest. A brief summary of the time pro-
file associated with each of these functions is provided in Table II. These functions
have been used in at least two previous simulations of Faustmann models. In the
first, Calish et at. (1978) used the profiles to examine their potential effects on opti-
mal timber rotations. Recently, Englin and Klan (1990) used these age-dependent
externality functions to examine the impact of forestry taxation on the level of
externalities. For this study, we took the optimal harvest ages derived from the
simulations using both the unmodified Faustmann as well as the Faustmann model
with carbon sequestration included and inserted these values into the externality
functions developed by Calish et at. (1978) to determine the externality levels for
each simulation. We then applied Equation 4 to calculate the percentage changes
in non-carbon externalities that result from these two management regimes.

Finally, we need estimates of the quantity of carbon sequestered at each harvest.
Following Birdsey (1991 b), the amount of carbon sequestered in timber is estimated
in two steps. The first is to weight the volume of timber at harvest by the specific
gravity of the wood. This converts the total volume to dry weight. The second step
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TABLE I

Regression results used in the simulation model'

Dependent Growth Carbon Carbon

variable function emission sequestration

function function

Log of yield Carbon emissions Carbon stored

(cubic feet) (tons/year) (tons/year)

Constant 10.28· 0.0088* -8.208

(90.58) (8.00) ( 1.33)

Years-I -67.78· 0.0548*

( 16.60) (1 Ll8)

Years 2.296·
(6.87)

Years2 -0.03 I*
(7.75)

Years.' 0.0001 *
(6.67)

R-squared 0.968 0.865 0.846

Observations 15 21 16

a I statistics are in parentheses.
,. significant at the I% level or beyond.

is to convert the dry weight into the carbon weight using ratios of carbon to total dry
weight While Birdsey (1991 b) provided estimates of the carbon storage in a broad
range of forest tree species, his estimates for Douglas fir were 0.473 for volume to
dry weight and 0.512 for dry weight to carbon sequestered. We applied the ratios
to estimate the amount of carbon stored in the forest at the time of harvest.

Our carbon emission function is based upon the work of Rowand Phelps (1992).
This function describes the rate at which carbon stored in lumber products is re-
emitted into the atmosphere. While their data is given in tabular form it is more
useful in this analysis to have a continuous function. Table I shows the results of a
regression of carbon emitted as a function of time since harvest

3.2. SIMULATION RESULTS

The baseline for our analysis was the private rotation period. The private rota-
tion decision maximizes stumpage value without considering either environmental
externalities or carbon sequestration. The results of the baseline simulation is given
in the timber column of Table III. The simulation model grew trees annually to find
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TABLE II

Description of the time path of seven externalities associated with Douglas-fir forests'

Cutthroat trout Cutthroat trout is measured in catch per acre of water. The number of catchable
trout begins at about 0.18 fish per acre shortly after timber harvesting and rises
sharply to about a 5 fish per acre after 3 years. The catch per acre remains
steady of 0.5 fish per acre until the next timber harvest

Wildlife diversity Wildlife diversity is measured using an index that varies between 0.0 and 1.0.
The index is based on the number of animals. number of species and rarity of
species. The wildlife diversity index grows during the first two to three decades
and then declines into a steady state as the timber stand reaches maturity.

Visual aesthetics The visual aesthetics associated with a stand of trees is also measured using
an index that runs from 0.0 to 1.0. The scenic beauty of the forest is assumed
to grow monotonically as the stand of Douglas-fir ages. By the time a stand
reaches 100 years of age the index is assumed to have reached 1.0.

Soil stability Immediately after timber harvesting the soil is least stable. This is the result
of the roots of the harvested trees rotting. Erosion rates diminish as the forests
ages. After twenty years. the soil erosion rate is essentially zero due to the
stabilizing effect of the new trees.

Deer populations Deer populations grow rapidly over the first twenty years after the clearcut,
This is the result of the increased forage available in the immature forest. As
the forest matures the deer population falls off to lower levels. The peak deer
population is 0.02 deer per acre.

Elk populations The elk population is assumed to be zero for the first 20 years since such young
stands cannot support elk. Elk populations begin at a peak of 0.0025 elk per
acre. The population falls sharply from twenty to forty years. with all elk being
gone from the stand by forty years.

Water table yields Water table yields from the land are highest directly after timber harvesting.
This slowly diminishes to a steady state after twenty years as the growing
biomass intercepts more of the precipitation.

• taken from Cal ish et aL. (\978).

the rotation period that maximized the stumpage value of the stand. Five discount
rates ranging from 2% to 10% were investigated. The optimal private rotation ages
ranged from 45 years at a 2% discount rate to 25 years for a 10% discount rate.
Higher interest rates were associated with shorter rotation periods, reflecting the
higher opportunity cost of holding assets in the form of forests as opposed to other
investments.

The simulation results for the carbon sequestration maximizing rotation periods
differ sharply from the timber maximizing rotations higher discount rates are
associated with longer rotation periods. The reason for this result is the effect of
carbon decay on optimal harvesting decisions. The reason rotation is delayed under
higher discount rates is that one wishes to delay the costs resulting from increased
global warming associated with decaying timber products. As a result, at a 10%
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TABLE III

Douglas-fir rotation age

Discount rate Carbon Timber

2% 20 45
4% 29 36
6% 41 31
8% 47 27

10% 49 25

TABLE IV

Percentage difference in the quantity external benefits between
carbon sequestration and private management by discount rate

Externality 2% 4% 6% 8% 10%

Trout 63.7 89.0 109.8 113.7 11l.2

Wildlife diversity 93.5 98.8 101.4 102.1 102.1

Visual aesthetics 74.5 94.0 105.9 110.3 110.7

Soil stability 128.0 105.4 960 95.0 96.1

Deer populations 110.4 105.4 95.9 957 97.1

Elk populations 0.0 63.1 103.2 179.6 219.3

Water yield 103.3 100.6 99.4 99.2 99.3

discount rate the carbon rotation is 49 years, nearly double the private rotation
period. In contrast, at a 2% discount rate the carbon rotation is 20 years, less than
half the private rotation period at 2%.

As might be expected, the differences in rotation ages between the carbon and
private rotation periods leads to wide differences in the externalities provided by
the forest. At high discount rates the externalities associated with older forests
are enhanced under the carbon sequestration regime while those associated with
younger forests are diminished. As discount rates fall the externalities associated
with older forests are enhanced under private rotation schemes.

Table IV shows the full set of results for the simulations we examined. The
percentages in the table are calculated using the formula shown in Equation 4.
For example, if a 2% discount rate is used then the quantity of trout under the
carbon sequestration regime is 63.7% of what it would be under the private har-
vesting regime. For some externalities, such as water yield or wildlife diversity,
the differences are plus or minus 10% or less.
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The major change occurs in elk populations. The shift in elk populations is
startling. Under the assumption of a two percent discount rate there are no elk
herds in the for~s~. Elk c~nnot exist in a forest that is.harvested every twenty years
because there IS insufficient food for them to survive. At a 10% discount rate
which translates into 49 year carbon rotations, the carbon rotation elk population is
more than double the population under the private rotation period. The difference is
driven by the razor sharp relationship between elk populations and tree growth. In
forests between twenty and thirty years old elk prosper, with the peak elk population
coming at about thirty years. By forty years the forest is sufficiently mature that it
no longer supports large elk herds.

The changes in environmental externalities for most amenities are modest,
but noticeable. Increases in average trout catch rates of ten or fifteen percent are
important to anglers. Reductions in water yield of 1% or 2 % on the other hand, are
not likely to be important in most areas. The tremendous shifts in elk populations
are the result of the relationship between elk carrying capacity and stand age. The
precise change in elk populations as forests age is an empirical issue. The results
presented here suggest that elk could be greatly affected. More important, however,
is the point that there are discontinuities in the natural world. The relationship
between elk and stand age is not smooth or linear, small shifts in the rotation ages
can result in big changes in elk populations. Changes in management regimes can
have substantial impacts on some amenities.

4. Conclusions and Recommendations for Further Research

The possibility of using forests to sequester carbon has become a topic of consider-
able policy interest. Previous analysis has focused on either the cost of expanding
the forest base or the physical capacity of the forests for storing carbon. How-
ever, these analyses have not taken into account their effect on environmental
externalities. It is important to do this because including the external benefits of
carbon sequestration programs counteracts the costs of these programs to society
and makes them even more attractive. In this study we have stopped short of the
valuation of these external benefits. We have, however, taken the important step of
showing how the levels of some of the more important of these physical benefits
varies in the case of a Douglas-Fir ecosystem.

This analysis has found that the impacts of the management changes to forests
that support carbon sequestration could be considerable. The changes force pre-
dictable shifts in soil stability, trout catch, visual aesthetics, deer and elk popula-
tions. They also suggest that large changes could result in some externalities. In this
study the shifts in elk populations were substantial. The potentially dramatic impact
on elk populations are the result of a threshold effect in the natural environment.
Elk prosper over a small region of the forest's natural life cycle. Threshold effects
in ecosystems are common. Whereas elk is the only example of a threshold effect
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in this study, it remains a powerful reminder that small changes in management
regimes can result in large environmental effects.

One limitation of our analysis is that our understanding of the relationship
between stand age and externalities is limited. Without carefully controlled studies
of the quantity and quality of each externality over the life of a forest we must
be satisfied with descriptions of the relationship which, while qualitatively cor-
rect, are quantitatively inexact. While it seems unlikely that a more refined set of
time paths would change the basic lessons, they would provide forest managers
with a clearer understanding of the trade-offs associated with timber sequestration
policies. A second limitation is that this analysis focused on a single species of
tree, Douglas-fir. However, to the extent that the carbon sequestration objective
leads to longer rotations, similar types of results can be expected for other types
of forest ecosystems. Finally, these results do not apply to old growth forests. The
results are calibrated to second growth forests because agreed-upon yield functions
for old growth forests are not available. However, this is not a serious limitation
for policy purposes since carbon increments in old growth forests are close to
zero, making them poor candidates for carbon sequestration policies. Considerably
more research needs to be done before the external impacts of a forest based carbon
sequestration policy can be said to be fully characterized. It seems clear, howev-
er, that the external impacts are potentially large. This suggests that additional
research should be undertaken to quantify more externality values for different
forest ecosystem types and that policy makers should incorporate these values into
estimates of the net costs and benefits of sequestering carbon.
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3. The Economics of Climate Change Damages

This chapter contains two papers that directly or indirectly cover the development and
application of models that can be used to assess the economic impacts of changes in climate
on the use of freshwater resources. The first paper involves the development and application
of price-endogenous spatial equilibrium models of four river basins in the US to examine how
climate-induced changes in runoff could affect the allocation of water among competing uses
and the welfare of water users. The next paper discusses the development and application of
a multi-site recreation demand modelling system that was used to estimate the impacts of
changes in reservoir operating rules on visitation and individual welfare at nine projects in the
Columbia River Basin. These models can also be used to estimate the effects of c1imate-
induced changes on recreation demand and welfare at these sites.

The papers included in this chapter are:

I. Brian Hurd, Mac Callaway, Joel B. Smith, and Paul Kirshen, 1999. "Economic Effects of
Climate Change on US Water Resources". In: The Impacts of Climate Change on the US
Economy. Mendelsohn, R. and J. Neumann (eds.). Cambridge University Press,
Cambridge, England: 133-177.

2. Trudy A. Cameron, W. Douglass Shaw, Shannon E. Ragland, J. Mac Callaway, and Sally
Keefe. 1996. "Using Actual and Contingent Behaviour Data with Time Varying
Aggregation to Model Recreation Demand". Journal of Agricultural and Resource
Economics. 21(1): 130-149.
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6 Economic effects of climate
change on US water resources
BRIAN HURD, MAC CALLAWAY, JOEL B. SMITH,
AND PAUL KIRSHEN1

Water is a critical resource in many activities, including domestic use (e.g. cooking,
cleaning, and drinking), food production, power generation, transportation, many
commercial and manufacturing processes, pollution assimilation, recreation, and
many biological and ecological processes. Changes in the spatial and temporal distrib-
utions of runoff, and in the quality of water, can have profound social and economic
consequences. Such changes are projected by some climate researchers as a result of
increased atmospheric concentrations of greenhouse gases (IPCC, 1996). The symp-
toms of climate change, including sustained changes in temperatures, precipitation
patterns, and the frequency and intensity of droughts and storms, may signal the need
for changes in water-use patterns and other strategies to mitigate the impacts of

climate change.
In a comprehensive assessment of possible climate change effects, it is important to

consider both the physical and economic dimensions of the change. Existing assess-
ments of climate change impacts on water resources have been largely based on the
results from physical models, which have simulated changes in runoff and occasionally
in water-use patterns. The value of these assessments, however, is limited by the
absence of economic adjustment, specifically the response of water users to changes in
water scarcity (i.e. prices). To describe more completely how the changes in water
availability and climate affect social welfare, it is necessary to integrate models describ-
ing the physical effects (e.g. hydrologic changes) with models describing economic and

institutional responses.
In this assessment of climate change impacts on US water resources, we have

responded to the limitations of existing studies by developing methods that integrate
models of physical change and economic response. This assessment consists of two
parts. First, we construct spatial equilibrium (SE) models of four selected US river

I We are grateful to Jim Booker for lending his model of the Colorado River and helping to design the
other basin models. We would also like to acknowledge: Rob Mendelsohn, Bruce McCarl, Howard
Periman, Eric Wood, Dennis Lerrenrnaier, Norm Rosenberg, Dan Epstein, Mark Leuffgren, Lynne

Bennett, and Rich Adams.
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basins: the Colorado, Missouri, Delaware, and Apalachicola-flint-Chattahoochee
(A-F-C). These models depict the physical movement of water and its economic use
within a basin, and are used to analyze the optimal response of water users to chanzeso

in water availability and runoff. Second, we extrapolate from the river basin models to

larger regions and then to the national level.
This chapter is organized into six sections. Section 6.1 summarizes the literature on

water resources and climate change, and provides the context for our assessment.
Relevant economic concepts and a description of our methods, data, and models are
given in Section 6.2. Scenario and model assumptions are the subject of Section 6.3.
Individual basin results are presented in Section 6.4, and Section 6.5 presents the

national level results. Section 6.6 presents the conclusions.

6.1 Li terature review

Studies of the effects of climate change on water supply and allocation have
evolved from physical assessments of runoff changes to integrated assessments from
runoff to water management and planning. Early studies of the effects of climate
change (e.g. Stockton and Boggess, 1979; Revelle and Waggoner, 1983) were based on
statistical models relating annual temperature and precipitation to annual runoff levels
at the basin level. These studies, however, suffered from the inadequacy of statistical
models to account for changes in underlying physical mechanisms. Improvements to
this approach were made by Nemec and Schaake (1982), who calibrated a rainfall and
runoff model to the Pease River in Texas, and projected the effects of changes in daily
temperature and precipitation on runoff. This effort was followed by a number of
studies, the most important of which was Gleick's (1987) study of the Sacramento
Basin, which found (using general circulation model - GCM - results) that winter
runoff would increase and summer runoff would decline. The Lettenmaier et al.
(1992) study of the American River in Washington pointed to similar effects in the
Cascades, where shifts in the runoff peak would exacerbate the conflicts between
power production, irrigation, and salmon protection. These studies and others like
them (e.g. Frederick, 1993) helped to advance the state of the art in hydrologic model-
ing, and raised interesting issues about how climate change might influence the exist-
ing competition for water. However, these studies did not grapple directly with

allocation issues in a quantitative fashion.
Existing studies of the response of water users and water institutions to runoff

changes generally fall into three categories. The first integrates reservoir and system
management models with rainfall/runoff models to determine how to best adapt
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reservoir operation to climate change. For example, Lettenmaier and Sheer (1991)
examined the implications of climate change for management of the Central Valley
and State 'Water Projects in California using the California Water Planning Model.
They combined results from the hydrologic modeling of GCM outputs with a water
management model simulating water delivery requirements. They concluded that,
even under scenarios of increased annual runoff, increased winter runoff would not be
retained by California's reservoir system and would result in decreased water supplies
during the rest of the year. Perhaps the most comprehensive study of this kind is Nash
and Gleick's (1993) study of the Colorado River basin. They used the National
'Weather Service rainfall and runoff model in conjunction with the Colorado River
Simulation System (CRSS) to evaluate the impacts of both hypothetical and GCM
projected changes in temperature and precipitation on water withdrawals, power pro-
duction, salinity, and storage. Their results indicated that projected climate changes
for the region could have potentially severe impacts on all of the above indicators of
system performance, especially if the runoff peak were displaced from April to May.
Studies like these are important because they deal directly with the attempts of water
resource managers to adapt to climate change; however, they are limited by the
absence of explicit water demand schedules and economic responses. In particular,
these studies do not account for endogenous adjustments to changes in the relative
value of water, or for how these changes in value provide economic signals of a need to

allocate water more efficiently in a market system.
The second type of study focuses on the issue of the economic valuation of water

resources, but in a context that divorces the issue of valuation from that of economic
response (e.g. reallocation of resources). Noteworthy among these efforts are the
"back of the envelope" calculations of the economic value of climate change damages
at the national level by Cline (1992) and Titus (1992). Cline assumed climate change
would cause a 10 percent decrease in water supplies across the country. Using an
average value of water of $250 per acre foot (af) for municipal and industrial uses, and
$100 per af for irrigation, he estimated that the reduction in supplies would result in
damages of $7 billion per year. Titus (1992) estimated changes in supply and demand
for surface and groundwater state by state. In his analysis, he used estimates of changes
in water availability based on Waggoner (1990) and changes in water demand based on
Gibbons (1986), and incorporated some adjustments and adaptations in his analysis by
estimating the cost of additional point source controls for water pollution and
accounting for changes in hydropower production. He concluded that annual damages
to water resources would be between $21 and $60 billion, with $15 to $52 billion of that
due to the increased costs of water pollution controls. Although these studies have
been useful in establishing some "first-order" estimates of the magnitude of the
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economic effects of climate change on water users, these estimates were not based on ;

consistent model of economic behavior.
In the third type of study, information about the physical effects of climate change

is integrated with a model of resource allocation based on economic theory. Vaux ane
Howitt (1984) pioneered this approach in their application of spatial equilibrium (SE
models to water resources in California. Their SE model of the state joins the regiona
water supply functions and demand functions for specific uses with a linear repre

sentation of the water delivery system. The model maximizes the sum of producer ane
consumer surplus in all regions, subject to the constraints imposed by the water distri-
bution system. This approach effectively simulates competition among water user:
everywhere in California. When water supplies in the model were reduced throug!
reductions in system inflows, Vaux and Howitt showed how water everyw-here woule
be allocated to more highly valued uses. In an unpublished paper, the authors showee
that in the face of a 50 percent reduction in water supplies, it would be less costly tc
society to redistribute supplies based on economic principles than to construct addi

tional storage capacity in the state.
To value the impacts of climate change on water resources, we have expanded or

Vaux and Howitt's approach by integrating river basin SE models with hydrologic
models within a multiregional framework. By using this physical/economic frame-
work, we provide a more thorough and detailed analysis than either Cline or Titus, anc
we do it in a framework that is grounded in economic theory.

6.2 Methods and data

The components and information flow of our basin-level approach to mod
eling climate change impacts on water resources are shown in Figure 6.1. The firs
step in the methodology is characterizing a climate change scenario. The study adopt:
ten climate change scenarios including most of the scenarios discussed in Chapter I
These climate change scenarios are then used to model changes in hydrology an:
runoff. Projections of the hydrologic impacts for the scenarios were developed b:
Lettenmaier and 'Wood (1994), using a variable infiltration capacity (VIC) model tr

translate the changes in monthly average precipitation and temperature into change,

in monthly runoff. Z

Z The resolutions of the hydrologic models are 10 latitude and longitude for the Colorado and Missouri
basins, and 0,50 for the Delaware and A-F-C basins. The monthly runoff data were then aggregated
to match the basin models, both spatially and temporally.
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Climate change scenario

Hydrologic model
VIC Model

River basin spatial equilibrium models

Colorado (COBEM)
Missouri (MOBEM)
Delawan! (DEBEM)
Applachicola-Flint-ChattahooChee (ABEM)

Welfare
Water use
consumptive
nonconsumptive

Storage
Prices

Figure 6.1 Information flow in the assessment of climate change effects on water

resources.

Hydrologic model
The river basin models require hydrologic input data. These data must be

matched to the inflow points of the river model, and must be consistent with the tem-
poral scale of the model. These data represent the contribution of runoff from pre-
cipitation and snowmelt to the volume of water flowing in the river system, net of
evapo-transpiration and groundwater losses. The hydrologic data used in the individ-

ual river basin models were produced by hydrologic models.
Hydrologic models simulate streamflow at varying spatial and temporal resolutions.

They do this by translating the climatic events and factors, such as precipitation and
temperature, into runoff while taking into account the dynamics of soil, vegetation,
and atmospheric water transfers. Many of the complexities of river basin hydrology
are difficult to capture. These complexities are reflected in the variations between
actual and modeled streamflow. The calibration and validation of hydrologic models,
therefore, depend on how well the model captures and mirrors variation in the

observed streamflow data at various points along the river system.
The hydrologic input data are, therefore, important to the analysis of water

resource impacts. The hydrologic data that we use derive from regional variants of the
two-layer, Variable Infiltration Capacity (VIC-2L) model (Nijssen et al., 1997; Liang
et al., 1994; Lettenmaier and Wood, 1994). The VIC-2L is a hydrologically based
soil-vegetation-atmosphere transfer scheme designed to represent the land surface in
climate and weather models. The model was designed to work in an integrated fashion
with GCMs. It can, however, perform analyses off-line, as was done for these studies.
In this case, the model simulated the incremental changes in precipitation and temper-

ature that were prescribed in the study design.
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Figure 6.2 Efficient water use in a single water market.

Spatial equilibrium models
The river basin SE models are the primary assessment method. These

models use the runoff data from the hydrologic models as model input. Medel inputs
also include demand parameters (for agriculture only) that are scenario/climate
dependent. For example, the agricultural water demands are climate sensitive, typ-
ically increasing in response to greater temperatures. The basin models optimize
welfare derived from water use and storage, and result in estimates of water use, price,

storage, and sector welfare.
The river basin SE models are basically economic models that allocate water to

different activities (both consumptive and nonconsumptive) over space and time. The
solutions to these models are water allocations, storage levels, and regulated river flows
that generate the maximum economic welfare across all water uses, i.e. the maximum
consumer and producer surplus. In other words, redistributing water away from the
modeled allocations would result in a net welfare loss to the system.

The economic principles at work in these models can be understood by considering
Figure 6.2, which shows a supply (5) and demand (D) schedule for a typical water use.
The demand schedule results from water users optimizing their use of water (e.g. to
maximize utility or expected profits) in a productive activity, and describes how the
marginal value (benefit) of water in this activity varies inversely with the quantity of
water used. The total value of water in this activity (i.e. the total willingness to pay of
the consumers) is measured by the area under the demand curve up to the quantity
consumed. Consumer surplus is defined by this area less the total amount paid (price

multiplied by quantity).

138



ECONOMIC EFFECTS ON US WATER RESOURCES

In a similar fashion, the supply schedule describes the marginal resource costs
required to supply a given quantity of water. In general, the marginal costs of pro-
viding water (e.g. pumping, storing, distributing, and treating) vary directly with the
level supplied (in particular, if the costs of developing new supplies are included).
Total resource costs are measured by the area below the supply curve, and producer
surplus is equal to the amount paid by the consumer less total resource costs. In the
absence of competing uses and supply constraints, welfare is maximized at the inter-
section of supply and demand (Q-), where marginal benefits equal marginal costs. This
allocation is achieved in a market setting, with consumer surplus shown by the area
ghp· and producer surplus shown by the area .r».

The introduction of water supply (runoff) constraints or competing uses (e.g.
downstream users) alters the mechanism of efficient allocation slightly. When runoff is
limited and insufficient to reach Q., marginal benefits (ME) may exceed marginal costs
(MG). This difference, defined as A = ME - Me, is the implicit marginal value or
shadow price of water, and reflects the value of an additional unit of water to the
system. This shadow price is a complex function of available water (runoff), the mar-
ginal value of its use (both consumptive and nonconsumptive), the costs of supplying
water, and return flows (see Appendix A6 for a discussion of how return flows affect
the analysis and determination of water value). A change in anyone of these factors
could change the shadow price, and affect the efficient allocation of water.

In Figure 6.2, assume initially that the available runoff results in a shadow price equal
to Ao' At this price, water use is ~ at the point where the shadow price equals the net
marginal value of that use. A decrease in runoff, as some models of climate change
predict, increases the shadow price of water to AI' and results in a lower level of water use
at ~. 3 The change in economic welfare associated with this reduction in runoff is mea-
sured by the shaded area abed, which is the change in consumer and producer surplus.

Several other important economic concepts can be conveyed by examining the case
of two competing uses with different demand elasticities. Figure 6.3 shows two
demand curves, Dl and Dz, that compete for water at the same point in the system. The
horizontal sum of these demands is the total demand curve (shown in bold), and water
supply is shown as S. Initially, the shadow price of water in the system is equal to Ao,
and total water use is equal to~. The share of this total that is allocated to each use is
determined by equating the total demand price (Po) with the demands associated with

each respective use, QI0 and Q2O' respectively.

J Alternatively, we could show the change in runoff directly in Figure 6.2 as an inelastic supply curve
that shifts exogenously (by the amount corresponding to the shift in A). However, we want to

emphasize the generalized nature of the economic response in these models to system-wide changes
in either physical or economic dimension, such as the important effects of other competing users.

139



$

s

o
Q21 QIlQIOQZO Q1 c,

Quantity of water

Figure 6.3 Efficient water allocation and welfare change in a two sector market,

'When runoff is reduced, the shadow price increases to Ai' total water use falls to QI'
and the total demand price rises to Pt, Equating this new price with the demands in
each use results in a greater reduction in the more elastic use, Dz' compared to the less
elastic use, Dt. Compare the reduction by the former, Qzo - QZI' with that of the latter,
QIO- Q1l' A greater share of water is retained in the use with the higher marginal
values and lower elasticities. The shaded area in Figure 6.3 shows the net change in
consumer and producer surplus associated with a reduction in runoff. These results
suggest that in a competitive market for water, reductions in runoff are not shared
equally across uses. A corollary is that if uniform reductions are imposed, as is often
assumed by researchers using physical response models alone, then it stands to reason
that welfare losses are greater than they would be if market adjustments are allowed.
These economic principles characterize the fundamental nature of the allocation deci-

sions made in the river basin SE models.
The river basin SE models are dynamic and nonlinear, patterned after the spatial

equilibrium models first described by Samuelson (1952) and further developed by
Takayama and Judge (1964). They account for important spatial features in resource
supply and demand, and model the flow of resources between regions. SE models are
widely used to characterize market behavior in natural resource sectors, and have also
been used to model the agricultural, forestry, water, and energy sectors. Vaux and
Howitt (1984), for example, developed an SE model of California's water resources to
measure the potential benefits of relaxing restrictions on water markets.

140
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We developed (or, for the Colorado river, modified) models for each of four river
basins: the Colorado, Missouri, Delaware, and Apalachicola-Flint-Chattahoochee
rivers. These models maximize the sum of consumer and producer surplus subject to
physical, economic, and institutional constraints, and consist of the following two

basic elements:

a nonlinear objective function containing consumer and producer surplus

value functions
a set of constraints describing physical and institutional dimensions of

water flow, distribution, storage, exports, and use within a basin.

The objective function consists of benefit and cost functions relating water use and
river flow to economic welfare. The economic surplus of consumptive uses, for
example, are modeled generally as quadratic functions derived from linear demand
and supply schedules. Consumptive water uses include agriculture, municipal and
industrial, and thermoelectric energy. The parameters that define these demand and
supply functions were based on available data and information (including Gardner
and Young, 1985; Gibbons, 1986; Ogg and Gollehon, 1989; Griffin and Chang, 1990,
1991; Booker and Young, 1991; Schneider and Whitlatch, 1991; US Bureau of
Reclamation, 1991; Nieswiadomy, 1992; Gutwein and Lang, 1993; Solley et al., 1993).

Nonconsumptive uses, which depend on river flows and runoff directly, were also
modeled when and where the data were available. In general, the modeled non-
consumptive uses included hydropower, navigation, flood damages, and three mea-
sures of value associated with water quality/pollution assimilation. The water quality
measures include thermal waste heat from once-through cooling plants, secondary
municipal wastewater treatment, and advanced municipal wastewater treatment. The
Colorado model contains a different mix of economic sectors than the other models;
for example, it includes flatwater recreation on reservoirs, instream recreation (rafting
through the Grand Canyon), and salinity damages in the lower basin (see Booker and

Young, 1991).
The functional form of the value functions for nonconsumptive water users varied

across economic sectors, depending on the data and the assumed relationship between
river flows and the generation of economic benefits or costs. For example, flood
damages were approximated by an increasing quadratic function in the Missouri basin
model, and by an increasing linear function in the A-F-C model." Table 6.1 describes
the nature of the nonconsumptive sectors and functions represented in the models.

Model constraints define the physical and institutional dimensions of the river

4 Parameters for flood damage functions vary by location and were derived off-line based on available
data on flood damages and associated flow rates.
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ECONOMIC EFFECTS ON US WATER RESOURCES

basin system so that the models are physically faithful to the spatial distribution of
major tributaries, reservoirs, and points of water use. The spatial structure of the
model is typically patterned from a schematic diagram of the basin showing major
points: basin inflows (i.e. runoff), tributaries, major water diversions, and reservoirs.
Physical continuity is maintained in the model by a system of mass balance equations
that define both spatial and temporal water balances. Institutional constraints, which
depict important basin-specific legal and regulatory provisions (e.g. the Colorado
River Compact and the Mexican Treaty), can also be incorporated into the model.

Flow balance constraints define water flow and distribution to mimic the physical
behavior of river systems. The flow balance acts like a network, connecting points
where runoff enters the system to points where the water is used, stored, or passed to
another region. Within each time period the flow balance is modeled as

where the flow from node n (FJ is equal to the flow from the node I-I (Fn_f) plus
inflows from tributaries or runoff (I), plus return flows from previous uses (nWn_),

plus net reservoir releases (R), less withdrawals (WJ Evaporation from streamflow is
not explicitly modeled. Evaporation losses are accounted for in the reservoir storage
balances, and are assumed to reflect the overall evaporation losses in the system.
Return flows are assumed to occur within the same period as the associated with-

drawals.
Storage balance constraints maintain the physical continuity of reservoir storage

levels across time periods. Storage decisions are made in each time period about the
net volume of water to release downstream or store for future use. These decisions
account for both inflows into the reservoir system and evaporative losses. Reservoir

storage balances are maintained by the following equation:

5tl =5tO-RtI-EI1,

where ending storage in period 1 (5
1
1' with t a time step) must be equal to the ending

storage from the previous period (510), less any net reservoir releases in period 1 (RtI),

less net evaporation losses in period 1 (E).
In addition to physical continuity, we model important institutional relationships

that regulate the pattern of river flow and water use. For example, the Colorado basin
model includes constraints representing the Colorado River Compact of 1922, which
requires that the upper basin states (i.e. Wyoming, Colorado, Utah, and New Mexico)
release a minimum of75 million acre-feet (mat) of water during each consecutive 10-
year period. This type of institutional requirement can be approximated by a set of

minimum flow constraints.
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Table 6.2. Summary oj river basin planning model components

Sector/Component Colorado Missouri Delaware A-F-C

Number of consumptive uses by sector

Agriculture 16 6 3 4

Municipal and

industrial 5 6 4 4

Thermoelectric 4 6 2 4

Number of nonconsumptive uses by sector

Hydropower 7 3 1 3

Navigation not applicable 1 not applicable 1

Flood damage not modeled 8 3 4

Pollution assimilation 4 salinity 2 M&I 2M&1 2M&1

damages 3 thermal 3 thermal 2 thermal

heat heat heat

Reservoirs

Inflow points

Mainstream reaches
Tributary reaches

Number of modeled reservoirs, inflow points, and river reaches
Recreation 2 instream not modeled not modeled

7 flatwater

7

14

21

not modeled

6 Green

4
8

13
3 Platte,

3 Kansas,

2 Osage

3
4
7

3 Lehigh,

3 Schuykill

3

4
9

3 Flint

Regional basin models
In this section we briefly describe each of the river basin models: the

Colorado Basin Economic Model, the Missouri Basin Economic Model, the Delaware
Basin Economic Model, and the Apalachicola-Flint-Chattahoochee Basin Economic
Model. The structure and composition of each basin model is summarized in Table

6.2.

Colorado basin model
The Colorado River is the dominant source of surface water in the arid

Southwest, supplying a drainage area of more than 244 000 square miles. In addition
to supplying water for consumptive water users, the Colorado River generated over 11
million megawatt-hours (MvVh) of hydroelectric power in 1990 (Solley et al., 1993).
The model extends Booker and Young (1991) by lengthening the optimization period,
separating municipal and industrial uses, and incorporating temperature sensitivity
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It Instrearn recreation
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Navajo Reservoir
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minor Utah tributaries 1\0..-------:-:--+
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Figure 6.4 Colorado basin model schematic diagram. (continued overleaf)

into the agricultural demand schedules. The spatial dimensions of inflows, water use,

and storage facilities are shown in the schematic diagram in Figure 6.4.
The Colorado model (COBEM) is the most detailed basin model used in this study

with more spatial and intertemporal detail than the other basin models. The demand
functions are approximate Cobb-Douglas demand functions, which depict demand
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Figure 6.4 (cont.)

prices nsmg asymptotically with decreasing quantities. There are more non-
consumptive sectors in this model including salinity and recreation. Salinity damages
vary with salt concentration and have been documented for agricultural and municipal
and industrial (M&I) users in the lower basin of the Colorado River (Gardner and

Young, 1985; Lohman et al., 1988; Booker and Young, 1991).
Institutional constraints are also important in the Colorado basin. The Colorado
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iver Compact and Mexican Treaty obligations apportion water between the upper
id lower basins and Mexico, respectively. These institutions are modeled by defining
e minimum annual flow rates at each of two specific reaches (i.e. Lees Ferry and the
lexican border). A penalty function is used to model these constraints and penalize

e objective function for failure to meet the required flows.

Missouri basin model
The Missouri River and its tributaries are important to a large agricultural

gion of the United States. The river basin drains a region of more than 500 000
[uare miles of the Midwestern United States, a region that produces a variety of
-ain, oilseeds, and livestock products. The river is a primary source of drinking and
.dustrial water for the region as well as an important transportation resource for
oving raw agricultural and mineral products downstream. The Missouri River cools
.ermoelectric plants which generate more than 159 million MWh and powers 12
.illiori M'Wh of hydroelectric power (Solley et al., 1993). The river is also used as a

nk for industrial and municipal wastewater.
The Missouri model, and also the Delaware and A-F -C models, rely upon linear

ernarid functions for the consumptive sectors. Two nonconsumptive uses were added
ir navigation and flood damage. The model contains fewer nodes, inflow points,
.servoirs, and diversion points than the Colorado model. This greater regional
;gregation allows for greater temporal resolution and flexibility, particularly for
iany of the economic sectors with pronounced seasonal variations such as agricul-
Ire, flooding, and navigation. The Missouri model is illustrated in Figure 6.5.

Delaware basin model
The Delaware River flows from its headwaters in the Catskill Mountains of

few York and along the border between Pennsylvania and New Jersey. The river
rains nearly 15 000 square miles before it empties into Delaware Bay. The Delaware
.iver is a primary source of municipal and industrial water in the mid-Atlantic region,
erving water users in New York, New Jersey, Pennsylvania, and Delaware. Water use
, governed by a multipurpose compact among the states. Agricultural use of the
relaware River is relatively small compared to that used in the arid Colorado and
'1issouri basins. Annual agricultural withdrawals in 1990 were estimated at 17.5 thou-
ind acre feet per year (kaflyr) (Solley et al., 1993). The Delaware River assimilates
-astes from many of the cities and towns that use its waters, and it provides water for

ierrnoelectric generation and agriculture,
The Delaware River model is shown in Figure 6.6. There is no significant naviga-

on on the Delaware River above Philadelphia, and navigation to the port of
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Figure 6.5 Missouri basin model schematic diagram.

Philadelphia is maintained by tidal flows. The consumptive water use in the Delawar:
basin is dominated by and approximately equally split between municipal and therma
energy uses. Together these two sectors account for over 99 percent of withdrawals fa
consumptive use (Solley et al., 1993). Withdrawals from the Delaware River average:
6.8 maUyr whereas annual average runoff was over 13.5 maUyr. The Delaware anr
other eastern basin systems may be less vulnerable to climate change and runoff reduc
tions because they currently use only a fraction of the available runoff.

A-F-C basin model
The Apalachicola, Flint and Chattahoochee (A-F -C) rivers together forn

an important waterway system serving central and western Georgia, eastern Alabama
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Figure 6.6 Delaware basin schematic diagram.
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and the Florida Panhandle. The surface area drained by these rivers is approximately
20 000 square miles. These three rivers are used to transport minerals, timber, and
agricultural products to the Gulf of Mexico, in addition to serving as a freshwater
resource for municipal and industrial water users in cities such as Atlanta, Columbus,
and Bainbridge, Georgia, and Phoenix City, Alabama. The rivers are also used to
assimilate wastewater from cities and thermal plants, and to generate steam and hydro-
electric power. These rivers are also susceptible to major flooding events, as recently
seen along the Flint River in southwestern Georgia. This area may also be more sus-
ceptible to droughts because the A-F -C river basin, unlike the basins of the western
United States, does not have sufficient reservoir storage capacity to mitigate against

prolonged drought conditions.
The A-F-C model includes both consumptive and nonconsumptive water use, and

is similar in composition and scale to the Missouri and Delaware models. The physical
structure and network of inflows, reservoirs, and water uses are different, as illustrated

in Figure 6.7.

National models
National estimates of the economic impacts of climate changes were devel-

oped for both consumptive and nonconsumptive water uses. These estimates extrapo-
late the impacts derived from the four regional models to other regions and to the
whole of the United States. Each of the four modeled regions is paired with a set of
similar basins from the remaining US water regions (pictured in Figure 6.8), as given

in Table 6.3.
The extrapolation method for consumptive uses relies on the modeled regional

estimates of economic impacts, and on data from all regions .regarding water-use

characteristics and changes in runoff.5

The change in national welfare for consumptive uses is equal to the sum of net
changes in consumer and producer surplus across sectors and regions, and is given as:

L1 National consumptive -llse welfare = I. I.L1Rij' (6.1)
J 1

where L1Rij is the change in consumer and producer surplus in sector i and region}.

This surplus change is defined as
- - 1 - -L1R..=($ .. x L1W.)+-z(L1$ .. XL1Yv.),

I) Yo I) . 1)0 I)

(6.2)

where $.. is the estimated net marginal value of water under baseline conditions for
Yo -the reference model, and W..is the baseline annual surface water withdrawal for sector

IJ

5 Hydrologic data for the national assessment were provided by Battelle Pacific Northwest Labor:ltories.

Data on water-use characteristics was derived from Solley et at. (1993).
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Figure 6.8 United States water resources regions established by the US water resources

council in 1970 (from Solley et al., 1993).

i and regionj (based on estimates from Solley et al., 1993)6. Ll YV.. is the change in water
']

use by sector i in regionj, and is a function of baseline-water-use patterns in regionj.,
the simulated changes in sector water use in the modeled regionjo' and relative runoff
changes between target regionj and modeled regionjo' given as

- - (l + %LlQ)
LHV. = W ..[(l + 0loLlYV..) X I - 1],

If If IfO (l + °/oLlQ. )
:10

where yVijO is the efficient water withdrawal to sector i determined in basin model j.,
and Q. is a measure of simulated runoff conditions.

'1
This procedure accounts for differences in runoff and scale across regions; however,

it assumes that the response of water users to price changes (within each economic
sector) is the same between the modeled regions and paired regions. For example, this
implies that agricultural water use in the upper Mississippi region has the same
demand elasticity as agricultural water use in the Missouri region.

It is important to account for nonconsumptive water use at the national level.

(6.3)

6 We recognize the difference between withdrawals and consumptive use, and chat efficient use depends on
equalizing the marginal value across consumptive uses, i.e. after accounting for return flows as
described in Appendix A6. However, consistent data on consumptive use were not available. If average
return flow rates are approximately the same within a given sector across regions, then no particular

bias is introduced.
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Table 6.3. Pairing of river basins to US water resource regions

Modeled basin Water resource regions

Delaware River

Apa lachicola-Flint-
Chattahoochee Rivers

Rio Grande, Great Basin, California

Upper Mississippi, Souris-Red-Rainy,
Arkansas-White-Red, Texas-Gulf, Pacific Northwest

Maine-New England, Mid-Atlantic, Great Lakes, Ohio

Colorado River

Missouri River

South Atlantic-Gulf, Tennessee, Lower Mississippi

However, it is_also subject to greater uncertainty given the difficulties in measuring
values associated with nonconsumptive use. A slightly different approach than the one
presented above is used because of the absence of water-use data. Instead, the
extrapolation is based on the estimated change in nonconsumptive welfare from the
regional models; this value is then scaled by two factors to account for regional
differences in runoff under climate change, and scale (absolute magnitude) differences
across river basins. For the first factor, the ratio of percentage changes in runoff
between the two regions is used. Scaling by the ratio of runoff changes, as in the con-
sumptive-use procedure above, accounts directly for regional variation in runoff and
water availability. Accounting for regional differences in the nature (and scale) of non-

consumptive water use is more uncertain.
To account for the relative scale of nonconsumptive values across regions, the ratio

of water used in hydropower production between the two regions is used.' The change
in national welfare derived from nonconsumptive water uses is defined as

L1National nonconsumptive - use welfare =I.LlRnc;j , (6.4)
1

where RncJ is the change in the welfare of nonconsumptive users in region j. This

change in welfare is given by:

AR = A - (l + %LlQ) Hj
Ll . u($ . X X

nCJ nCJO (l + %LlQ· ) H
:10 10

(6.5)

7 Hydropower was observed in the model results to relate more directly to the estimates of
nonconsurnptive welfare than to annual water volume. Hydropower accounted for more than 60% of
estimated nonconsurnptive welfare in three of four basins (the Delaware was the exception with a
relatively low share). At the national level, this assumption does not appear to introduce significant
bias into the estimates. However, extrapolating to specific regions, particularly the Northeast and mid-
Atlantic, is nor advised because of the relatively small capacity for hydropower production in the

Delaware basin and the potential for bias at the regional level.



where"$ . is the value of nonconsumptive water use in modeled region;'o Q is runoff
nCJo ' 1

in regionj, and ~ is the quantity of water used in hydropower production in regionj
in 1990 (Solley et al., 1993).

The accuracy of this procedure depends critically on two premises: first, the
assumption that the value of water in a modeled region is largely similar to those in the
extrapolated regions; second, the assumption that hydropower is representative of
scale differences across regions. These assumptions may be valid for estimating
national-level impacts, but could be very misleading if applied to extrapolating
specific regional estimates.

6.3 Scenario and model assumptions

The scenarios were developed to project water-use conditions in 2060. The
models projected demands in 2060 and simulated water use for 39 years (holding para-
meters constant and equal to the 2060 projections). The hydrologic data used in the
39-year simulations were based upon the historical period from 1949 to 1987. The
assumptions needed to generate baseline projections, climate change scenarios, and an
institutional scenario are discussed below.

Projections of water demand in 2060 were derived by scaling current demands
using estimated growth rates, which accounted for changes in population, income, and
recent historical trends in consumptive water use. These historical data suggested that
water demand in the energy and municipal sectors has been growing over time,
whereas irrigation demand has been relatively constant. The growth of water demand
by thermal energy producers has been considerably less than the growth by municipal
users. In addition, we hypothesized that the future growth in electricity demand will
be increasingly met by technologies that are less water intensive. Based on these his-
torical trends, demand for water in 2060 is estimated to be 23 percent and 10.2 percent
greater than current demand by the municipal and thermal energy sectors, respec-
tively.

Irrigation demand has been relatively constant over the last 20 years. Future projec-
tions of irrigation demand assume that no new significant federal water supply pro-
jects will be built, and that changes in irrigation technology will offset increases in the
demand for irrigation water. That is, the overall demand for irrigation water will
remain constant at current levels under baseline climate conditions.

Ten climate change scenarios are analyzed in this study. These scenarios span a
wide range of changes in annual average temperature and precipitation. These
changes in climate are likely to have an effect on the demand for water by consumptive
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users. Warmer temperatures and changes in precipitation will affect evapo-transpira-
tion rates in crops as well as gardens and golf courses. A study of municipal water
demand in the Great Lakes region found there could be a small rise in. water demand
under climate change (Cohen, 1987). In modeling climate change, we assume that
agricultural water demand will vary with climate change, but that municipal and
thermal energy water demand will remain the same. Because M&I (municipal and
industrial users) use very little water, a small change in their demand functions is not
likely to bias the results to a great degree. We rely upon the results reported by
Peterson and Keller (1990) to assess the effect of climate change on agricultural water
demand. They use a soil-crop-water simulation model to analyze changes in net
irrigation requirements resulting from changes in climate. They show how net irriga-
tion requirements vary across the United States, and how these requirements might be
affected by changes in average temperatures and precipitation levels. In the Missouri
basin, for example, Peterson and Keller show that the net irrigation requirement for
central Montana increases from 400 mm to 500 mm under a +3 ec temperature
change and a -10 percent change in precipitation, a 25 percent irrigation increase.
Extrapolating their results to our 10scenarios in an approximately linear fashion, agri-
cultural demand in the Colorado and Missouri models increases between 2 and 26
percent. In the Delaware and A-F-C models, irrigation demands increase between 0
and 25 percent, depending on whether precipitation increases. Carbon fertilization
may reduce the demand for irrigation, however, resulting in much smaller demand

Increases.
We have emphasized the role of economics in both the assessment of impacts and

the adaptive response to climate change. By this emphasis we have largely assumed
that water institutions will respond to changes in economic conditions, and, more
important, that they will transmit these economic signals (i.e. prices) to water users.
History and experience, however, have shown that this assumption is probably opti-
mistic and that institutions are more often slow to adapt to changing conditions. As
part of our analysis, we used the Colorado model to examine the effects of different
assumptions concerning institutional adaptation. Specifically, we used the model to
assess the welfare and water-use implications of a regulated scenario depicting current
institutional constraints and an unregulated scenario free of institutional constraints
under both baseline and +2.5 ec, +7 percent precipitation climate change scenarios.

The regulated scenario depicts a set of institutions that resemble existing institu-
tions in the Colorado basin. Specifically, this scenario models the Colorado River
Compact and Mexican Treaty provisions and a constraint that simulates prior
appropriation doctrine. The prior appropriation constraint requires that water alloca-
tions in the upper basin of the Colorado River must satisfy at least 85 percent of histor-
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ical agricultural uses. These agricultural uses generally have the most senior rights in
the basin, and this constraint restrains the transfer of water to other sectors or down-
stream users. By comparison, we also simulate an unregulated case in which all institu-
tional constraints are removed. Comparing welfare levels under these two extreme
cases highlights the magnitude and importance of institutions in adapting to the
potential consequences of climate change.

6.4 Results

The basin models were programmed using the GA1vtS language (Brooke et
al., 1988), and were solved with the l\tlINOS solver (Murtagh and Saunders, 1980).
The solutions generated by the models depict perfect foresight in a competitive
market for water. That means that the models solve for the optimal values of all the
decision variables (e.g. water withdrawals and use, reservoir storage and release)
simultaneously, and in a manner consistent with the intertemporal maximization of
total net economic welfare.

In this section, we compare the sensitivity of various measures to different climate
change assumptions, and therefore focus on relative (percentage) changes. The results
for the Colorado River basin are presented in detail because the model was the most
carefully developed basin and the institutional sensitivity analysis was conducted only
on this basin. Discussion of the remaining basins focuses mainly on the welfare results.

Colorado basin results
Tables 6.4 (a and b) show the physical and economic responses to climate

change in the Colorado basin. vVe distinguish between results for the upper (Table
6.4a) and lower (Table 6.4b) basins to highlight some important geographic and
institutional features within the basin. The second column shows the change in annual
average basin runoff. The hydrologic model is sensitive to both temperature and pre-
cipitation. For example, runoff rises by 23.5 percent under the 1.5°C, + 15 percent
precipitation scenario, decreases by 4.2 percent under the 2.5°C, +7 percent pre-
cipitation scenario, and decreases nearly 35 percent under the 5.0°C scenario. Annual
average reservoir storage patterns track runoff changes across the climate scenarios.
The variability of reservoir storage in some cases increases under the drier scenarios.

The economic responses to changes in runoff are described by the sector prices and
allocations shown in Tables 6.4. Reduced runoff has three important effects: (1) water
prices are higher and withdrawals fall; (2) prices and allocations respond to a greater
degree in the lower basin; and (3) the Colorado River Compact constraint increases
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ECONOMIC EFFECTS ON US WATER RESOURCES

losses if runoff falls severely. In most cases higher prices lead to reductions in with-
drawal; but there are exceptions. Agricultural withdrawals (in relation to baseline
levels) can rise with increasing prices because of the outward shift in agricultural
demand due to increases in net irrigation requirements associated with greater tem-
peratures. We observe this phenomenon, for example, in the +2.5 °C, +7 percent pre-
cipitation scenario results in the upper basin. Under this scenario, upper basin
agricultural prices increase by $1.81 af in response to a runoff reduction of 4.2 percent
at the same time that withdrawals rise by 4.3 percent. The change in withdrawals in
this case is lower than the amount of the 5.5 percent shift in demand, and therefore
shows a slight displacement in demand as a result of reduced runoff.

Note that although the absolute change in the shadow prices in both basins is
roughly equal, there are large disparities in the relative price changes and relative
allocations between the basins. This significant price difference is the result of
hydropower's relatively large marginal value for upper basin water. The valuable
hydropower is located between the two basins. With a value of nearly $65/ af in pro-
ducing electricity (based on data provided in Gibbons 1996), water in the upper basin
has a very high shadow price (opportunity cost) because every unit of water consumed
in the upper basin never goes through the dams. This high price in the upper basin dis-
courages low valued upper basin users. It is also worth noting that when runoff falls
dramatically, the Compact requirements are violated. This is modeled as a violation

cost which also adds to the price of upper basin water.
The bottom line is the change in welfare for the entire Colorado basin presented in

Table 6.5. With low temperature and high precipitation increases, runoff increases and
so does welfare. However, with low precipitation increases or with high temperature
increases, runoff declines and welfare falls as well. In the central case of 2.5 °C, +7
percent precipitation, welfare declines by $102 million. Two-thirds of these losses are
in hydropower and one-third is in salinity damages. Increasing temperature by 5.0 °C
with the same precipitation increases damages to $572 million. Over 50 percent of
these damages are hydropower losses, with another 35 percent of the losses coming in
increased salinity. The remaining damages are shared by agriculture (7 percent),

industrial (4 percent), and recreation (1 percent).
We also analyzed the welfare impact of the central case warming using two alterna-

tive institutional settings. The regulated scenario characterizes the current institu-
tional setting with the Colorado River Compact and Mexican Treaty constraints and
prior appropriation constraints. The unregulated setting removes all of these institu-
tional constraints. With the regulations in place, the damages from the central case
warming are $105 million. In the unregulated setting, the damages are only $65
million. The additional flexibility allowed by removing the regulations can
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ECONOMIC EFFECTS ON US WATER RESOURCES

significantly reduce the damages from global warming. Rather than losing hydropower
from runoff reductions, the unregulated model forces a larger reduction in consump-

tive use in the upper basin, saving $40 million.

Missouri basin r esul ts
The change in runoff in the Missouri basin due to climate change is

summarized in column two of Table 6.6. The changes in runoff are similar in sign and
in some cases slightly greater in magnitude than the runoff changes in the Colorado
basin. For example, projected runoff falls by over 42 percent under the + 5.0eC sce-
nario compared to a reduction of 35 percent in the Colorado basin. In the +2.5 "C, +7
percent precipitation and + 1.5"C, + 15 percent precipitation scenarios, projected
runoff changes by - 9 percent and +20 percent, respectively. These changes in runoff
alter withdrawals for the agricultural, municipal, and thermoelectric sectors.
Agriculture is the most affected sector in the Missouri basin with withdrawals falling
by 54 percent under the + 5.0 "C scenario. In the same scenario, municipal and
thermoelectric withdrawals fall only by 0.9 and l.8 percent, respectively. This result
reflects the much greater price elasticity for agricultural versus municipal and thermo-

electric water use.
In scenarios where runoff increases, welfare also increases. However, in most cases,

runoff declines and welfare falls as well. With the central case climate scenario, welfare
losses are $519 million throughout the basin. Two-thirds of these losses are due to
water quality problems and one-quarter of the losses are lost hydropower. With the 5
ec and zero precipitation case, losses climb to $2.2 billion. Sixty percent of these
damages are water quality effects whereas only 17 percent are hydropower losses.

Agriculture absorbs most of the remaining loss (22 percent).

Delaware basin results
Runoff changes are summarized in column two of Table 6.7. The hydrol-

ogy simulations predict increases in runoff with little warming and high precipitation
increases but otherwise project runoff will decline. Changes in withdrawals are closely
linked to changes in runoff. The agricultural sector has the greatest change in with-
drawals because of its highly elastic demand, whereas municipal and industrial with-

drawals are hardly affected.
Changes in total welfare vary much less in percentage terms than runoff changes. In

the central case, runoff falls by 4 percent and welfare falls by only 0.3 percent ($22
million). Even with the severe scenario of 5 "C with no precipitation increase, runoff
falls by 34 percent and total welfare falls by only 3 percent ($207 million). Most of the
damages are from water quality costs. Under the central scenario, water quality

1 h 1
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accounts for over 80 percent of the damages and under the severe climate scenario ,
water quality accounts for almost three-quarters of the damages. The bulk of the
remaining damages are from lost thermoelectric generation.

A-F-C basin results
The A-F-C basin results are given in Table 6.8. There are many similar-

ities between the results of the A-F-C and the Delaware basins. In both cases the,
available freshwater easily exceeds the consumptive withdrawals. The bulk of the
damages in both systems are consequently due to nonconsumptive uses such as water

quality and hydroelectricity.
The changes in runoff in response to climate change in this basin are less severe

than in the other regions. Runoff changes are summarized in column two of Table 6.8.
Average annual runoff increases under five climate scenarios (compared to three in the
other basins). Reductions in runoff, when they occur, are smaller in magnitude.
Changes in withdrawals in the A-F-C basin are relatively small. Municipal with-
drawals hardly vary at all and thermal withdrawals fall by only a small amount even in
severe scenarios. Agricultural withdrawals under many of the climate changes actually
increase because of the outward shift in agricultural demand for irrigation water.

Changes in welfare across the climate scenarios show two important results. First,
runoff reductions result in negligible changes in the welfare of agricultural, municipal,
and thermal energy users. Second, the biggest damages once again are in the non-
consumptive sector. In the central case, total damages are $15 million with damages in
navigation, hydroelectricity, water quality and flooding. 'With the more severe SoC
case, total damages are $31 million with the bulk of damages in hydroelectricity,
navigation and water quality and substantial flooding benefits.

6.5 National results

There are important regional differences in the distribution and magni-
tude of climate change effects on water resources which must be taken into account in
estimating national effects. vVebegin with the basin studies above and extrapolate to
the paired regions for each basin using region-wide estimates of runoff by climate sce-
narios. We then sum these results across regions to arrive at our national estimates.
The change in total national withdrawals is presented in Table 6.9.8 When national

8 Estimates in Table 6.9 for the zero percent precipitation change scenario are based on linear
interpolation between the comparable + 7 percent and -10 percent precipitation scenarios. 'While the
-10 percent precipitation scenarios are plausible at the regional level, they are unlikely outcomes for
uniform national scenarios, and therefore are not presented in the table.
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ECONOMIC EFFECTS ON US WATER RESOURCES

runoff increases (decreases), total withdrawals increase (decrease). The bulk of the
change in withdrawals is limited to the agricultural sector. As water becomes more
scarce, farmers cannot afford to pay more for the same amount of water and so are
forced to reduce use. Because changes in withdrawal are largely limited to agriculture,
agriculture bears the brunt of the welfare losses amongst consumptive users.
However, it is important to note that welfare losses to consumptive users of water are
actually relatively small in all but the most severe climate scenarios.

The largest source of damages in the model are to nonconsumptive users,
specifically water quality. For example, in the central climate scenario, national welfare
losses are estimated to be $9.4 billion. Of this amount, over $5 billion was associated
with water quality damages, with a remaining $2.8 billion for hydroelectric losses.
Only $1 billion of this loss was associated with consumptive users and most of this was
agriculture. Even with the 5.0oe, zero percent precipitation severe scenario, water
quality accounts for $31 billion of the total $43 billion damage. Hydroelectricity
accounts for another $7 billion and consumptive uses for another $4 billion.

It should be understood that there are many uncertainties inherent in these national
estimates. The extrapolation from individual basins to regions is imperfect. The
basins represent large complex river systems which have been extensively studied
before. There is much less information on the remaining rivers in each region.
Further, some regions, such as the Pacific Northwest, are really quite different from
the four basins in this study. The estimates in this study presume that water will flow
towards the highest value users. However, in cases where existing laws protect low
value users, this assumption may be violated, adding to the damages.

6.6 Conclusions

This study uses four carefully planned basin studies in order to estimate
the national damages from climate change on water systems. The four basin studies
indicate that climate change is likely to have very different regional impacts. The
Western states are semi-arid so that water can be a limiting factor for development. If
climate change reduces runoff, agriculture in these regions will be affected and could
well shrink. The eastern basins, in contrast, withdraw only a fraction of the available
water. Reductions in runoff will have only a minimal effect on consumptive uses in the

East.
The results also imply that it is not consumptive users but rather nonconsumptive

users who will bear the bulk of the damages. Total damage and benefit estimates for
virtually all scenarios are most heavily influenced by estimates for the nonconsumptive
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sectors. The nonconsumptive sector estimates are, in turn, dominated by estimates for
changes in water quality (and influenced to a lesser degree by navigation and flooding
estimates). Another large nonconsumptive loss is from hydroelectricity. In the central
climate scenario, nonconsumptive uses account for 60 percent and hydroelectricity for
almost 30 percent of the damages from warming. In the more severe 5°C scenario,
nonconsumptive uses account for over 70 percent of the damages and hydroelectricity

another 17 percent.
A third important result is that rising temperature, even with moderate precipita-

tion increases, is likely to lead to average runoff reductions nationwide. As runoff
falls, total withdrawals fall proportionately. The severity of these reductions deter-
mine the damages. For the central climate scenario, total withdrawals are projected to

fall by 4 percent, resulting in damages of $9.4 billion. For the more severe 5°C sce-
nario, total withdrawals are projected to fall by 22 percent, leading to damages of $43

billion.
Another critical issue in this analysis concerns adaptation. vVe have modeled

changes in water allocations assuming that scarce water goes to the highest bidder.
However, our analysis of the Colorado River reveals that low valued water users are
protected under current agreements. If these protections are allowed to be sustained
even as runoff falls, damages will be higher. The extent of institutional adaptation in
the face of long-term water shortages is an area which requires more analysis.

Our estimates of water damages from warming are consistent with previous aggre-
gate estimates. Cline (1992) estimates damages of $7 billion and Fankhauser (1995)
estimates damages of $13.7 billion for the central case scenario. In comparison, we
estimate only $9 billion from this scenario. For the more severe climate scenario, Titus
(1992) estimates damages of between $21 and $60 billion. For this scenario, we esti-
mate damages of $43 billion. However, even though our aggregate estimates are con-
sistent with these previous authors, our estimate of what is causing those damages is
different. All of the losses in the Cline and Fankhauser studies were predicted for con-
sumptive users while we predict these users suffer losses of only $1 billion. Only Titus
predicted that hydropower and water quality would bear the majority of the damages

from warming.
This chapter attempts to improve upon earlier studies to estimate the economic

damages from warming on the water sector. However, there are a number of caveats
which must be repeated so that readers do not get overconfident in the accuracy of the
results. First, the estimate of national runoff reductions are very crude as we have
limited information about how many basins will react to climate change. Partly, we are
highly uncertain about regional precipitation levels given any global climate forecast.
Even if the climate forecast were known, we are also uncertain how runoff across
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unstudied basins would change in response to vegetation adjustments to the new

climate, to carbon dioxide levels, and to the changing hydrology.
Second, we have studied four basins in detail in order to try to understand how the

economy surrounding different river systems would adjust to runoff changes. We have
discovered that there is substantial regional variation in how different river systems
will adjust. We are not confident that the four basins we have studied fully capture the
range of responses likely across the country. For example, none of the four river
systems studied closely resemble the unstudied Columbia River basin. In addition,
smaller river systems in each region may behave quite differently from the larger exam-
ples which we studied. The national extrapolation is consequently highly uncertain.

Third, this chapter models water quality effects assuming that rivers will have to
maintain current pollution concentrations. As runoff falls, the study assumes that
polluters will have to reduce emissions proportionately. These increased abatement
costs are assumed to reflect the damages which would occur in each river system.
Although reasonable as a first approximation, this methodology is clearly inappropri-
ate in the long run given the large damages in this sector. A more accurate approach to
modeling water quality is needed which tries to quantify ecological, recreational, and

drinking water damages.
Fourth, the interactions between water and related systems must be carefully

modeled. Although this study is careful to be consistent with the other studies in this
book, a general equilibrium analysis may be able to provide even more careful interac-
tions. For example, a general equilibrium analysis of agriculture and water might be
able to predict a more accurate demand for water under different climate scenarios,
taking into account the adjustments by farmers and markets. Although the efforts to

remain consistent across the studies in this book have eliminated any first-order
effects, theoretical improvements could still be achieved through a general equilibrium

approach.
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AppendixA6

A6.1 Spatial effects and valuing return flows

Hartman and Seastone (1970), in their analysis of the consequences 0

return flows on water-use efficiency, observed that optimal (or efficient) water alloca
tions are a function of return flow rates, and therefore, these return flows affect th.
marginal value of water in different uses. Specifically, the shadow price for water at th.
optimum is a function of return flow rates, and therefore, generally differs acres:
users. For example, at the optimum, withdrawals by users with high return flow rate:
(or conversely, low rates of water consumption) are consistent with low margine
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values for water, compared to the withdrawals of users with low return flow rates,
which are consistent with high marginal values, as described in the following example.

Consider a river basin with three water users, two upstream consumptive users and
a downstream user, and available water that exceeds possible consumptive require-
ments. The upstream users (e.g. a city and an agricultural user) are assumed to have
return flow rates of 80 percent and 50 percent, respectively. Water is freely available to
each user (i.e. they divert as much water as they wish until the marginal value for
further withdrawals is zero), and water in excess of their demands flows to the down-
stream user. Further assume that this downstream user is, for example, a hydroelectric
producer who has a marginal value (i.e. willingness to pay) for water equal to $40/ af.

The welfare of both upstream and downstream users can be improved in this situa-
tion. Consider, for example, that the downstream user offers each upstream user a
payment of $40 for each additional acre foot of water that is made available for down-
stream use (i.e. for water that is not consumed upstream). This acre foot is in addition
to the flows already received, and importantly, includes return flows. To yield this
additional acre foot downstream, the agricultural user could reduce diversions by 2 af
(i.e. by lI(l-return flow rate)), or the city could reduce its diversions by 5 af. In the
first case, the payment of $40 to the agricultural user for reducing diversions by 2 af is
in effect a payment of $20/ af. Therefore, the agricultural user would be willing to
reduce diversions up to the point where the marginal value of using the water for
irrigation was equal to $20/ af. Similarly, for the city user the payment of $40, for fore-
going the use of 5 af, results in an average payment of $8/ af. And therefore, the city
would be willing to forego diversions up to the point where the net marginal revenue

from supplying municipal users equaled $8/ af.
In general, total welfare is maximized where the marginal value of water is adjusted

for return flows and is equated across all users, such as:

(A6.1)

where MV is the marginal value, r is the return flow parameter (i.e. the share of
diverted water that is returned to the river), subscripts 1 and 2 refer to the upstream
users, and subscript 3 to the downstream user. At the optimum, users with lower
return flow rates have greater implicit marginal values for water than those with higher
return flow rates. This is an important result that characterizes optimal allocations in a

river basin SE model with return flows.

Analytic derivation
To derive the above result for the two user case, consider an upstream and a

downstream user who withdraw Wi and Wz from the river, respectively. The economic
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problem is to maximize the welfare of these two users subject to water availability ar
flow continuity, for example:

l'v1ax f( H) +g( ~V2)
rVl,WZ

s.t.

(1) rV1<K

(2) rVz ~ K - rVl + rl rVl

(3) rV>O i = 1,2,
I

where f and g are single-valued functions reflecting the net benefits from water use f(
an upstream user (subscript 1) and a downstream user (subscript 2), respectively. K is
constant equal to the fixed quantity of water available, and rl is the return flow parame
ter, The first two constraints describe the availability and continuity of water to each (
the two users, and the third constraint ensures that water use is positive for both user

The Lagrangian function for this optimization problem is given as:

where .A] and .A2 are the shadow prices for each of the two constraints, respective!
These shadow prices represent the marginal value of additional water to the system a
each use. The first-order conditions, characterizing optimal withdrawals are:

(A6.2

(A6.3

where first derivatives are indicated by subscript notation (i.e. 8florV] =fwr>- By sub
stitution, and assuming that rVI does not deplete the entire flow of the river (i.e. ther
is slack in the first constraint resulting in (.AI = 0), the following relationship charac
terizes the optimal allocation of water:

.0v/(l - r) =gwz·

This is the relationship expressed above in Equation (A6.1).

(A6.4

A6.2 General form of the basin economic models

The general structure and composition of the river basin SE models is pre

sented below, in which we desc~ibe some of the technical aspects of the models. The
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ECONOMIC EFFECTS ON US WATER RESOURCES

model description is general and contains features of all the models, and therefore,
some equations may not be defined for a specific model. The objective function and its
components is first defined, and this is followed by descriptions of the constraints. All
variables are assumed to be positive except the objective variable (CPS), reservoir
releases (R ), and net reservoir evaporation (E ) which can all vary freelv. Definitionsnt rt J

of indices, variables, and parameters follow the model description.

ObJ'ective Function: Max CPS by choosing F ,S ,X, Hnt rt It rt

CPS = '" DF x['" (a +0.5 bW . -0.5 c .rV2)W. consumptive use..L-J I ..L-J"' m nu m nit rut
t i

+ '" Wo( p .- V ·0) + V .o( Wnil) f3. (COBEM only)..L-J m m nJ n& W m
i niO

+ ~ hr X P X Hrl hydropower benefits
rEN

+ ~ (1 + eln+mnFnt) navigation benefits
n

- ~ (J,. +gnFLJFLnt flood damages (above threshold)
n

- ~ KJl - (1- eknFnl)] thermal waste heat (opportunity costs)
n

+ ~ qnFnt secondary wastewater treatment benefits
n

- ~ [( S~.,) X C X +2r .iW.i,] advanced wastewater treatment costs

+~$XVISr
(arrO + arriSrt + arr2S;I)

Smax
r

flatwater / reservoir recreation

n

_ '" SD .W . (NAn-i,t + INAnt)] salinity damages
..L-J nr nu (F + W)

, nt ntt

- DC X D penalty for compact violation (COBEM only).
n.t n.t

Subject to:

Fnl = Fn-i,1 + Inl + Rnl + ~ r",Wn-i,i,t - ~ Wnil flow balance

smin < S - S + R + E < s= storage balance
r rt r.t+ l rt rt r
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SrT = S rO terminal storage constraint
FL >- F - FT flood level constraint

nt nt n

G W . < G YV. groundwater supply
nil m

H - F + SP <H hydropower capacity constraint
nt nt nt ,

PETE = O.S(PET +__ ,IS I) reservoir evaporation constraint
rt rt Smax ',

(NAn_I,1 + 1NAnJ X-L Wnil
isussss salt balance (COBEM)

F +D >- 8230 Colorado River Compact constraint, in force for n = 8
nt n.t

ieexport

where export is the set of sectors that include export of salt from the Colorado basin.

Definitions:
Indices

n
t

r

Variables
CPS
F nt

n;
SPnt

I
7It

FL
nt

SL
nt

GW Tltl

W.
Tltt

E rt

NA nt

D
n,l

consumptive users, i = agriculture, municipal, thermoelectric
model nodes (reaches), n = 0,1,3, ... ,N
model time step (annual for COBElvl, seasonal for all others), t =
1,2,3, ... ,T
model reservoirs, r = 1,2,3, ... ,R.

consumer plus producer surplus
river flow leaving node n at time t (includes tributaries)
reservoir storage volume, reservoir r at time t

net reservoir release, into node n at time t
reservoir release for hydropower production, into node n at time t

reservoir release spill into node n at time t in excess of hydro capacity
exogenous inflow (including tributaries) into node n at time t

river flow in excess of flood damage threshold at node n at time t

slack variable reflecting deviation from minimum flow requirements

for water quality
groundwater use by user i at node n at time t

withdrawal of water by user i at node n at time t

reservoir evaporation at time t

salinity quantity (thousands of tons) at node n at time t

deficit from Colorado River Compact, for n = 8.
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Constants and parameters
DFI discount factor (set to zero for purposes of this analysis)
a . intercept of linear demand functions, user i at node n

ru
slope of linear demand functions, user i at node n

slope of linear cost (supply) functions, user i at node n

elasticity coefficient for nonlinear value functions
value parameters for nonlinear value functions
climate adjusted depletion request in COBEM

arrO' ar; arr2 reservoir surface area parameters
return flow coefficient for user iat node n

slope of flood damage function, node n

flood damage threshold at node n
quadratic term in flood damage function, node n
location and slope coefficients for navigation benefits at node n

maximum value of OTC power production
slope term for thermal waste heat opportunity costs

average reservoir head
constant term for power production efficiency, utilization, and valua-

tion

b
'"

c .
nI

e;
v,r:m "1
Wom

r.
nI

I"
FT

"

K n

k
n

h
"P

q"
Fn

C
CW.

nI

fj
r

$
PET rt

VIS r

1/,12,13

SDm

INA nt

DC",t

ECONOMIC EFFECTS ON US WATER RESOURCES

slope oflinear secondary treatment benefits
minimum flow requirement to maintain water quality at node n

average cost per acre foot of advanced wastewater treatment

groundwater supply capacity
hydropower release capacity
user day value for recreation benefits
exogenous potential evaporation level
historical visitation rates at Colorado basin reservoirs
quadratic parameters for instream recreation benefits
salinity damage coefficient for lower Colorado basin users

exogenous salt loadings in Colorado basin
unit cost of Compact violation, for n = 8.

l'i'i





Journal of Agricultural and Resource Economics 21 (I): 130-149
Copyright 1996 Western Agricultural Economics Association

Using Actual and Contingent Behavior Data
with Differing Levels of Time Aggregation

to Model Recreation Demand
Trudy A. Cameron, W. Douglass Shaw, Shannon E. Ragland,

J. Mac Callaway, and Sally Keefe

A model of recreation demand is developed to determine the role of water levels in
determining participation at and frequency of trips taken to various federal reservoirs
and rivers in the Columbia River Basin. Contingent behavior data are required to
break the near-perfect multicollinearities among water levels at some waters. We
combine demand data for each survey respondent at different levels of time aggre-
gation (summer months, rest of year, and annual). and our empirical models accom-
modate the natural heteroskedasticity that results. Our empirical results show it to be
quite important to control carefully for survey nonresponse bias.

Key words: contingent behavior. recreation demand, travel cost model

Introduction

Due to public concern about anadromous fish species in the Columbia River system,
policies which help such species to migrate are being considered. Some of these policies
involve substantial seasonal changes in water levels behind Columbia River dams. Pol-
icies which help salmon migrate will reduce the quality of reservoir recreation. These
reservoir recreation opportunities, at least for some people, are likely more valued than
salmon enhancement.

This study was designed to meet the needs of the federal agencies that manage the
waters in the Columbia River Basin. These are (a) to estimate how often individuals
would take trips to each of several federal waters under various patterns of water levels
(either actual or proposed), and (b) to estimate recreational values of each of these waters
under current conditions and with changes in the pattern of water levels.
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We derive recreational values with an individual travel cost model (TCM).' Other
studies have investigated reservoir management issues similar to the ones faced here
(Cordell and Bergstrom; Bendel and Stratis; Ward). Our approach contributes to recre-
ation valuation methodology by using contingent behavior data as a supplement to actual
behavioral data and correcting for possible sample selection bias. Our study uses panel
data and corrections for heteroskedasticity are included in both the probit and the con-
tinuous models that make up our demand specification. Few recreation studies have used
panel data (some exceptions are Cole et al. and Englin and Cameron 1996.) No previous
recreation studies employ observations for each individual at different levels of time
aggregation.

The Data and Key Modeling Considerations

We develop the recreation demand model for each of nine specific federal waters in the
Columbia River Basin: Hungry Horse, Dworshak, and Lower Granite reservoirs; Roo-
sevelt, Umatilla, Koocanusa, and Pend Oreille lakes; and the Kootenai and Clearwater
Rivers. We estimate our models using data collected through a mail survey administered
in the fall of 1993.2 For each person, we potentially have four time-series observations
on actual water-based recreational trips to each project for May, June, July, and August
of 1993 (along with the actual water levels for each project for each of these months
and total annual trips to each water). We also have two additional observations, called
contingent behavior (CB) data (eg., Cameron; Englin and Cameron 1996).

CB responses are elicited with the aid of computer-enhanced photographs and graph-
ical and verbal depictions of possible water level changes.' An individual is allowed to
state that he would or would not (or does not know if he would) take a different number
of trips to each regional project under a set of hypothetical, as opposed to the actual,
water levels in 1993. If he would take a different number of trips, he is asked how many
more or fewer trips he would take to each regional water. CB questions are important
here for two main reasons. First, some of the water level policies that must be analyzed
represent drastic departures from the relatively small variations in water levels that pre-
vailed during 1993 (a relatively dry year, as compared with the historical average). By
extending the domain of our model through the use of contingent scenarios, we alleviate
the inherent problem of out-of-sample forecasting that will plague any attempt to predict
behavior under several plausible policy scenarios. The contingent scenarios let us anchor
these forecasts in part upon stated behaviors, rather than leaving the forecasting results
to depend entirely upon the effects of small variations in water levels simply propagated
through the particular functional form of the model.

Second, while observed actual monthly water levels at the various waters could in

I In our study it is imperative that trips and values be estimated for each. not just one, of the waters. In addition. the model
must accommodate all types of water-based recreation. For recent reviews of recreation demand modeling see Bockstael,
McConnell. and Strand.

1 Four versions of the survey were designed and implemented following parts of Dillman's total design method. Professor
Dillman's survey center at Washington State University assisted in survey design. including conducting focus groups to
develop survey materials. While Dillman's total method catls for several follow up or reminder steps to maximize response
rates. the research project schedule and budget did not allow this. Other survey design. implementation. and model details
are provided in Callaway et a!.

) A copy of the survey insert. including the color computer-enhanced photographs. is available on request. Thanks go to
Matt Rae and other key ACE members for these photographs.
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principle be used to explain monthly demands, these monthly water levels have been
highly collinear across waters in the historical data.' Using the actual 1993 data alone,
it would be impossible to discern the separate effects of varying each water level inde-
pendently while holding the others constant. Since possible policy scenarios involve
departures from the usual contemporaneous geographical pattern of water levels, it is
imperative to isolate these separate effects.

We handle the large number of possible reallocations of trips (substitution) between
waters by assuming that survey respondents choose a destination from a set of federal
waters (or an aggregate of other waters) in a large region. The water levels at the chosen
destination and at other waters are considered when choosing that destination. We collect
trip information (travel costs) to each of the projects and to "all other" waters in the
same region. (Data previously collected indicated that the vast majority of trips taken by
those that live in the Columbia River Basin are to nearby or regional waters.) Some
waters are included in as many as three of these different survey regions. Responses
regarding any particular water are pooled across regional versions of the survey. Thus,
the demand for a particular water can be estimated as a function of responses and char-
acteristics of all the individuals in the sample who had an opportunity to report a trip to
that project.' Lastly, to accommodate different types of recreators, we use intercept dum-
my variables for the type of recreator each individual appears to be (holder of fishing
license, boat owner, or both).

The Sample

Our sample includes several categories of respondents. We drew an approximately ran-
dom sample of members of the general population of the Pacific Northwest (PNW) whose
addresses were obtained from local telephone listings. This group was drawn from be-
cause we wanted to allow nonrecreators in this group to recreate in response to increasing
water levels and because we wanted to be able to explore possible differences between
the general population and known recreators, An oversampled pool of residents from
counties adjacent to the nine federal waters considered in the analysis were used to
increase survey response rates. Actual recreators were intercepted while at the federal
waters and asked to participate in the study by mailing in a postcard containing their
addresses. This group was surveyed so that some individuals in the sample were known
to have actually seen the waters and existing conditions at them. Finally, a random sample
of willing volunteers from an earlier survey effort (Callaway, Shaw, and Ragland) was
taken, also to increase response rates.

Some possible biases from these four sample groups could exist if not accommodated

• As a preview. this multicollinearity was evidenced by its classic symptoms, namely, drastically changing parameters as
alternative water levels are dropped in and out of the model. and insignificance in the "own" water level when accompanied
by these alternatives. Further, simple correlation coefficients showed evidence of a strong linear positive or negative rela-
tionship between water levels in several instances. For example, the correlation coefficient for actual water levels at Alberti
Falls and Hungry Horse is 0.98. Using the hypothetical levels posed in the questions for version I and coupled with the
actual water levels decreases this correlation coefficient to 0.26.

, An anonymous referee points out that waters which appear multiple times because they are on different surveys could
lead to visitors/trips being overrepresented in an analysis. This might be especially problematic if one aggregated results
across the waters. However, as will be seen below, we adjust for this using survey version specific variables in our selectivity
model. In addition, we have separate demand models for each water and the main effect in our analysis of having different
numbers of visitors/trips is that some models are estimated for larger subsamples and thus have smaller sample variances for
the parameters. ceteris paribus. We do not attempt to aggregate trips or consumer's surplus across water demand functions.
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for explicitly. as we do. We had limited means of using other methods to increase re-
sponse rates (see footnote 2). For example, because of their level of interest in the topic,
we expected nonrecreators in the general population group to be less likely to return the
survey than people who visited the waters. We adjust for systematic differences in re-
sponse rates between our general population sample and the other specialized samples
by explicitly modeling responseinonresponse decisions for our full intended sample.

The Theoretical Model

The focus of our analysis is the average individual monthly summer season (May through
August) demand for a recreational water, measured in number of trips, and corrected for
nonresponse bias." The rest-of-year demand is incorporated solely to complement the set
of disaggregated summer monthly demands and thereby to facilitate combining (for each
individual) the four actual monthly observations with the three actual and contingent
annual observations also employed for estimation of our model.

The Basic Model

Begin by establishing some notational conventions. Let t = 5, 6, 7, 8 denote monthly
data for May, June, July, and August, respectively. For annual data, let T = A, B. C
denote actual 1993 conditions, the first contingent water level scenario, and the second
contingent scenario, respectively. Let r denote "rest of year." Let X be a vector of
individual-specific socioeconomic determinants of demand (including travel costs) that
do not vary over time during the summer months.' Z, is a vector of socioeconomic or
other determinants of demand that do vary over time during the summer months, and
W, is a vector of monthly water levels at all nine main waters in each of May through
August.

Individual summer monthly demands (q,) can thus be expressed as

(1) t = 5,6,7,8.

Rest-of-year demand (qr) can be expressed as

(2)

This specification is used because off-season water levels are not· available and, in any
event, are not likely to vary as dramatically across policy scenarios as will summer
season water levels. Annual demand (qr) can be expressed as the sum of the four summer
monthly demands and rest-of-year demands:

(3) T = A, B. C.

When T = A, we have actual annual demand. We also have analogous contingent annual
demands from the two contingent behavior questions, denoted qa and qc·

, An alternative approach to ours, with a focus on water level changes at several different reservoirs was implemented by
Ward. In Ward's application however, the water level change modeled is a total removal of water, which is actually simulated
by changing the site price until zero visits occur at the site. Our approach differs mainly because we examine less severe
reductions (and increases) in water levels using a water level variable within the model.

1 Callaway et al. provides details on construction of the travel costs or implicit travel prices.
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Adjustments to the Basic Theoretical Model

Note that we have trip and water level information on a month-by-month basis for only
the summer months. To be able to express annual demand as a function of average peak-
use season water levels, we divide the sum of the water levels in May throueh Auzustt> t>

by 4: (Ws + W6 + W7 + Ws)l4. Thus, we need to use q)4 for actual 1993 annual demand
(and qJ4 and qd4, analogously).'

Annual demands can therefore be expressed as a function of average summer water
levels as follows:

(4)

The simplification of the first term is possible because X is time invariant. The same
equation holds for qJ4 and qd4. Thus, the same parameters, f3x, f3" f3w, and 'Y" appear
in all eight demand equations." Arrayed similarly, the correspondences between the pa-
rameters are clear. The four monthly observations are

and

q = X'f3 + Z'f3 -L W'f3 + 0' +8 x s,' s w 'Yx Es'

The rest-of-year observations are

and the three annual observations are

qA/4 = X'B, + ('2.Z,I4),f3, + ('2.W,I4)'f3w + (X,I4)''Yx + EA/4,

qBI4 = X' f3x + ('2.Z,I4)' f3, + ('2. W,I4)' B; + (X,I4)' 'Yx + EBI4,

and

qc/4 = X'B, + ('2.Z,I4)'f3z + ('2.W,I4)'f3w + (X,I4),'Yx + Ec/4.

For us to combine these different observations in a single model, summer monthly plus
rest-of-year demands must sum to annual demand. This places strong restrictions on
viable functional forms for the demand equations: they must be linear in qt (or qT14)
and linear in parameters. Note also that the information in qA/4 is redundant with the
information in qs through q8 plus q" so qA data will be dropped from the estimating
models.

• If we combine data at two different levels of time-aggregation. without appropriate scaling. the estimated parameters
cannot be directly compared-not if it is just a linear transformation as in (4).

• Some respondents. who declined to answer the contingent behavior questions. have only six pieces of demand information
each.
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The Empirical Model

In this section we discuss how the theoretical model above is adapted so that it can be
estimated using our data. First, we discuss corrections for nonresponse bias. Then we
discuss the intuition behind our two-stage recreation demand model.

Survey Response/Nonresponse Sample Selection Model

Use of missing socioeconomic data and econometric tests for selection bias is not new
(e.g., Little and Rubin; Dubin and Rivers), but most previous tests for bias in valuation
studies require data on nonrespondents obtained in a follow-up survey (Whitehead, Gro-
othuis, and Blomquist; Mattsson and Li). By merging on the basis of five-digit zip codes,
we combine 1990 census data with the rest of the known characteristics for all the origins
in our targeted sample. We use these data to estimate the probabilities that each targeted
household provides a complete response to each of the two crucial sections of our survey.
The inverse Mill's ratios (IMRs) for these probabilities are then used to effect selectivity
corrections in our subsequent set of recreation demand models (Heckman; Dubin and
Rivers).

For each regional version of the survey, two preliminary probit models explain the
probability that the individual returned the survey with enough information to model
actual trips and trips under the contingent scenarios. We use the pair of IMR variables
from the response/nonresponse models--one for the actual demand information and one
for the contingent demand information-as additional explanatory variables to control
for heterogeneity in propensities to return or complete the survey.

In rigorous joint models, the coefficients on these IMR variables are usually interpreted
as the product of the error correlation (between the latent propensity-to-respond variable
and the observed demand variable) and the error standard deviation of the demand vari-
able. Since the standard deviation is necessarily positive and nonzero, a statistically
significant coefficient estimate implies the sign of the error correlation. Simulating the
expected demand under true random sampling is accomplished by simulating a zero error
correlation (which amounts to zeroing out the IMR terms in the demand model).

Empirical Demand Specification

We estimate the demand for trips to each project in two stages. In the first stage, the
probability that the individual recreator takes positive trips to a particular project j is
estimated. In the second stage, the continuous model of number of trips to project j is
estimated, conditional on an individual having taken at least one trip to project j. This
specification is somewhat like a common maximum likelihood estimation (MLE) tobit
model, generalized to allow for two different "indexes": G' {3, explains the zero-trips/
positive-trips choice, and H' {3h explains the number of trips, given that trips are positive.

The probability of taking some positive number of trips is CP(G' (3,). Thus, the inverse
Mill's ratio for positive trips is AG = <p(G' {3g)/[l-CP(G' (3g)]. The expression for expected
trips, given that positive trips are taken, is H' {3h' Thus, the appropriate expression for
unconditional expected trips is CP(G' (3g) [(H' (3h + paAG)].

The variables and parameters in G' {3g, the index that determines zero versus positive
trips, are G = (X. ZI' WI' X,) and {3g = ({3s:, {3z. {3w. 'YJ. Descriptions of the elements of
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Variable Name

Table 1. Variables in Recreation Demand Models

Description

RJNT, RJMR-ACTUAL,
R_VERSIONi

R_VERSION4

OWN PRiCE

FlSH-LlCENSE, OWN BOAT,
FISH & BOAT

PRICE_i-PRiCE.!)
WTRLVLJ-WTRLVL9

HAVE-DIST
HA VE-INC, INCOME

DIST-OTHER
VERSION 1- VERSION4

IMR-ACTUAL and IMR-CONT

NE TRIPS

Rest-of-year demand models variables; form link between monthly
and annual demands

Analogous to similarly named variables for monthly and annual
observations, below

The own price of the water visit, equal to round-trip distance cal-
culated using the program ZIPFIp,' multiplied by the DOT esti-
mate of 29 cents per mile for operating a vehicle, plus lodging
costs, plus the opportunity cost of time in travel"

These are the intercept shifter dummy corresponds: 1 if the indi-
vidual had a fishing license in 1993, owned a boat, had a fish-
ing license and owned a boat

Cross price terms for each of the nine other waters
The own water level for water x is reported as Wx for each of the

models, the others from Wl-W9 are the potential cross project
water levels
if distance data were available for this individual; else 0
if income reported for this individual; else 0, and annual income
for 1993, if income data reported

Average price or distance for the other five closest waters ????
Intercept shifter dummy for different survey versions when data

are pooled
Inverse Mill's ratios from the initial probit survey response models

(revealed preference and stated preference response/nonresponse
sample selection)

The total number of water-based recreation trips reported in each
month for the Northeast (controls for seasonal trip-taking behav-
ior independent of historical water-level management in Pacific
Northwest)

Note: Models also include intercept terms and dummy variables for whether the trips are taking place
in the main summer months or during the remainder of the year .
• ZIPFIP calculated the road distance between two places using the latitude and longitude of the centroids
for the respective zip codes. Comparison with the distances published in the AAA road atlas showed
ZIPFIP estimates to be reasonably accurate.
b Lodging costs are the sample average reported for each project by distance zone «25 miles, 26-149
miles, and >149 miles). Opportunity cost of time is calculated for each individual by multiplying round-
trip distance divided by 40 mph assumed average speed, multiplied by the reported hourly wage rate
(Shaw).

the variable vectors are presented in table 1. X includes the price (travel cost) to the
project in question and to alternative water recreational opportunities, income, and other
individual-specific variables. For some waters, 2, includes a July/August month dummy
variable and an independent measure of the tendency to take trips in peak summer months
(calculated using average monthly water-based recreation trips from data for the north-
eastern U.S.).IO

10 The July/August dummy was not important for some of the separate empirical model specifications. We thank Dr. George
Parsons for providing estimates of the total number of trips by month from his New England recreation data set, We use
these estimates to proxy any unobservable U.S. cultural tendency to take a trip in May, June, July, or August. We also note
that this variable will not be correlated with water levels in the Columbia River Basin. whereas use of the obvious choice
of historical trip data. from the same actual region of the Pacific NW, might create a problem of endogeneity bias.
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Our specifications allow the variables in H to be different from those in G and also
allow the elements of f3h to differ from those of f3g, which is more general than in the
traditional tobit specification, where Hand G are identical and f3h = f3g.

Correction for Heteroskedasticity. We have been careful to scale all of our data so
that the effective unit of observation is either a summer month or a summer monthly
average. Still, the error terms can be expected to be heteroskedastic due to the presence
in the estimating specification of trip data pertaining to three different time intervals:
monthly, rest of year, and annual. All error variances in our specifications are therefore
modeled as differing systematically across these three data types. For tractability, how-
ever, we assume that the errors are homoskedastic within each of these categories. The
correction for heteroskedasticity is fairly general when viewed in the context of the
maximum-likelihood estimation method, and both are discussed in the next section.

The Likelihood Function

It will facilitate exposition of our estimation method to review a conventional tobit log-
likelihood function under homoskedasticity. Let I, = 1 if qi > 0, 1; = 0 if qi = O. With
a single index, G'f3g, this function is

(5) max log L = 2.: log (1 - C1!(G' f3/O'g)}
P,.CT, t-O

2.: -(l/2)(log(2r.) + log a; + [(qi - G'f3g)2/a;Jl.
1=1

Heteroskedasticity across the three different data types (i.e., monthly, rest of year, and
annual) and the use of two different indexes, G'B, and H'Bi, in the discrete and contin-
uous portions of the model requires a more general specification.

It is very difficult to estimate the objective function for the requisite nonlinear opti-
mization problem, so we use a two-stage estimation process. The first stage is a heter-
oskedastic probit model, with different error variances for monthly, rest-of-year, and
annual observations:

r

(6) max log L = 2.: I;log (<p(G' f3g)} + (1 - Ii)log( 1 - C1!(G' f3g)}
P,.8,. 5r i

r

+ 2.: I)og (C1!(G' f3,1exp(o,»} + (1 - IJlog (1 - C1!(G' f3,1eXp(Or»}
i

T

+ 2.: I;log (C1!(G' f3,1eXp(OT»} + (1 - I)log{ 1- C1!(G' f3g/exp(OT»},
i

where ~~ signifies the sum over all monthly observations; ~r signifies the sum over all
rest-of-year observations; and ~T signifies the sum over the annual observations, which
are both contingent since the redundant actual annual data have been dropped. I I The
error standard deviation for the monthly data is normalized to unity (or, equivalently, f3g
is actually 13: /O'g). Defining the indicator variables Dr = 1 for rest-of-year data, a oth-

" All actual data are revealed in the notation by summing over the monthly summer data and the rest-of-year data-it
would therefore be redundant to include the actuals in the summation from i to T.
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erwise, and DT = 1 for annual data, 0 otherwise, allows the index to be generalized to
G' f3/exp(S,D, + STDT)' From this, we save the fitted inverse Mill's ratio: AG = ¢(G' f3 I
exp(S,D, + STDT»/[l - <1>(G' f3/exp(S,D, + STDT))]' g

The second stage is heteroskedastic least squares by maximum likelihood on only those
observations with positive trips: 12

(7) ma~.log L = 2: -(1I2){log(21T) + 10g(crexp(S;"D, + S:DT»
f3•. ".S,,~ /=1

where H includes AG interacted with dummies for monthly, rest-of-year, and annual data
types. This is because the coefficient on this inverse Mill's ratio is interpreted as the
product of an error correlation and the demand-equation error standard deviation. Since
the error standard deviation will differ according to observation type, the coefficient on
AG must also differ by observation type. Likewise, the usually constant cr again differs
across the three data types to accommodate the heteroskedasticity in our data.?

Derivation of Approximate Consumer's Surplus (WTP)

An individual's WTP to bring about a change in water levels can be defined in terms of
expected consumer's surplus (E[ CS]). The E[ CS] for an individual facing a change in
water levels is

(8) E[CS) = fW
,

Q*(pl €) dF(€) dW,
Wo

where Q* ( . ) is the observed demand at initial water level Wo (conditional on E), and
WI is the water level after the change.

Because of complexities associated with actually calculating E[CS] for each individual
(Hellerstein) and for every water level change that needs to be considered, we actually
approximate E[CS] for a given water level by estimating the area under the unconditional
expected trip demand function from individual observed price up to the individual's choke
price. To derive E[CS] for a change in water levels, we repeat this for a different water
level and subtract the difference between the two areas to estimate the E[ CS] for the
water level change.

From the above, we know that unconditional expected trips are

11 While there are no 1=0 limit observations in the log-likelihood function in (7), we use the tobit procedure in LIMDEP
for the second stage because this algorithm conveniently allows for heteroskedastic errors and permits us to take advantage
of the higher-level language of LIMDEP. The one problem with relying on this packaged algorithm is that the LIMDEP
output for this second stage reports r-test statistics that do not correct for the presence of estimated regressors (the AG
variables). While we report the r-statistics from the LIMDEP output, we note that these are derived from a variance-covariance
matrix has not been corrected.

u We have programmed a full information maximum-likelihood algorithm that allows simultaneous estimation of the two
sets of slope and intercept parameters, 13

K
and 13., as well as the conditional heteroskedastic error variance parameters, 15" I5r,

U, 15;, and 15;.. and the correlation between the latent probit dependent variable and the observed continuous trips variable
(given that trips are positive). This correlation parameter is p. However. it is very difficult to push this algorithm to conver-
gence for specifications as complex as those employed here. We tried this for one of our waters. using the converted two-
stage point estimates as starting values, but could not achieve convergence in this optimization. This algorithm ran under
GQOPT on a UNIX system. The initial DFP portion of the optimization. with a convergence criterion of 10-6 ran for an
elapsed time of eight days without convergence, although these were "good" iterations. .
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(9) E[q] = <P(G' f3/exp(o,Dr + oTDT»[(H' f3h + peTtA? + peT~? + peTTA¥)].

This form complicates the calculation of the choke price needed for the consumer's
surplus calculation, since water levels appear in G, H, and the A terms. Details of how
this was accomplished are described in Callaway et al.

Estimated Models

We obtain coefficients for (a) the two basic response/nonresponse probit models for each
of the four survey versions, (b) the heteroskedastic probit models for the participation
decision at each of the nine federally managed waters, and (c) the continuous heteros-
kedastic models for each of these nine projects. Due to the sheer number of parameter
estimates involved in our nine models, we only briefly summarize the results in this
article. 14

Survey Response/Nonresponse Model

Two probit models were estimated for each of the four regional survey versions. One
model captures the effects of sample type and different sociodemographic, distance, and
census zip code data on the respondent's probability of responding with revealed pref-
erence information sufficient to allow their responses to be included in the estimating
sample. The second probit model uses identical variables to explain the probability of
responding with contingent preference information sufficient to allow these responses to
be included in the estimating sample. Two separate probit models were estimated for
each region because noticeably more respondents provided revealed preference than con-
tingent preference data. The processes leading to actual (versus contingent) response
completion are assumed to be independent.

The results of the first of these probit models are reported here (table 2) and are
revealing. IS While the specifications are not the most parsimonious, multicollinearities
do exist between some of the explanatory variables, so we would not rely entirely upon
individually statistically significant r-ratios in the process of model selection. Maximizing
"fit" is relatively more important in this context. Variables that tend, in most cases, to
be significant determinants of survey response propensity include (a) the distance to the
different waters included on that survey version, (b) the survey sample strata group, and
(c) various zip code demographic variables. In cases where one might have strong priors
regarding the sign of a coefficient, most estimates confirm the expected influence of the
associated variable on the probability of an individual returning the survey questionnaire
and providing usable responses.

Demand Models: Heteroskedastic Probit First Stage

Our demand modeling uses a subsample limited to respondents who reported taking at
least some trip (actual or contingent) to one of the federal waters or anyone of the "other

,. All coefficient estimates are available in Callaway et al.
" Results of the second are reported in Callaway er al., but note [hat the IMRs from [his second model do appear in the

demand models as [he variable IMR·CONT.
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waters." Almost no respondent who did not take trips during the season under actual
conditions was induced to take trips under the contingent scenarios, so, for the general
water users we focus on the allocation of trips among the different waters in the regional
choice set. Any specific federal project will still have many water recreators with zero
trips to that particular water, but these respondents will have reported at least one actual
or contingent trip to some other water.

For purposes of illustration, table 3 reports these results for three of the waters, Hungry
Horse Reservoir, Lake Pend Oreille, and Lake Koocanusa." For each water, there are
two columns of results. The first column is a probit model to predict whether the re-
spondent took any trips to that particular water. The second column is the tobit portion
of the model, to be discussed below. For the probit models, the own prices are negative
and significantly different from zero (this is true in most of the nine models), and the
own water-level variable was most often positive and significantly different from zero.
The cross-price and cross-water-level terms are mixed in sign and significance. The
apparent complementarity of some waters in terms of water levels could reflect a type
of complementarity not ordinarily considered by economists, who typically focus upon
the cross effects of prices."

The nonprice and nonwater-level variables-income, the water-based activity dummy
variables (fishing license, boat ownership, or both), the exogenous seasonal visitation
rate control variable (NE TRIPS)-are most often of the expected sign, but their statistical
significance varies from water to water.

Demand Models: Heteroskedastic (Continuous) Second Stage

The set of candidate explanatory variables in the second-stage models are essentially the
same as for the first-stage models, except we include the Ar, Ar, and AT inverse Mill's
ratio terms from the first-stage heteroskedastic probit participation model. These results
are again quite mixed. While the price and own water-level variables often have coef-
ficients with the expected sign and these coefficients are significantly different from zero
in the first-stage models, they are seldom statistically significant in the second-stage
models. For these three waters, own price is negative and significant in the Pend Oreille
and Hungry Horse demand equations only. This seems to indicate that the major influence
of these variables may be in the participation decision itself; once an individual decides
that a particular water is usable for his or her purposes, he pays little attention to the
price and water level in determining the frequency of his monthly visits ..

The cross-price and cross-water-level terms in the second-stage models are again
mixed in sign and significance. Intuition suggests that these waters should be substitutes,
and our models do indeed identify some substitutes. However, a negative cross-price
coefficient, or positive cross-water-level coefficient on an alternative water may again
indicate some complementarity. Such complementarity is unlikely unless it is an artifact
of multiple-site trip taking, but we do not distinguish between single- and multiple-

'6 Space constraints preclude reporting both the probit and second-stage demand parameters for all nine waters. for models
which use some or all of the explanatory variables described in table I.

IT This apparent relationship may be due simply to remaining collinearity between water levels. The actual historical water
levels are sometimes highly correlated across waters. Our augmentation with contingent scenarios unties these correlations
in some instances but not in all. To have used the contingent scenarios to completely orthogonalize the various water levels
would have been extremely helpful to the empirical analysis but was beyond the scope of the research project.
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destination trips in our models, so it is not possible to sort this out within the current
framework.

Policy: Expected Trips and Consumer's Surplus

As part of the overall project for the federal agencies, we have employed our calibrated
model to evaluate several hypothetical water-level scenarios, pegged to a set of system
operating strategies (SOSs) that might potentially be part of some plan to more effectively
flush the salmon smolts out to the ocean. Sample average expected trips and sample
average fitted consumer's surplus can be calculated for baseline, actual 1993 water levels
and then recalculated for any given change from these baseline levels to a set of alter-
native hypothetical water levels.

We illustrate two resource planning strategies below: a reservoir recreation (RR) and
fishery (F) strategy. The former would aim to protect and enhance recreation opportu-
nities by filling reservoirs by the end of June, maintaining the reservoirs at full pool
through the end of August. These conditions are considered to be more or less optimum
for reservoir recreators. The objective of the F strategy is to assist downstream fish
migration and enhance conditions for salmon spawning. The water levels and flow rates
embodied in this strategy are not considered to be optimal for reservoir recreationists.

Expected Trips and Changes in Expected Trips

For each of the nine waters, we estimate the individual's expected trips (May through
August) for specified patterns of water levels. The sample average of expected monthly
trips over all nine waters under conditions in 1993 (our baseline) is sometimes quite
small. For example, fitted trips for Lake Pend Oreille vary from 0.5 in May to 1.06 trips
in August. Across all waters, sample average expected trips under 1993 conditions are
lowest at John Day (0.09 in July) and highest at the Kootenai River (1.7 in July).

Comparing expected trips under the RR and F strategies, there is a tendency for av-
erage expected trips to be lower at all nine waters under the fishery strategy, as would
be expected. For example, simulations assuming water levels that are otherwise consis-
tent with the average levels over the past 50 years but controlled to enhance reservoir
recreation, produce average expected June trips to Hungry Horse of 0.81. Under man-
agement for the F strategy, average expected June trips fall to 0.44, or by about half.

The number of expected trips falls with the types of changes in water levels under the
F strategy, but in some cases, not by a large or statistically significant amount. As another
example, average expected trips to Dworshak Lake under the RR strategy are 1.37 for
July (again assuming otherwise 50-year-average water level conditions). For the F strat-
egy, average expected trips in that month are 1.19.

Expected Consumer's Surplus and Changes in Expected Surplus

Baseline sample, average expected consumer's surplus (CS) is calculated for actual water
levels in 1993. This measure can be interpreted roughly as the average expected monthly
willingness to pay (WTP) rather than do without these reservoir recreation opportunities,
given 1993 water levels. For all nine waters, the CS estimates have magnitudes that seem
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intuitively plausible, varying from about $13 (each summer month) for Lake Koocanusa
to $99 (August) for Lake Roosevelt. These monthly welfare amounts cannot easily be
compared with other extant welfare estimates for water recreation opportunities because
most other estimates are typically either annual or per-trip measures. (A crude range of
the value per outing for water-based recreation is from about $20 to $60, with some
estimates being higher for more exotic recreation such as fishing for salmon in Alaska.)
We could only attempt to convert our monthly CS estimates to annual measures by
assuming no intermonth substitution of trips-rather a strong assumption for some re-
creators. Alternatively, conversion of our monthly to per-trip measures is possible by
dividing the monthly WTP by the individual's estimated monthly trips, but this can create
confusion. as one's interpretation of such per-trip measures varies depending on whether
one uses baseline trips or trips predicted under one of the strategies. IS

Expected consumer's surplus (E[ CS]) under the RR and F strategies are also simulated.
Assuming the 50-year-average levels otherwise obtain, the July average E[CS] for Hun-
gry Horse under the RR strategy is approximately $72. Under the F strategy, this falls
to $40, slightly more than half the monthly WTP under optimum recreation conditions.
For other waters at other times during the summer, this change is less dramatic. This is
due to different estimated demand functions for other waters, as well as different sim-
ulated water level conditions for the other waters under these two scenarios.

Summary and Conclusions

At the outset of this research project, it was not even qualitatively clear to what extent
water levels at reservoirs really matter to recreators in the Columbia River Basin. Based
on our analysis, we conclude that water levels at a particular water (the own water levels)
do strongly contribute to the probability that an individual will visit a federal water. This
influence diminishes in the model that explains the frequency of trips taken.

The use of the mixed actual and CB data for the recreation demand model in this
study spans the range of possible scenarios concerning the full set of water levels at
several different locations. It would not have been sufficient to model any single water
in isolation; substitution possibilities with respect to alternative site characteristics (not
just their prices) had to be accommodated. CB data are required to break the near-perfect
multicollinearities among water levels at some sets of waters in the actual historical data.
We combine several types of demand information from each survey respondent, using
demand data for each person at different levels of time aggregation in an innovative
way.

Our study has shown that it is important to control carefully for survey nonresponse
bias (separately for actual and contingent behavior responses, which exhibit different
nonresponse rates). Controlling for nonresponse propensities in the estimation of our
demand models helps to achieve demand parameter estimates that, in theory, more close-
ly reflect the preferences of the entire relevant population, as opposed to simply consid-
ering the preferences of those survey recipients who were interested enough to complete
the different sections of the survey instrument.

While not every valuation problem can involve such clear potential for differences in

.. See other issues about per-trip CS measures in Morey.
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values for respondents and nonrespondents, we suggest that this possibility be considered
carefully. If the potential is there, the investigators might consider using our approach
to control for such differences. Future research might attempt to devise schemes to ex-
amine more about the nonrespondents than can be obtained using other census variables
and other public data sources, as well as by using follow-up surveys. The latter may be
accomplished by implementing a second survey, designed with this initial nonresponse
target group in mind so as to ensure better response rates than the original survey ac-
complished.

[Received August 1995; final version received February 1996.]
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4. The Economics of Acid Rain Damages

This chapter of the thesis contains three papers, organised generally around the topic of the
economics of acid rain damages. The first paper discusses the development of the economic
models prepared for the National Acidic Precipitation Assessment Program (NAPAP) to
estimate the economic value of the damages in the US caused by rates of deposition that were
current in the early 1990s. The paper also provides preliminary estimates of the value of
these damages for four "receptor systems": commercial agriculture, commercial forests,
recreational fishing, and selected building and infrastructure materials. The second paper
provides a more detail assessment of the modelling effort for the agricultural sector. The last
paper critically reviews the damage estimates produced for NAPAP in an institutional context
and points to a number of lessons that were learned during the NAPAP program that have
bearing on the use of economic analysis in integrated environmental assessments.

The papers included in this chapter are:

I. J.M. Callaway, R.F. Darwin, and R.J. Nesse. 1986. "Economic Valuation of Acidic
Deposition Damages: Preliminary Results from the 1985 NAPAP Assessment." Water,
Air, and Soil Pollution. 3 I: 1019-1034.

2. R.M. Adams, J.M. Callaway and B.A. McCarl. 1986. "Pollution, Agriculture and Social
Welfare: The Case of Acid Deposition." Canadian Journal of Agricultural Economics.
34(March 1986): 2-19.

3. J.M. Callaway and J.E. Englin. 1990. "Economic Valuation of Acid Deposition
Damages." Contemporary Policy Issues. 8(July): 59-72.
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ECONOMIC VALUATION OF ACIDIC DEPOSITION DAMAGES:
PRELIMINARY RESULTS FROM THE 1985 NAPAP ASSESSMENT

J. M. Callaway
R. F. Darwin
R. J. Nesse
Pacific Northwest Laboratory
Richland, WA 99352 USA

ABSTRACT. This paper presents estimates of the monetary value of the
biophysical damages caused by acid deposition for the National Acid
Precipitation Assessment Program's 1985 Assessment. Economic damages
are estimated for four effect areas: .commercial agriculture, forests,
recreational fishing and selected types of materials. The preliminary
nature of the value of the estimated damages in each area is empha-
sized. The estimated values should be interpreted with appropriate
regard for the uncertainties about the physical effects of acid depo-
sition and the assumptions i"nthe economic analysis.

1. INTRODUCTION

The objectives of this paper are to discuss methods used to estimate
the monetary value of the biophysical damages caused by acid deposi-
tion for the 1985 Assessment being conducted by the National Acid
Precipitation Assessment Program (NAPAP) and to present the prelimi-
nary estimates of economic damages from the Assessment.

2. OVERVIEW OF ECONOMIC ANALYSIS

The primary goal of the economic analysis contained in the 1985
Assessment was to estimate the monetary value of the biophysical dam-
ages currently being caused by acid deposition. An important aspect
of the damages-oriented focus of the 1985 Assessment is that the pre-
liminary damage estimates reported in this study may not be the same
as the benefits of control policies for regulating the precursors of
acid deposition. The estimated damage values contained in the

This research was conducted for NAPAP by Energy .and Resource Consul-
tants, Hathtech, by Drs. R. W. Adams and B. A. M~Carl at Oregon State
University and by Pacific Northwest Laboratory under a Related
Services Agreement with the U.S. Department of Energy under Contract
DE-AC06-76RLO 1830.

Wal<r.Air. and Soil Pollution 31 (1986) 1019-1034.
© 1986 by D. Reidel Publishing Company.
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1985 Assessment assume fairly pristine environmental conditions. Con-
trol policies would probably not achieve these conditions. Ingen-
eral, information about the incremental benefits of various control
options needs to be integrated with information about incremental
control costs to determine economically efficient levels of damage
reduction.

Four types of recepto systems, se sitive to acid depositio ,
have been included in NAPAP's economic analysis. These include: com-
mercial agriculture, commercial forests, recreational fishing, and
common building, cultural and infrastructure materials. Specific
details about market coverage and geographic focus in each of these
areas are dealt with in Sections 3.1-3.4 of this study.

Several comments about the extent of coverage in each of these
areas are necessary. First, the treatment of economic damages in each
of these areas is confined largely to the economic agents who actually
use the services provided by the resources at risk in a particular
receptor system, such as fishermen, timber owners, anglers and home-
owners. The analyses do not take into account damages to non-users
who would, in fact, be willing to pay some amount of money to preserve
resources at risk for their own future use (Cicchetti and Freeman,
1971) or for future generations (Krutilla and Fisher, 1975). Second,
only damages in the United States were evaluated. Finally, the ancil-
lary effects which the precursors of acid deposition may have on
health and visibility have also been omitted from coverage in the 1985
Assessment. This latter decision was based on the fact that these----
effects are covered by other programs within the U.S. Environmental
Protection Agency,· while NAPAP's focus is on acid deposition.

Two different approaches can be used to value the biophysical
damages of acid deposition (Smith, 1982). The first is the damage
function approach. It uses dose-response functions to translate
changes in acid deposition into physical damages. Physical damages
are then multiplied by a unit economic value, such as a market price,
to measure economic damages. This approach is used in the estimation
of economic damages to recreational fishing and materials. There are
two basic problems with this technique (Crocker, 1982). First, it
does not take into account possible changes in the prices of resources
at risk as a result of acid deposition-induced reductions in the sup-
plies of these resources. Second, it ignores substitutions which
individuals and firms can make in their consumption and production
decisions due to changes in prices and technology. As a result,
extremely unrealistic assumptions have to be made about the prefer-
ences of individuals, the technology of firms, and the structure of
the markets being analyzed for the damage function approach to .yield
damage measures which are consistent with economic theory.

A second approach overcomes these' shortcomings by using mathe-
matical representations (models) of supply and demand 'curves in appro-
priate markets to characterize the behavior of consumers and produc-
er~. Dose-response information is used to shift the relevant supply
or demand curves to simulate the effects of acid deposition on key
physical parameters. Appropriate damage/benefit m~sures can then be
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evaluated from these simulated shifts in supply and demand curves.
This approach is used to value the damages of acid deposition to com-
mercial agriculture, commercial forests and recreational fishing
(along with the damage function approach).

In these three areas, the namages born by resource users and con-
sumers are approximated (Willig, 1976) by changes in consumer surplus,
while the damages experienced by producers and resource owners are
measured by changes in producer surplus. Consumer surplus is conven-
tionally defined as the difference between the maximum amount of money
an individual is willing to pay for a good rather than do without it
and the amount actually paid. Producer surplus represents the differ-
ence between the amount of money which a producer receives from the
sale of a good and the minimum amount he would accept rather than
forego selling it (Just, Rueth, Schmitz 1982).

3. METHODS AND DATA

3.1 Commercial Agriculture

The agricultural portion of the 1985 Assessment examines the direct
and indirect effects of increases in acid deposition on consumer and
producer surplus in the u.s. agricultural sector. For this assess-
ment, the direct effects of acid deposition consist of changes in soy-
bean yields in the 28 leading soybean producing states* due to
increases in g+ concentrations in wet deposition. Indirect effects
consist of changes in farm production costs for all crops grown in the
same area as a result of the passive fertilization of cropland by acid
deposition (Hoeft et al., 1972), and increases in the intensity of
liming applications on more acidic soils (Reuss, 1977).

The model used in this analysis was previously employed by Adams
et al. (1984) to estimate the economic effects of 03-induced crop
yield reductions on U.S. agriculture. This model is a multi-regional,
non-linear programming model of the U.S. agricultural sector (Baumes,
1978; Chattin et al., 1983). It maximizes the sum of producer and
consumer surplus in regional markets for 12 field crop and 11 live-
stock commodities, 12 processed agricultural commodities, and three
national inputs-land, labor and fertilizer. The constraints in the
model consists of a series of regional crop-mix and input use combina-
tions consistent with profit maximizing behavior of individual farmers
(McCarl, 1982). Regional crop yields can be modified to reflect
information about the magnitude of acid deposition-induced yield
changes. The model solves for market clearing commodity and input

*These states are: Alabama, Arkansas, Delaware, Florida, Georgia,
Illinois, Indiana, Iowa, Kansas, Kentucky, Louisiana, Maryland,
Michigan, Minnesota, Mississippi, Missouri, Nebraska, New Jersey,
North Carolina, North Dakota, Ohio, Oklahoma, ~outh Carolina, South
Dakota, Tennessee, Texas, Virginia, and Wisconsin.
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prices in all markets simultaneously. It also provides information
about the magnitude and distribution of producer and consumer surplus
for each market and region.

Estimation of the economic value of the damages due to the direct
effects of acid deposition was performed as follows. The agricultural
model was first solved using 1982 soybean production (yield) data and
the resulting values of consumer and producer surplus for the U.S.
agricultural sector were recorded. Next, soybean yields in the 28
state region were modified to reflect the phYSical effects of acid
depOSition on soybean yields. These modifications were based on simu-
lated changes in yields due to differences between current (1982) H+
concentrations and more pristine base conditions, including 10, 30 and
507. reductions in aT from the 1982 figure. The sector model was then
solved using this yield information and the new values for consumer
and producer surplus in the agricultural sector were recorded. The
value of the economic damages associated with a given set of yield
modifications was calculated as the difference in total economic sur-
plus, with and without acid deposition.

The same general approach was adopted to incorporate the indirect
effects of acid deposition into the analysis. For this part of the
analysis the assumed soybean yield changes for the 507.case were com-
bined with reductions in fertilizer cos t s of $1.19 to $3.21 per hec-
tare and increases in liming costs of SO.17 to SO.52 per hectare.
These cost changes were distributed spatially based on the analysis
contained in Moskowitz et al. (1985) regarding the effects of acid
deposition on soil amendment practices.

Soybeans were selected for the direct effects analysis because
this is the only major, commercially-important crop which has shown a
consistent negative yield response to increases in aT concentrations
in wet deposition (Irving, 1983). Dose-response functions were devel-
oped by Moskowitz et al. (1985) using data from field experiments on
four varieties of soybeans by Evans et al. (1984, 1985) and Banwart
et al. (1985). County-level yield changes for the 28 states were
estimated by evaluating these dose-response functions using state-
level estimates of 1982 soybean production and simulated changes in
concentrations of H+.

3.2 Commercial Forests

The forests section of the 1985 Assessment addresses the impacts of
hypothetical changes in annual tree growth in the Northeast and South-
east timber supply regions* on regLona I stumpage and primary forest
product market's in the United States as a whole. No empirical rela-
tionships between variations in wet and dry deposition and

*The Northeast includes Connecticut, Delaware, Maine, Maryland;
Massachusetts, New Hampshire, New Jersey, Pennsylvania, Rhode Island,
Vermont, and West Virginia; the Southeast includes.Florida, Georgia,
North Carolina, South Carolina, and Virginia.
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recently-observed episodes of forest dieback or decreases in forest
growth (Siccama et al., 1982; Johnson and Siccama, 1983) have been
found. Thus, this portion of the Assessment does not estimate the
economic damages of current levels of acid deposition or of any form
of air pollution. The analysis is designed to show, instead, the
range of economic effects that could occur due to a wide range of
growth slowdowns, regardless of the source of those slowdowns.

The economic effects of hypothetical reductions in tree growth
were estimated using existing softwood and hardwood forest sector
market models, Tfu~SOFT (Adams and Haynes, 1980, 1985) and TAMMHARD
(Lange, 1983), which are phYSically linked to the inventory projection
model, TRAS (Larson and Goforth, 1970, 1974). TAMMSOFT and TAMMHARD
are multi-market spatial equilibrium models of the softwood and hard-
wood stumpage and primary forest products markets in the United
States~ Both models are spatially disaggregated into supply and
demand regions. Regional supply and demand equations interact to
determine market prices, production and consumption, as appropriate,
for lumber and/or plywood. Aggregate stumpage demand is derived
directly from product supply by a .series of conversion factors.
Stumpage supply equations in the models reflect the harvest response
of private owners to changes in stumpage prices and inventories.
Hardwood and softwood inventory volumes are supp Lfed to both models
directly from TRAS. The market clearing harvest levels are used in
TRAS to update the softwood inventories in each region. The outputs
of the market models include information about the size and distribu-
tion of consumers' and producers' surpluses in regional stumpage and
product markets.

Estimation of the value of the damages due to hypothetical
decreases in tree growth was performed as follows. First, base case
values for consumer and producer surplus in all markets was estab-
lished by running the above system of models for the period 1976-
2030. Total economic surplus in the U.S. forest sector was calculated
annually from 1985 to 2030 as the sum of the economic surpluses of
timber owners, plr~ood and lumber producers and consumers of lumber
and plywood in all regions. Next, the radial growth rates in TRAS
used to calculate the average annual grown increments for both hard-
woods and softwoods were reduced Simultaneously in the Northeast and
Southeast by la, 15 and 207.to reflect hypothetical decreases in tree
growth. The system of models was rerun using this information and the
new values for consumer and producer surplus in the U.S. forest sector
were recorded. and aggregated. Finally, the annual value of the eco-
nomic damages for each hypothetical growth reduction w~ calculated as·
the difference between the total surplus values, with and without the
growth change. The present·value of these damages for the period
1985-2030 was calculated and annualized (i.e., levelized) using a 10i.
discount rate.
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3.3 Recreational Fishing

This section of the 1985 Assessment focuses on the economic conse-
quences of acid deposition damages to recreational fishing in the
Adirondack region of New York. This was done because of the public
attention this particular area has received and the region's impor-
tance as a center of freshwater game fishing both to New York resi-
dents and out-oE-state visitors. The focus of the a alysis was fur-
ther narrowed to include only damages to Adirondack Lakes due to the
lack of information on the extent of physical damages to streams in
the Adirondack region.

To provide checks on the estimated value oE the damages, two
methods were used to estimate the economic damages associated with
Adirondack Lake fishing: a participation model and a travel cost
model. The participation model was a regression model which related
variation in the time which individuals spent fishing at each of
24 multiple-lake sites to variation in selected characteristics of
these sites, including fishable area and catch rates. Using infor-
mation about the effects oE acid deposition on these characteristics,
the model was used to forecast changes in the number of fishing days.
Estimates of economic damages at each site were obtained by multiply-
ing the simulated change in fishing days at the site due to acid depo-
sition by the value of a fishing day ($30), obtained from the travel
cost model and checked against Vaughn and Russell (1982a). Total dam-
ages were estimated by aggregating the damages from each of the
24 sites.

The travel cost approach is based on the premise that the demand
curves for recreation at a site can be derived by observing how people
respond to differences in the costs of traveling to particular recrea-
tion sites. As the distance from the point of origin to a recreation
site increases, the time and distance costs of travel increase and
visitation rates decrease. The travel cost method used in this analy-
sis employed a procedure based on the work of Vaughn and Russell
(1982b). It involved estimating the parameters of 24 site-specific
regression models, relating the number of fishing days at a site by an
individual to travel distance, income and fishing experience. The
intercept and distance parameters of the previous models were then
regressed against fishable area and catch rates. Next, estimates of
the effects of acid deposition on fishable area and catch rates were
used to shift the first-stage travel cost demand equation. Changes in
consumer surplus were evaluated from these equations for each of the
sites and aggregated over all sites to obtain an estimate of total
annual damages.

The participation model and travel costs models did not use indi-
vidual pond or lake data. Individual lakes and ponds were aggregated
into 24 sites, based on the location of the pond or lake's outlet.
The basis for this aggregation scheme and for the.site characteristics
data was the 1984 version of the Adirondack Lake and, Pond Survey, made
available through the New York State Department of Environmental Con-
servation. Information. on individual anglers, their travel expenses
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and their catches was obtained from the New York Angler Survey for
1976-1977 (Kretser and Klatt, 1981).

The physical effects information used in this analysis was based
on a recent NAPAP study of the status of Adirondack fish populations
by Baker and Harvey (1984), who estimated that approximately 8.17.of
the region's lakes had lost some or all fish populations. Another
10.67.of these lakes evidenced marginal damages due to acidification.
These losses translate into estimates of lost fishable area of 3.2 and
10.07.,respectively. To examine how sensitive the damage estimates
might be to changes in catch rates, economic damages were calculated
for a 3.27. loss of fishable area with no change in catch rates and
then with a 3.27.decrease in catch rates. The analysis was repeated
for a 107.reduction in fishable area first with no change and then a
107.decrease in catch rates, for a total of four damage scenarios.

3.4 Mate rials

The materials section of the 1985 Assessment covers damages to
selected common building, cultural and infrastructure materials due to
increases in S02 and H+ concentrations in wet deposition within cities
in the northeastern quadrant of the United States.* Common building
materials included in the analysis are steel, Cu, AI, paint, marble
and mortar used in commercial and residential buildings. Cultural
materials included bronze, marble and limestone statutes and marble
and limestone trim on historic buildings. Coverage of infrastructure
materlals was limited to transmission towers.

The methodologies used to estimate the economic value of acid
deposition damages in all of the materials categories were quite simi-
lar. For brevity, only the method used to estimate economic damages
to common building materials is presented here. It consisted of the
following steps. First, an inventory of exposed materials for four
sample cities (New Haven, Connecticut; Portland, Maine; Pittsburgh,
Pennsylvania; and Cincinnati, Ohio) was developed to determine the
exposed surface area for each of the selected materials. Predictor
equations were developed to project exposed surface areas from the
sampled areas to a total group of 117 cities in the 17 state region
covered by the assessment. Next, damage functions for paint, Zn,
stone and mortar were used in conjunction with information about local
changes in S02 and H+ concentrations to calculate the decrease in the
maintenance and replacement interval'for each type of material in the
projected inventory of exposed materials. Unit repair/replacement
costs were developed for each component of the projected inventory of
exposed materials. Annual economic damage~ were computed for each
material component as the product of: cost per unit surface area,

*The area covered includes Connecticut, DelawaLe, Illinois, Indiana,
Kentucky, Maine, Maryland, Massachusetts, New .~ampshire, New Jersey,
New York, Ohio, Pennsylvania, Rhode Island, Vertaonc , Virginia,
District of Columbia, and West Virginia.
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exposed surface area in the inventory and the estimated change in the
maintenance/repair interval. These damages were aggregated over each
type of inventory component to obtain city-wide and then area-wide
damage estimates for the I17-city group. These future value damage
estimates were converted to present value terms and then annualized
present value damage estimates using a 10% real discount rate.

The inventory of common construction materials was based on data
from a ground-based survey, conducted by the U.S. Army Corps of Engi-
neers (Merry and LaPotin, 1985). The inventory of historic buildings
was based on the National Register of Historic Places. The inventory
of statues and monuments was developed from an inventory of outdoor
statues and monuments in'the eastern United States by Panhorst (1985).
Transmission towers were inventoried through contacts with individual
electric utilities. '

Damage (mass loss) functions for Zn, Cu, and Al were derived by
Lipfert et al. (1985a) from extant atmospheric corrosion data. Damage
(mass loss) functions for carbonate and silicate paint were developed
by Haynie (1985). Damage (dissolution) functions for marble and lime-
stone were developed using data from three NAPA? test sites (Reddy
et al., 1985). A damage function for mortar was developed from the
limestone damage function based on the assumption that mortar can be
represented by an inert matrix composed of one-third calcium carbonate
(lime) .

The unit costs of repairing/replacing common building materials
was based on industry norms. Replacement costs of statues and monu-
ments were based on original costs as reported i; Monument News
(1870-1930). Rehabilitation costs for bronze statues were developed
from case ,study data (Society for the Preservation of New England
Antiquities, 1985). Replacement costs for historic buildings with
carved or plain stone trim were derived by the U.S. Park Service.

Economic damage estimates were calculated based on changes in the
physical integrity of relevant materials due to changes in S02 and H+
concentrations from base to current condition~3 Base conditions were
assumed to be an S02 concentration of 0.5 ~gm and pH of 5.2. Cur-
rent concentrations of 502 and lr were simulated in each of the,
117 cities using an existing long-range transport ~odel,.ASTRAP
(Shannon, 1981), for S02 sources outside each metropolitan area. A
parameterized air quality model, PAQMAN (Lipfert et al., 1985b), was
developed to simulate locally-generated concentrations of S02 and H+
in each city.

4. RESULTS

4.1 Commercial Agriculture

A summary of the major preliminary results from the Assessment t'spre-
sented in Table I. The first three rows highlight the results from
the direct effects analysis. The annual decrease in the tot~l value
of economic surplus (e.g., damages) for these cases ranges f rem..about
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TABLE I. Agriculture: Estimated Annual Changes in Economic Surplus
Due to Simulated Changes in Crop Yields, Passive Fertili-
zation and Liming (Millions of 1984 Dollars)

Case Consumers Producers Total
Change in Economic Surplus

Direct Effects
-10%*
-30%*
-50%*
Directt plus
Indirect effects

-17.2
-66.5

-184.6

-3.2
-8.6

-32.2

-20.4
-75.1

-152.4

-109.5 161.0 51.5

*Indicates reference levels for ~ concentrations in rela-
tion to 1982 environmental conditions

tYield reduction consistent with -50% case

$20 million for the 10% case to about $152 million in the 50% case.
These damages are a small fraction (never more than 0.002) of the
estimated $144 billion total surplus value for the agricultural sector
in 1982. These damages are also significantly lower than $2.4 billion
welfare loss estimated by Adams et al. (1984) for a 25i. increase in
tropospheric 03 concentrations. In addition, the analysis shows that
these damages are not borne evenly by consumers and producers: higher
commodity prices caused by reduced production hurt consumers more than
producers. The final row of Table I shows the combined effects of
acid deposition-induced yield and cost changes. Consumers are made
wo.r se off in this last case due to higher prices, while producers tend
to benefit more from free fertilizer than they are damaged by small
increases in liming costs. The net result is a small increase in the
value of total surplus, suggesting that economic agents in the U.S.
agricultural sector may be benefited, rather than damaged, by current
levels of acid deposition.

4.2. Commercial Forests

Table II presents preliminary estimates for the annualized changes in
the net present value of economic surplus cumulated over the period
1985-2030 for the three reduced growth cases. Estimated total dam-
ages, shown in the last column of Table II ranged from about $340 to
$510 million annually depending on the severity of the hypothetical
growth reduction. The corresponding changes i~ the net present value
of damages over the entire period (not shown) are roughly $3.4, $4.4
and $5.0 billion.
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TABLE II. Commercial Forests: Estimated Annualized Changes in the
Present Value* of Economic Surplus Due to Hypothetical
Reductions in Radial Growth for Selected Years
(Millions of 1984 Dollars)

Chan~e in Economic Surplus
Case Timber Owners Producers Consumers Total

-lO%t 63.4 -63.4 -342.4 -342.4
-15%t 109.9 -40.4 -516.3 -446.8
-20%t 220.7 148.0 -878.8 -510.1

*For the period 1985-2030.
tIndicates percent reduction in radial growth rates in Northeast

and Southeast.

The distributional impacts of the assumed growth reductions are
shown in the first three columns of Table II. In general, timber
owners as a group benefit from reductions in radial growth due to
their ability to pass along higher prices to the producers of primary
wood products. The annualized benefit received by timber owners was
estimated to range from about $60 to $220 million. The picture for
producers of primary wood products is mixed. As a group, they experi-
ence annual damages in the 10 and 15% reduced growth cases of $60 and
$40, million but receive roughly $150 million in annual benefits when
radial growth is reduced by 20%. Of the three groups, consumers of
wood products bear the brunt of the damages due to simulated
reductions in radial growth. The decreases in economic surplus of
this group ranged from about $340 to $880 million annually. Moreover,
a substantial portion of these losses represent transfers of economic
surplus from consumers to producers and timber owners as physical
damage levels were increased.

Table II does not present a geographic breakdown of economic dam-
ages. However, timber owners in the Southeast suffer economic damages
due to all growth slowdowns. In add It Lon , prcduce rs in that region
are hurt considerably more by these changes in growth than producers
in the Northeast, who actually experience slight benefits. This sug-
gests a relative (but not absolute) improvement in the competitive
position of the Northeast over the Southeast due to decreased tree
growth in both regions.

At least three caveats must be applied to the results of
Table II. First, the economic surplus changes shown in these tables
are short-run estimates which have not been adjusted to include
changes in investment in plant capacity in lumber and plywood produc-
tion. While the market models used in the analysis do simulate
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changes in production capacity, the costs associated with these
changes are not calculated. Second, the possibility of incorporating
more intensive forest management practices to counteract slower tree
growth through improved forest management was not explored. The capa-
bility exists to do this in TAMM (Adams et al., 1980); however, there
is limited information about specific investments to curtail recently-
observed declines in forest growth in the Northeast and Southeast.
Finally, it needs to be emphasized, again, that the growth changes
used in the analysis are strictly hypothetical.

4.3. Recreational Fishing

The preliminary results of the above simulations are presented for
both the participation and travel cost approaches in Table III. The
two approaches produce comparable results. Estimates of the annual
value of economic damages range from $0.7 to $12.0 million per year.
The damage estimates associated with a 3.2% reduction in fishable area
and no ~hange in catGh rates are of particular interest. Recently,
Mullen and Menz (1985) reported a $1.1 million loss in net economic
value "in the same region given a 5% reduction in fishable area, very
close to the SO.7 million loss obtained from the travel cost model at
a slightly lower level of physical damage.

There are several basic caveats attached to the damage estimates
in Table III. First of all, the estimates apply only to Adirondack
lakes and do not include streams for which key data were unavailable.
Second, the aggregation procedure used to combine sites may not have
captured important localized impacts, such as in high altitude lakes.
Third, the damage estimates do not include changes in the non-user
values as discussed in Section 2.1. Fourth, the treatment of fishing

TABLE III. Adirondack Lakes: Estimated Annual Differences in Eco-
nomic Surplus Due to Simulated Reductions in Fishable Area
and Catch Rates (Millions of 1984 Dollars)

Physical Effect Physical Effect
Model Type Case 3.2% Damage 10% Damage

Participation A -1.7 - 5.2
B -3.2 -10.2

Travel Cost A -0.7 - 4.6
B -4.8 -12.0

Case A Change in fishable area only.
Case B Change in fishable area and average catch.
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behavior in the travel cost model also does not account for the abil-
ity of anglers to switch to substitute fishing locations, which would
presumably result in lower total economic damages. Finally, as men-
tioned earlier, the estimated changes in fishable area and catch rates
used in the analysis contain unquantified uncertainties that have not
been incorporated into the economic damage estimates.

4.4. Materials

The preliminary damage estimates for cultural materials and transmis-
sion towers are shown in Table IV. The ranges in values for cultural
materials reflect the use of real discount rates of 5 and 107.. The
annualized estimated value of the total damages for the broad material
components shown in Table IV ranges from $24 to $114 million per year:
This is close to the estimated annual damages for the agricultural
sector; however, these estimates do not include damages to other types
of infra-structure materials, such as automobiles an9 bridges. The
damage estimates for cultural materials also do not 'accounr for the
willingness of individuals to pay to prevent the visual/aesthetic
changes to these materials which may take place as a result of
increases in S02 and H+ concentrations.

Table IV does not include a preliminary damage estimate for com-
mon building materials in the 17-state study region. While this
analysis has been conducted, the results are currently undergoing
review to deal with several important methodological problems. First,
the paint damage functions can be criticized on both theoretical and
empirical grounds. These functions predict mass loss, but not loss of
adhesion or delamination which may be more important causes of
repainting. Also, the data for estimating the parameters of the paint
damage functions were based on experiments with aluminum and stainless

TABLE IV. Materials: Estimated Differences in Annualized Maintenance
Costs Due to Simulated Changes in S02 and H+ for Cultural
Materials and Transmission Towers in the Northeast
(Millions ot 1984 Dollars)

Material Component
Annualized Change

in Maintenance Cost

Cultural Materials
Statues and Monuments
Historical Buildings

5 - 7
17 - 100

Transmission Towers 2
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steel substrates and are difficult to generalize to other surfaces -
wood, brick, stucco, etc. These problems are important since paint
damage accounted for about 757.of the estimated total damages to
common building materials in the preliminary analysis.

A second set of problems relates to questionable economic and
behavioral assumptions. For example, the painting budgets include the
costs of activities such as sanding, scraping and stripping which are
only needed when paint surfaces are subject to peeling or delaminat-
ing. Also, the methodology does not account for changes in behavior
to mitigate or avoid economic losses, such as changes in paint tech-
nology and paint selection. Different painting budgets which are more
consistent with actual practice could reduce the nature of total·dam-
ages to common building materials by approximately 407.. Finally, sys-
tematic biases may be present within the inventory protocol which
classified all wood and aluminum surfaces as painted.

5. CONCLUDING COMMENTS

The primary objectives of this paper have been to identify ~he methods
used to estimate the monetary value of the biophysical damages caused
by acid deposition for the NAPAP 1985 Assessment and to present the
preliminary damage estimates from the Assessment. Methods and damages
estimates were presented in four different economic effect areas:
commercial agriculture and forests, recreational fishing, and build-
ing, cultural and infrastructure materials. In all but the last area,
methods were used which incorporated the behavioral responses of indi-
viduals and firms to simulated physical damages to resources at risk.
The analysis of materials' damages was performed using the more tradi-
tional economic damage function approach.

The results presented in this paper should be interpreted for
policy purposes with caution, for several reasons. First, the esti-
mated damage values were calculated assuming fairly pristine base case
conditions. It is unlikely that these conditions could be achieved
with control policies to reduce the precursors of acid deposition.
Thus, these damages estimates should not be construed as estimates of
the benefits of reducing acid deposition. Furthermore, the damage
estimates presented in this study do not cover the full range of eco-
nomic losses that may occur within the four selected areas. Finally,
there is a great deal of uncertainty about the physical effects of
acid deposition in the two areas in which economic value of damages
could conceivably be large enough to warrant concern, namely: commer-
cial forests and common building materials.
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These estimates are small relative to economic damages from other air
pollutants.

Pendant la derniere decennie, i I Y a un debat toujours croissant sur
Ie besoin de regler la combustion de carburants de fossi Ie aux (tats-
Unis pour reduire la contamination d'air et la deposition d'acide. Les
changements dans Ie bien-etre economique associes avec les changements
dans la contamination de I 'air fournissent un moyen d'evaluer I'effica-
cite de differents niveaux de reglement. Cette etude fournit des evalu-
ations des effets potentiels de bien-etre dus aux changements de la
deposition d'acide aux ~tats-Unis sur les producteurs et les consommat-
eurs agricoles, en se servant de donnees sur la deposition d'acide et
sur la reponse de recolte tirees des etudes recentes sur les sciences
vegetales. Les evaluations de bien-e~re sont produites avec un modele
spatial d'equilibre d'agriculture aux Etats-Unis qui inclut les princi-
pales marchandises de recolte et de betail et la consommation domestique
et eterieure. L'anaJyse revele que les degats courants de deposition
d'acide a I'agriculture aux €tats-Unis sont d'environ 140 mill ions de
dollars americains de 1980. Ces evaluations sont petites relativement a
la deterioration de la situation economique due ~ d'autres agents de
contamination de I 'air.

One of the outstanding technical achievements of the last 50 years
has been the expansion in the production capacity of United States agri-
culture. During the last half of the period, there has been a dramatic
increase in the combustion of fossi I fuels in the United States with a
resultant increase in the emissions of residuals that contribute to the
formation of air pollution and acid deposition. Long-range transport of
these pollutants has resulted in rising pollution in agricultural pro-
duction areas. Given the importance of United States agricultural pro-
duction in both domestic and export markets and the present concern with
pollutants such as acid deposition, it seems relevant to investigate the
influence that such types of air pollution have on agricultural produc-
tion and in turn on social welfare derived from agricultural production.

The United States Environmental Protection Agency (EPA) regulates
certain pollutants and their precursors in an effort to protect human
health and welfare. Changes in economic welfare associated with altera-
tions in air pollution provide one means of evaluating the potential ef~
ficiency of different levels of regulation. In order to make informed
regulatory decisions, EPA has recently investigated the effect of se-
lected air pollutants on agriculture. Specifically, the National Crop
Los s Assessment Ne twork (NCLAN) was es tab Iished to measure the phys ica I
and economic effects of ozone (a gaseous air pollutant believed to ac-
count for up to 90 percent of air pollution vegetation damage) on agri-
cu Itura I product ion (Heck eta I .; Adams. Ham iJton and McCar I 1984.
1986). A second EPA research program, the National Acid Precipitation
Assessment Program (NAPAP), is currently assessing the physical effects
of acid deposition on a range of categories, including agricultural pro-
ductivity.
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This paper provides estimates of potential welfare effects of acid
deposition in the United States on agricultural producers and consumers
nationwide. The economic analysis is based on crop yield response data
generated in the NAPAP effort. While the primary thrust of the paper is
on estimating the welfare effects of acid deposition. the economic ef-
fects of other air pollutants reported in the recent literature wil I
also be reviewed to provide some perspective on the economic importance
of acid deposition.

Methodology

The economic assessment is performed using a mathematical programming
sector model of the United States agriCUltural economy. The specific
model is that utilized by Adams. Hamilton. and McCarl (1984. 1986).
which was developed originally by Baumes. is documented in Chattin.
/'IcCarl. and Baumes. and discussed in Adams. Hamilton and McCarl (1986).
This particular model is of the price endogeneous. equilibrium type
(McCarl and Spreen) spanning 55 production regions encompassing the con-

sumption and production of the commodities listed in Table I.

Analytically. the model is a spatial equilibrium activity analysis
type wherein a nonlinear programming model is solved subject to an ob-
jective function which maximizes the integral of the areas under the de-
mand curves less the integral of the areas under the supply curve. Be-
haviorally. the objective function is consistent with the maximizatio~
of the sum of producers' and consumers' surpluses in relevant agricul-
tural commodity. livestock and import markets. as discussed in McCarl
and Spreen.1 Support for the use of economic surpluses in a policy anal-
ysis framework is well documented in the literature (Willig 1976; Just.
Hueth and Schmi tz 1982).

The methodology used in this assessment combines micro level detai I
with a national level sector model as explained in McCarl et al. The
micro or farm level detail is represented through a series of crop mixes
representative of agronomic and economic conditions for the 55 homogene-
ous production regions in the United States (43 non-Corn Belt states
plus 12 regions in the Corn Belt). These farm plans describe the dif-
ferent crop mixes that farmers can use and the inputs needed to produce
each crop mix. These crop mixes were generated via linear programming
modelS for the Corn Belt regions and using II years of historical crop-
ping patterns in the rest of the United States. This methodology allows
the incorporation of microeconomic detail in the sectoral model as ar-
gued in McCarl. A detailed discussion of the farm model. the sector
model and the linkage of these models as an assessment methodology are
contained in Adams, Hami Iton and McCarl (1984. 1986). as well as in

1 The particular implementation here is not the classic quadratic pro-
gram but rather. reflects integration of the area under constant elas-
ticity curves and thus is a nonlinear program which is solved using a
nonlinear programming algorithm. Specifically. the /'IINOSnonlinear
programming software package is used (Murtaugh and Saunders).
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Hamilton, McCarl and Adams, and McCarl et al.

Oata of the Effects of Acid Oeposition
Information on crop yield response to changes in air pollution is

needed to assess the welfare effects of acid deposition. As described
in Irving and USEPA. the data on such responses prior to 1983 were
sparse and ambiguous. The NAPAP agricultural effects program was imple-
mented to provide usable data by measuring possible acid-deposition in-
duced yield changes for major United States annual crops. Experiments
to measure the response of crop yields to changes in ambient rainfall
acidity were conducted under simulated rainfal I conditions at multiple
sites in areas of elevated rainfall acidity (where the pH or hydrogen
ion concentration of seasonal rainfall is less than 4.6).' This includes
the midwest. the northeast and the southeast. These areas account for a
large proportion of United States production of corn, soybeans. and cot-
ton.

The NAPAP experiments were conducted during two growing seasons
(1983. 1984) using large open top chambers placed in fields planted to
the crop of interest. Unlike most acid deposition-crop yield experi-
ments prior to 1983. crops in the NAPAP experiments were grown under in-
put conditions generally similar to those of commercial production. al-
though the experiments are of a controlled nature. Specifically,
moveable exclusion devices (tops) are used to control exposure to alter-
native levels of ambient rainfall. A range of simulated rainfall pH
levels are tested. both above and below current ambient pH. The yield
exposure data from the experiments were then used to estimate yield re-
sponse functions for a series of crops, including corn, soybeans and
wheat.'

Soybean is the only crop to show a response to changes in ambient pH.
Specifically. of the seven cultivars (varieties) of soybeans ~ested,
four demonstrated a statistically significant and negative yield re-
sponse to decreasing pH. Yields of two cultivars of soybean responded
positively to decreasing pH but the response was not statistically sig-
nificant. Of those cultivars showing yield declines in response to in-
creasing acidity, the range varies from slight (approximately one per-
cent yield change) to moderate sensitivity (approximately 2-7 percent
changes) under a 50 percent change in acidity. Both pooled (across

• Evidence on acidity trends are reported in likens and Butler.
available through the monitoring sites administered by the
States Department of Agriculture'S National Acid Deposition
(HAOP) •

and are
United

Program

• In addition to soybeans, corn and wheat, alfalfa, potatoes, and cer-
tain other vegetables have been examined in the NAPAP and related pro-
grams since 1983. The related programs, funded by USDA's Co-operative
State Research Service and the Electric Power Research Institute
(EPRI) have not used identical protocols but do provide supporting in-
formation on crop sensitivity and response.
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multiple experiments of the same cultivar) and individual cultivar re-
sponse functions were estimated in the NAPAP analysis.' Predicted yields
from these response functions are used in the subsequent economic as-
sessment, both to estimate a weighted response across all cultivars as
well as a basis for sensitivity analysis. The details of the experimen-
tal procedures, the data and estimated response functions are reported
in Moskowitz et al.

In addition to direct yield effects associated with foliar contact of
acidic precipitation. at least two indirect economic effects must be
considered. First, the occurrence of acid deposition over agricultural
areas includes a potential fertilization effect on crops through the ni-
trogen and sulfur components of such deposition. The impact of this
"free" fertilizer on the behavior of producers and realized yields de-
pends, in large part, on whether a crop is subject to both the direct
(yield reduc inq] and indirect (fertilizer) effects of acid deposition

and on the relationship between added fertilizer and the foliar-related
yield damage caused by acid deposition. In the case where a crop is
subject only to the fertilizer effects of acid deposition (i.e., a crop
such as corn that experiences no yield reduction from increased acidi-
ty), producers could reduce their application of fertilizer in propor-
tion to the increase in atmospheric fertilizer; variable production
costs would then be reduced correspondingly. and producers welfare
should improve, assuming yieldS remain constant. In cases where a crop
is SUbject to both effects. then the effects of increased acid deposi-
tion levels on fertilizer application rates and yields cannot be deter-
mined a priori without additional information on the fertilizer response
function in the presence of ambient acid deposition. If the direct ef-
fect of increased acid deposition on yields is not offset by the addi-
tional passive fertilizer, then the impact on purchased ferti lizer and
variable production costs will be the same as in the previous case, but
yields will also decrease.

Second. acid deposition can reduce soil pH. If the decrease in soil
pH is sufficiently large, producers may need to increase the frequency
of calcium carbonate (lime) applications to maintain or increase soil pH
levels. Such a change in a routine cultural practice wi II result in
higher production costs. The joint effects of increased lime require-
ments and acid deposition-related foliar damages on yield cannot be de-
termined a priori without more information about the differential re-
sponses of specific crops to those effects. However, the small changes
in soil pH from acidic deposition are not likely to have a direct effect-
on yields, since liming should mitigate for any increased soi I acidity.
If so, then yield changes would be determined entirely by the direct.
fol iar effect.

• Three functional forms were fit to the data; linear, quadratic and
Weibull. For five of the cultivars, the linear proved as statistical-
ly acceptable as the other forms. For the remaining two cultivars.
the quadratic form was selected. These seven cultivar response func-
tions are the source of yield changes evaluated in the assessment.
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Some limited information on these two potential effects is avai lable.

A recent Council on Agricultural Science and Technology (CAST) report by
McFee et al. indicates the passive fertilization effect of current lev-
els of acid deposition ranges from the equivalent of two to eight pounds
of nitrogen per acre over much of the eastern half of the United States
in 1981. A more recent analysis reported in ~oskowitz et al. for
1980-1984 estimates a contribution of from 2 to 5 pounds of N. It
should be noted that these amounts are distributed over the entire year;
the amount actually avai lable for plant growth during the growing period
may be less than the annual amount. Hence, these may be upper bounds on
potential ferti Iizer values. Conversely, CAST estimates that the acidi-
fying effect of current ambient acid deposition to agricultural soils
requires on average 40 to 50 pounds of lime per acre to provide an ade-
quate annual buffer (beyond that normally required to offset acidity
from fertilizer applications). Moskowitz et al. estimate a lower level
of approximately 18 pounds per acre, for the period 1980-1984. The
physical quantities for nitrogen fertilizer and lime from Moskowitz et
al. are valued in 1980 prices to develop the input cost adjustments
used in the assessment.

Procedure
The NAPAP data described above are currently the best avai lable biol-

ogical data regarding crop yield response to acid deposition. These
yield data. in combination with assumptions concerning changes in am-
bient acid deposition levels,' are used in the mathematical programming
model to analyze the possible economic consequences of acid deposition.
In each analysis. only soybean yields are adjusted to reflect changing
acidity, given that no statistically signific~nt yield changes were
found for the other crops examined in the NAPAP studies. Each analysis
is intended to measure the economic consequences of increases in acid
deposition as manifested in producer and consumer adjustments and asso-
ciated changes in social welfare (economic surpluses) arising from the
initial soybean yield changes.

A range of alternative increases in acid deposition are examined in
this study. The economic effects of the alternatives are evaluated rel-
ative to a base case. If emphasis is on measuring the economic effects
of all anthropogenic (man-made) acid deposition. then the base case
should be defined with reference to a pristine state in which there are
no anthropogenic sources of acid deposition. Unfortunately. no consen-
sus currently exists among scientists about acid deposition levels that
are consistent with this state. For the purpose of this study, the base
case environment (and hence initial soybean yields) reflects a 50 per-
cent reduction in acid deposition levels from 1980 conditions (an aver-
age increase in pH of three units, from 4.5 to 4.8). To estimate the
effects of acid deposition-induced yield departures from this more pris-
tine state. soybean yields were systematically reduced to reflect in-
creases in acid deposition of 10, 30, and 50 percent from the base case,

• Ambient acid deposition levels are derived from the NADP monitoring
network and are summarized in Moskowitz et al.
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where the yield reductions were derived from the pooled response func-
tion. Changes in deposition levels of such magnitude have policy impor-
tance in that some proposed regulatory measures would attempt to reduce
emissions by 50 percent. Therefore, the difference between the base
case and the 50 percent increase case can be used to estimate the cur-
rent economic costs of acid deposition as well as suggest the economic
benefits of a 50 percent emissions reduction. These scenarios are de-
fined in Table 2.

The yield changes associated with the above increases in acid deposi-
tion (reductions in pH) are predicted by using response functions for
six of the seven soybean cultivars.' Specifically. the cultivar respon-
ses were used to predict a weighted (by cultivar market share) average
response for each of the 31 states in the eastern United States. Such a
weighting facilitates extrapolation from a relatively few cultivars to
the broad range of regions and cultivars that make up total United
States soybean supply, i.e., an average response is perhaps a more de-
fensible yield predictor in a large-scale bioeconomic assessment. As an
alternative, however, the yield predictions from the most sensitive cul-
tivar ("Asgrow") response function at the 50 percent acid deposition in-
crease were also evaluated. These results can suggest the maximum ef-
fect of the response function assumption on the cost estimates. Current
levels of acid deposition, by region, as needed to formulate all these
analyses are derived from HADP data avai lable in Moskowitz et al.

The possible input or indirect effects of acid deposition are meas-
ured using an alternative set of analyses. Two of these analyses (Nos.
5 and 6) reflect costs of the counterveiling input adjustments described
above (i.e., reduced cost due to increases in fertilizer and increased
costs due to increased need for liming applications) evaluated in isola-
tion. A third analysis (No.7) consists of these cost adjustments com-
bined with the soybean yield adjustments from Analysis 3. The input ad-
justments are derived from the values reported in ~oskowitz et al. and
are assumed to occur across all agricultural regions/crops in affected
areas. not just on soybeans. Taken together, these input and direct
yield analyses can provide estimates as to the range of economic effects
to annual crops that might be associated with changes in acid deposi-
tion.

Relults

The results of the direct yield effect analyses are reported in Tabl~
3· Specifically, Table 3 shows both the levels and changes in produc-
ers'. consumers' and total economic surplus for each of four analyses.
The changes in total surplus represent our estimates of the welfare
changes due to acid deposition to agriculture as measured by adjustments
in soybean yields relative to the base case. As evident from Table 3.

• The seventh cultivar (Hobbit) was not included because it does not
currently contribute to total United States soybean prodUction
«O.5~). The six included cultivars account for 24 percent of total
United States production.
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Table 2. Alternative Acid Deposition Analyses by Yield and Cost Assumptions

Scenario Assumption

Average
Percent

Yield
Reduc tion

Direct Effects
Base U.S. agriculture under 1980 agronomic,economic and envi-

ronmental conditions, but acid deposition reduced SOX.
Soybean yields reduced to reflect a lOX increase in 0.15
acid deposition. Yield adjustments derived from the
~ighted average response across six cultivars.

2 Soybean yieldS reduced to reflect a 30% increase in
acid deposition. Yield adjustments derived from the
weighted average response acrOSS six cultivars.

0.51

3 Soybean yields reduced to reflect a SOX increase in
acid deposition. Yields adjustments derived from the
weighted average response across six cultivars.

1.as

4 Soybean yieldS reduced to reflect a SOX increase in
acid deposition. Yield adjustments derived from most
sensitive cultivar ("Asgrow") response function.

2.37

Indirect Effects
5 Fertilizer costs reduced by SO.48 to S1.25 per acre per 0.00

region in 31 eastern states from current case to reflect
passive fertilization. No change in soybean yields from
ba se .

6 Liming costs increased by SO.07 to SO.21 per acre per 0.00
region in 31 eastern states from current levels.
No change in soybean yield from base.

7 Combined cost adjustments of Analyses 5 and 6 with 1.40
yields adjusted by same percentage as in No.3 above
(50X increase in acid deposition).
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increases in acid deposition result in reductions in the economic sur-
plus (or economic welfare) of agricultural producers and consumers. Hot
surprisingly, as acid deposition increases so do the economic damages or
costs, from $19 mil lion damage under the 10 percent increase to Sl42
million damage under the 50 percent increase. The increasing costs are
the result of greater yield reductions in each case. The distributional
effects of acid deposition as portrayed by the model results vary sharp-
ly in that consumers' welfare declines throughout the analyses due to
price rises associated with reduced supply, whereas producers realize
slight increases in economic well-being at the 50 percent increase.
This patter~ is consistent with an inward shift of a commodity supply
curve (supply reduction) in the face of price inelastic demand.

Table 3. (stim.tei of Economic Costi of Acid Deposition Due to Reduced Soybean
Yield~

Economic Surplus
Change in

Economic Surplus

Aci d Deposition
Assumpt ion

Consumers' Produce~s' Total
SurplUi Surplui Surplus

Con~umers' Producers' Total
Surplus Surplus Surplus

----------------------- ~ billion -----------------------
Base Model 110.7)9 25.OlS lJ5.754

25.012135.735 -.016 -. OO~ -.019Analysis 1: 110.723
lOt Incr ••se, ~eighted
Response

Analysis 2: 110.677
30t Increase, Weighted
ResponSE

25.007 135.634 -.C62 -.008 - .070

~n.lysis 3: 110.567
50% fncrease, Weighted

Response
25.045 135.612 -.172 -. 030 -.142

An"y~is 4: 110.250
SOt Increase, •Asgro.."

Cultivar

25.188 135.453 -.489 +.173 -.316

In addition to the 10 through 50 percent scenarios examined with the
weighted soybean cultivar response, results are also presented where the
yield responses are assumed to be those of the ~ost sensitive cultivar~
Under the most sensitive cultivar assumption (the ""sgrow" soybean cul-
tivar), the net effect of a 50 percent increase is a $316 million eco-
nomic cost.

The indirect effects of acid deposition are examined in the fertiliz-
er and lime input analyses (Table 4). The potential for fertilizer cost
reductions under a 50 percent increase in acid deposition resulted in an
increase in economic welfare. In fact, this increase is potentially
greater than the effect of reduced yields, exceeding $200 mi Ilion. The
bulk of the benefits from passive fertilization accrue to producers.
These gains to producers from reduced fertilizer costs. however, are an
upper bound as the fertilizer would not all be usable during the growing
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season. Given that acid deposition fertilization tends to occur
throughout the year (rather than just during the growing season) some of
the fertilizer would thus be lost through leaching. Further, legume
crops, such as soybeans, do not need nitrogen ferti lization and hence no
benefit to soybean acreages would be realized, suggesting a further up-
ward bias in the economic estimates reported here.

Table 4 .. Estimated Economic Effects of 50 Percent Acid Deposition Increase:
Input and Yield Adjustment Analysis

Economic ~urplus
Change in

Economic Surplus

Acid Deposition
Assumpt ion

Consumers' Producers' Total
Surplus Surplus Surplus

Consumers' Producers' Total
Surplus Surplus Surplus

----------------------- S billion -----------------------
Base Mode 1 110.739 25.015 135.754

Analysis 5: 110.772 25.216 135.987 +.033 +.201 +.233
Reduced Fertilizer

Cost
Analysis 6: 110.730 25.000 135.730 -.009 -.015 -.023
Increased lime Cost

Analysis 7: 110.637 25.165 135.802 - .102 +.150 +.048
Ccrnbined Inputsl

Reduced Yields

Increases in acid deposition will likely increase liming costs. The
sector model indicates that this reduces producers' surplus by $15 mil-
Iion. Simultaneously, consumers' surplus falls by $9 mi Ilion in re-
sponse to higher crop prices due to reduced yields and higher per acre
input costs. Total surplus thus decreases by $23 million.

When the ferti lizer cost reductions and liming cost increases are
combined with the reductions in yields (as used in Analysis 3) the eco-
nomic effect is a gain of $48 million. In this case, the yield effect
combined with the liming costs is sufficiently great to increase crop'
prices and cause a reduction in consumers' surplus (of $102 million).
Producers' surplus increases by $150 million, due in part to reduced
fertilizer costs and the nature of the demand facing soybeans.

The yields and input cost changes captured in the above analyses vary
across agricultural regions, depending on current levels of wet acid
deposition. Producers in some regions are thus likely to be affected
differently. Also, even regions not directly affected by the acid depo-
sition analyses (e.g., Pacific, Mountain States, Southern Plains) may be
indirectly affected by market share changes as a result of altered com-
parative advantage. Table 5 presents regional effects on producer &ar-
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pluses for the input analyses that can address such distributional con-
cerns.

As is evident from Table 5. the regional effects are generally as ex-
pected. That is. the increase in I iming costs reduces producers' sur-
plus slightly for all regions in the eastern United States, with great-
est relative effects in the Northeast. The Pacific and Mountain regions
experience slight increases. Conversely, reduced fertilizer costs in-
crease producers' surpluses in all regions except the Pacific. Here.
the Northeast now experiences the greatest relative increase. Finally.
in the combined analysis. all regions experience increases in producers
surpluses, except again the Pacific and ~ountain regions. These general
benefits reflect the net cost savings in each region from acid deposi-
tion along with the general price increases from supply reductions.

Overall. the results of these analyses present a rather diverse set
of economic possibilities with respect to gains and losses. The direct
yield evidence suggests that acid deposition is imposing welfare costs
on society through reduced soybean yields. with those losses exceeding
$300 million as measured with the extreme or most sensitive cu lt ivar
situation. These costs are borne largely by consumers. Conversely, the
potential beneficial aspects of fertilization from acid deposition ap-
pear to offset those costs. Increased liming costs add another cost to
the total economic effect. Depending on the nature of the respective
yield and input data. the costs of current levels of acid deposition to
United States annual crops thus appear to be from $0 up to approximately
$200 million. with perhaps the near zero estimates most consistent with
the current situation.

Perspective
This analysis of acid deposition effects on agriculture shows a large

range of potential economic effects. However, even the upper bound of
damages (of approx ima te 1y $ 300 mill ion under Ana 1ys is 4) are a sma 11
percentage of total economic value of agriculture in the affected re-
gions. As a percentage of the base model solution, even this extreme
value is less than 0.5 percent of the total surplus value for the agri-
cultural economy. Regardless of their magnitUde vis-a-vis total agri-
cultural output, the more relevant question concerns the relationship of
such changes to incremental changes in acid deposition precursors.
Thus, these estimates of economic consequences of acid deposition to ag- ..
riculture can be placed in a policy perspective by comparing the results
in this paper with previous estimates of economic effects of acid depo-
sition and other pollutants under regulatory scrutiny.

There are few studies that report economic estimates of acid deposi-
tion. Crocker and Regens have recently estimated total economic losses
of about $5 billion in 1978 dollars from acid deposition In the eastern
third of the United States. While the authors define these estimates as
highly tentative, the estimates are the only comprehensive ranking of
acid deposition damages in the I iterature. Of the total, Crocker and
Regens suggest that up to $1 billion of these damages occur to agricul-
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ture.' These agricultural loss estimates are substantially higher than
those reported here, with the difference due to the yield assumptions.
Specifically, Crocker and Regen's analysis was performed prior to the
NAPAP and CAST data and was based on ozone pollutant damages as a surro-
gate for acid deposition. Thus, it is not surprising that such a dif-
ference exists between studies. with the implication that Crocker and
Regen's agricultural loss estimate may be overstated.

In a more recent study Forster estimated the annual welfare losses in
the agricultural sector of eastern Canada (primarily Ontario) due to
acid deposition to be approximately $100 mi Ilion. This is a relatively
high percent of Ontario's agricultural output (about 5 percent) compared
with even the most extreme estimate obtained in this study (0·5 per-
cent). Forster's estimate includes both the direct (yield) and indirect
(ferti lizer. liming cost) effects of deposition. Based on the yield re-
sponse data used in the study. Forster concludes that the indirect ef-
fects (ferti lizer and lime) are approximately equal and offsetting. In-
terestingly. Forster concludes that the welfare losses due to acid
deposition in eastern Canada are about twice the losses due to ozone,
although ozone is generally regarded as a more pervasive plant pollutant
than acid deposition. Forster's conclusion of acid deposition losses
vis-a-vis ozone is primarily due to the response information used in his
study. Forster bases the acid deposition results on an early screening
study of corn by Lee and Neely, which showed a statistically significant
yield decrease in response to elevated hydrogen ion activity. However.
the results of this experiment were not confirmed in a subsequent repli-
cation. This, coupled with more recent experimental evidence from NAPAP
which shows no effect for corn, suggests that these data were an unfor-
tunate choice on which to base the assessment.

Recent analyses of tropospheric ozone pollution on United States ag-
riculture have shown that the welfare losses associated with a 25 to 33
percent increase in ozone levels to be approximately $2.1 to $2.5 bil-
lion annually (Kopp, Vaughn and Hazilla; Adams. Hami lton and McCarl
1984, 1986). The cost to society of this air pollutant as measured by
these welfare estimates is thus approximately 6 to 7 times greater than
that recorded under the most extreme acid deposition assumptions as re-
flected in Analysis 4. A more realistic comparison with the 50 percent
increase in acid deposition (Analysis 3) shows that welfare losses asso-
ciated with the 25 to 33 percent increase in ozone are roughly 10 to 20
times greater than the corresponding acid deposition welfare losses.
The comparison with Adams. Hami lton and McCarl is noteworthy in that the·
ozone analysis is generated from the same methodology used here. This
suggests strongly that 020ne-related yield reductions are a much more
severe problem in the United States agricultural sector than yield loss-
es due to acid deposition. This observation is contrary to the findings
of Forster in terms of the relative damages caused by these two pollu-
tants in eastern Canada. However, it should be noted that the plant
science evidence on gaseous pollutants, such as ozone, has benefited

7 Losses in other categories include materials. $2 billion; forest eco-
systems, $1.75 bi Ilion; and aquatic ecosystems, $0.25 bi Ilion.
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from several decades of research. including the intense scrutiny provid-
ed by EPA's National Crop Loss Assessment Network (NCLAN). Agricultural
effects of acid deposition could be elevated in importance if longer
term effects. as manifested through perennials, were found to be impor-
tant.

Cone 1us t 0118

This study has focused on potential welfare (consumer and producer
surplus) Josses that may be caused by acid deposition induced crop yield
reductions in the United States agricultural sector. These estimates
are based on the results of several years of research by USDA and EPA
which show that the yield of only one crop. soybeans. is influenced by
changes in acid deposition levels. Using a methodology simi lar to that
emp Ioyed by Adams. Ham iIton and /'IcCarI (1984, 1986) in the ir ozone
study. these welfare losses were estimated to be $19. $70, and $140 mil-
lion (1980 dollars) for 10, 30 and 50 percent increases in acid deposi-
tion. An upper bound on these estimates was developed by studying the
effects of an increase in acid deposition where all soybean production
responds in a fashion similar to the most sensitive soybean cultivar in
the NAPAP experiments. The total welfare losses for a 50 percent in-
crease in this case were estimated to be $316 million. These estimates
take into account the effects of changes in soybean yields on price and
quantity adjustments in all major agricultural commodity and livestock
markets in the United States. Additional analyses focused on the ef-
fects of changes in farm production costs that may arise as acid deposi-
tion increases. Specifically, two additional effects were examined: an
increase in passive fertil ization due to acid deposition (and hence a
potential cost savings to producers) and a production cost increase to
farmers due to the need for more lime to neutralize increased soil acid-
ity. These cost changes were computed for all crops in the eastern half
of the United States currently affected by acid deposition. When the
cost reductions due to passive fertilization were combined with the ad-
ditional costs of liming and the yield adjustments (decreases) associat-
ed with a 50 percent increase in acid deposition, there was a net ~-
~ in total welfare of approximately S50 million.

These estimates were compared to similar information about the wel-
fare effects of ozone-induced reductions in crop yields. With the ex-
ception of a study of Canadian agriculture by Forster (1984), the evi-
dence from these studies suggests that ozone-related yield reductions
are a more severe environmental problem than yield losses due to acid'
deposition. If this is indeed the case, then the agricultural benefits
to society of regulating ozone will be substantially greater than the
benefits of regulating the precursors to acid deposition. The results
also suggest that justification for regulating acid deposition precur-
sors should be sought elsewhere. Future benefit-cost analyses of envi-
ronmental improvements need to focus on the interaction of benefits from
individual pollutant controls since control strategies on ozone or acid
deposition precursors in isolation may lead to reductions of the other
pollutant, with associated benefits. Unfortunately, meterological and
atmospheric chemistry data are currently unavailable for such integrated
analyses.
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ECONOMIC VALUATION OF ACID DEPOSITION DAMAGES

JOHN M. CAu.AWAY and JEFFREY E. ENGlIN"

This paper summarizes estimates of the monetary value of the
physical damages that acid deposition causes in the United States.
These estimates were developed for the Interim Assessment of the
National Acid Precipitation Assessment Program (NAPAP) but
were not included in the final version of the assessment report.
This paper describes this research and discusses why these esti-
mates received so little support within the NAPA? It outlines the
role of economics in the current Integrated Assessment and dis-
cusses the extent to which lessons learned earlier have been inte-
grated into the current assessment.

I. INTRODUCTION

This paper has three broad objectives. First, it provides an historical over-
view of the role of economics in (he two research assessments of acid depo-
sition conducted under the National Acid Precipitation Assessment Program
(NAPAP). Second, it critiques the NAPAP's estimates of economic damages
of acid deposition. Third, the paper examines what has been learned from
these estimates and how these lessons have been incorporated into the
NAPAP's research program.

II. THE ROLE OF ECONOMICS IN THE NAPAP'S INTERIM ASSESSMENT

The National Acid Precipitation Assessment Program is a multi-agency
group authorized by the Acid Precipitation Act of 1980 (Title VII of the
Energy Security Act, P.L: 96-294) to oversee a 10-year acid rain research
program sponsored by the federal government. The NAPAP's formal research
plan called for several assessments-the first one in 1985-to evaluate the
causes, effects, and damages resulting from acid deposition.

The NAPAP's first assessment, the Interim Assessment, had three impor-
tant characteristics dictating the scope of its economic' research (Currie et
al., 1985). First, it was intended to estimate the magnitude of the physical
and economic damages of acid deposition at then-current rates of darnage.
Second, damages due to acid rain precursors, such as sulfur dioxide (S02),
were not included and, for the most part, are not included in this paper. Third,

"Senior Research Economists, Pacific Northwest Laboratory, Richland, Wash. An earlier ver-
sion of this paper was presented at the Western Economic Association International 64th Annual
Conference, Lake Tahoe, Ncv., June 30, 1989. in a session organized by Darwin C. Hall, California
Slate University, Long Beach. This research was funded partially by the u.s. Environmental
Protection Agency through a Related Services Agreement with the u.S. Department of Energy
under Contract DE·AC06-76RLO 1830.
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deposition levels and physical and economic damages were not linked sys-
tematically due to gaps both in the science and in the information about
emissions, transport, and atmospheric chemistry.

Economic research for the Interim Assessment focused on four areas:
commercial agriculture, commercial forests, recreational fishing, and mate-
rials. Beyond these areas, the scope of the economic coverage was limited
due to a NAPAP requirement that economic damages be calculated using
either existing models or models that could be developed and peer reviewed
in time for the Interim Assessment. In retrospect, this requirement, and the
lack of a long-term economic research program in some key effects areas,
constrained the focus of the NAPAP's economic assessment so as to exclude
effects categories in which some economists have argued acidic deposition
damages are large.

III. ESTIMATES OF ACID DEPOSITION DAMAGES

This section describes the NAPAP estimates of acid deposition damages
in the four effects areas. Preliminary damage estimates were reported, with
the NAPAP's concurrence, at the International Symposium on Acidic Pre-
cipitation held in Muskoka, ont., during fall 1985 (Callaway et ai., 1987).
These estimates were revised and incorporated within various drafts of the
Interim Assessment. However, only the damage estimates for recreational
fishing were included in the final version of the Interim Assessment report
(NAPAP, 1987). The reasons for this are discussed later in this paper.

A. Commercial Agriculture

Adams et al. (1986) reported estimates of the effects of increases in acid
deposition on consumer surplus and producer surplus in the U.S. agricultural
sector. They examined two types of physical effects: the direct effects of
increases in hydrogen ion activity (H+) in wet deposition on soybean yields
along with the indirect effects of increases in nitrogen triox.ide (N03)-a soil
nutrient-in wet deposition on soybean yields. Evidence exists that many
crops are susceptible to damage from point source emissions of $02 and
NOx. But soybeans were selected because, at the time, they were the only
commercially important crop that showed a consistent negative yield re-
sponse to increases in H+ concentrations in wet deposition from distant
sources. The ~odel that this analysis used is a multi-regional, non-linear
programming model of the U.S. agricultural sector. Adams et al. (1984)
previously had used the model to value damages due to ozone-induced de-
creases in U.S. crop yields.

Table 1 presents a summary of the major results. The first three rows
highlight the results from the direct effects analysis. The annual decrease in
the total value of economic surplus-i.e., damages-for these cases ranges
from about $20 million for the 10 percent case to about $150 million for the
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TABLE 1
Agriculture: Estimated Annual Value of Economic Damages

Due to Acid Deposition (millions of 1984 dollars)

Value of Economic Surplus

Case Consumers Producers Total

Direct Effect
-10 percent"

-30 percent"

-50 percent"
Directb Plus Indirect Effects

-17.2
-665

-172.6
-109.5

-3.2
-8.6

32.2
161.0

-20.4
-75.1

-152.4
51.5

"Percentage change in H· concentrations from pristine conditions.
brndicates a yield reduction consistent with 50 percent case.

50 percent case. The upper-bound annual estimate of $150 million is consis-
tent with Crocker's (1985) present-value estimate of $1.5 billion (updated to
1984 dollars) for agricultural damages. However, these damages still are a
small fraction-never more than O.002-of the estimated $144 billion total
surplus value for the agricultural sector in 1982. And they are significantly
lower than the $2.4 billion welfare loss that Adams et al. (1984) estimated
for a 25 percent increase in tropospheric ozone concentrations.

The analysis also shows that these damages are not distributed evenly
between consumers and producers. Because the demand for most agricultural
commodities is price inelastic, producers can pass along to consumers some
portion of the commodity price increase caused by reduced production.
Consumers also are made worse off due to higher prices in the last case
involving both direct effects and indirect effects. In addition, a net benefit
accrues to producers from the N03 in wet deposition. The net result is a
small increase in the value of total surplus, suggesting that economic agents
in the U.S. agricultural sector actually may benefit from current levels of
acid deposition.

•One can fault the above analysis on at least two grounds. First, the analysis
was based on preliminary and incomplete dose-response information. How-
ever, ongoing research over the past decade has failed to uncover commer-
cially important annual crops that react adversely to acid deposition under
ambient conditions (Shriner et a1., 1990), though the sensitivity of perennial
crops is largely unknown. Also, as Forster (1987) has pointed out, the mag-
nitude of the estimated benefits of acid deposition may be too small due to
the omission of atmospheric sulfur inputs. Finally 7 while acid deposition
damages to agriculture may be small, one must bear in mind that reductions
in acidic deposition precursors also will reduce agricultural damages due to
ozone. As noted earlier, such damages are substantial.
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B. Commercial Forests

Callaway, Darwin, and Nesse (1987) reported the effects of hypothetical
changes in annual tree growth in the eastern United States on stumpage and
primary forest product markets in the United States. At the time, the empirical
evidence did not support a link between variations in wet and dry deposition
with observed episodes of forest die back and decreases in forest growth. As
such, the economic analysis was designed to show the range of economic
effects that could occur from a wide range of growth slowdowns regardless
of their source.

The economic effects of hypothetical reductions in tree growth were es-
timated using existing softwood (Adams and Haynes, 1980) and hardwood
(Lange, 1983) inventory and forest sector market models, together called the
Timber Assessment Market Model (TAMM). The TAMM is a multi-market
spatial equilibrium model of the softwood and hardwood stumpage and pri-
mary forest products industries in the United States.

Table 2 presents estimates for the annualized value of the changes in
cumulative (1985-2030) surpluses for the three reduced-growth cases. In
aggregate terms, these estimates reflect the value of the economic damages
that one can attribute to the simulated reductions in radial growth. These
damages, shown in the last row of table 2, ranged from about $340 million
to $510 million annually, depending on the severity of the simulated decrease
in radial growth. One can compare these estimates with Crocker's (1985)
present-value damage estimate for commercial forests of about $2.6 biIIion-
roughly $260 million in annualized terms. In all cases, these damages rep-
resent less than 1 percent of the roughly $70 billion total surplus estimate.
The corresponding changes in the net present value of damages over the
entire period-i.e., not annualized-are roughly $3.4 billion, $4.4 billion,
and $5.0 billion.

The first three rows of table 2 show the distributional impacts of the
assumed growth reductions. The patterns are somewhat similar to the ones
that emerged in the results for agriculture. Specifically, because of the price-
inelastic nature of the derived demand for stumpage from the producers of
primary wood products, timber owners benefit from the simulated reductions
in radial growth. The price-inelastic nature of the demand for. these products,
in addition to the regional shifts in comparative advantage at higher product
prices, explains the improved welfare of producers of primary wood products
as physical damage levels increase. Finally, consumers of. wood products
bear the brunt of the damages from simulated reductions in radial growth.
A substantial portion of these losses represent transfers of wealth from con-
sumers to timber owners and producers.

One can direct at least three criticisms toward the above results. First, the
economic surplus changes that these tables show were short-run estimates
not adjusted to include investment costs in mill capacity. Second, the analysis
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TABLE 2
Commercial Forests: Annualized Valuea of Changes in Economic Surplus

Due to Hypothetical Reductions in Radial Growth:
1985-2030 (millions of 1984 dollars)

Base-Case Change in Economic Surplus

Economic Group Surplus b b b10 Percent 15 Percent 20 Percent

Timber Owners
Producers
Consumers

Total

5,603.8
23,887.6
40,178.2
69,669.6

63.4
-63.4

-342.4
-342.4

109.9
-40.4

-516.3
-446.8

220.7
148.0

-878.8
-510.1

'Base year is 1985. Discount rate is 10 percent.
bRefers to reduction in radial growth rates.

did nor explore the possibility of incorporating more intensive forest man-
agement practices so as to counteract slower tree growth through improved
forest management. Third, and more generally, the models used in the anal-
ysis did not take into account important' dynamic aspects of stumpage mar-
kets: Specifically, the model results did not reflect the likely effect of higher

.expected stumpage prices on current harvesting decisions. As a result, sim-
ulated harvests were considerably higher than one would expect them to be.

C. Recreational Fishing

Estimates of the economic effects of acid deposition damages on recre-
ational fishing in Adirondack lakes were based on Violette (1985) and re-
ported in the final version (vol. IV) of the Interim Assessment (NAPAP,
1987). This analysis used a participation model and a varying-parameter
travel cost model (Vaugh and Russell, 1982) to estimate changes in the con-
sumer surplus of anglers due to reductions in catch rates and fishable acreage.
The focus of the study was dictated by data availability and the region's
importance as a center of freshwater game fishing.

Table 3 presents the results of the above simulations for both the partic-
ipation approach and the travel cost approach. The two approaches produced
comparable results. Estimates of the annual value of economic damages
range from $700,000 to S12.0 million per year. Because of the limited geo-
graphic scope of the analysis, 'one can easily compare these estimates with
Crocker's (1985) present-value damage estimate of $370 million. However,
the damage estimates associated with a 3.2 percent reduction in fishable acres
and no change in catch rates are particularly interesting. At about the same
time these estimates were prepared, Mullen and Menz (1985) reported a $1.1
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TABLE 3
Adirondack Lakes: Estimated Annual Changes in Economic Surplus

Due to Simulated Reductions in Fishable Acres and Catch Rates
(millions of 1984 dollars)

Physical EfTect

Model1Ype Case 3.2 Percent Damage 10 Percent Damage

Participation A

B
A
B

-1.7
-3.2
-0.7
-4.8

-5.2
-10.2
-4.6

-12.0

Travel Cost

Note: Case A is change in fishable acres only (3.2 percent or 10 percent). Case 8 is change
in fishable acres and average catch (3.2 percent or 10 percent).

million loss in net economic value in the same region given a 5 percent
reduction in fishable acreage. This was close to the $700,000 loss obtained
from the travel cost model at a slightly lower level of physical damage.

Several basic problems exist with the damage estimates in table 3. First,
the estimates apply only to Adirondack lakes: They do not include streams
since key data for streams were unavailable. Second, the aggregation proce-
dure used to combine sites may not have captured important localized im-
pacts such as those in high-altitude lakes. Third, in the travel cost model,
the treatment of fishing behavior also does not account for anglers' ability
to switch to substitute fishing locations-a change that presumably would
result in lower total economic damages. Finally, the estimated changes in
fishable acres and catch rates used in the analysis contain unquantified uncer-
tainties not incorporated into the economic damage estimates.

D. Materials

Damages to selected common building, cultural, and infrastructure mate-
rials due to increases in sulfur dioxide and hydrogen ion concentrations in
wet deposition within northeastern U.S. cities were estimated for (he NAPAP.
Cultural materials included bronze, marble, and limestone statues as well as
marble and limestone trim on historic buildings. Coverage of infrastructure
materials was limited to transmission towers. The methodology used to es-
timate the value of damages is described, generally, in Horst et al. (1986).
It involved calculating the maintenance and replacement cost of materials
damaged by acid deposition, based on applying dose-response information
to materials inventories in each materials category.
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Table 4 shows the damage estimates for the three categories of materials.
Estimates of total annual damages for 117 cities ranged from $700 million
to $6.7 billion, depending on assumed background pH, unit repair costs,
repair intervals, paint extender type, and materials distributions. As table 4
shows, the most likely damage estimate was $2.25 billion annually. If one
omits the estimated damages to common building materials, then the damages
associated with the remaining two categories are quite small: about
$25 million annually. However, these estimates did not include damages {Q

automobiles and bridges. The estimate of total annual damages covers a
limited number of materials but is large relative to those of the other effects
categories. It is much larger than Crocker's (1985) "conservative" present-
value damage estimate of $3 billion, or roughly $300 million on an
annualized basis.

The damage estimate for common building materials has an interesting
history reflecting some of the forces operating on the NAPAP economics
program during the period. The initial damage estimate, contained in an early
draft of the assessment document, was about $5 billion (draft of section 3.5,
Materials Assessment for NAPAP Interim Assessment, July 19, 1985). Within
a matter of days, the draft fell into the hands of a reporter and subsequently
was published in the New York Times (Shabecoff, 1985). Shortly thereafter,
the NAPAP sent the draft document to the Utility Air Regulatory Group
(UARG), a body affiliated with the electric utility industry. The UARG re-
sponded with a highly critical review. The figure was revised downward
several times in response to this review and to another by the Clean Air
Scientific Advisory Committee (CASAC). However, the NAPAP never re-
leased or published any of the damage estimates for building materials.

These two groups identified several important methodological problems
with these estimates. First, the groups criticized the paint damage functions
since the functions predicted mass loss but not loss from adhesion or delam-
ination, which may be more important causes of repainting. Also, experi-
ments with aluminum and stainless steel substrates provided the data for
estimating the parameters of the paint damage functions, but such experi-
ments could not easily be applied to other surfaces-wood, brick, stucco,
etc. These problems are important since, in the preliminary analysis, paint
damage accounted for about 75 percent of the estimated total damages to
common building materials.

A second set of problems .concemed questionable economic and behav-
ioral assumptions. For example, the painting budgets included the costs of
activities such as sanding, scraping, and stripping. These activities are needed
only when paint surfaces are subject to peeling or delaminating-not erosion.
Also, the methodology did not account for behavior changes that mitigate or
avoid economic losses, such as changes in paint technology and/or paint
selection. Different painting budgets more consistent with actual practice
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TABLE 4
Materials: Estimated Changes in Annualized" Maintenance Costs

Due to Simulated Changes in Acid Deposition for Selected Materials
in the Northeast (millions of 1984 dollars)

Material Component

Annualized Change in
Maintenance Cost

Building Materials
Cultural Materials

Statues and Monuments
Historical Buildings

Transmission Towers
Total

-2,255

-5
-17

-2
-2,279

•A real discount rate of 10 percent was used.

could reduce the nature of total damages to common building materials by
approximately 40 percent. Also, the CASAC and the NAPAP believed that
system biases were present within the inventory protocol classifying all wood
and aluminum surfaces as painted.

Ultimately, then, the NAPAP never released the damage estimate for com-
mon building materials due to the lack of scientific data to support the eco-
nomic analysis and due to simplifying assumptions made in the economic
analysis.

E. Discussion
As noted previously, the final version of the Interim Assessment report

(NAPAP, 1987) does not include most of the economic research funded under
the NAPAP program. The first reason for this, according to the NAPAP, was
that information about the biophysical damages of acid deposition was in-

t<

adequate to support economic analyses in nearly all of the effects areas. A
Government Accounting Office (GAO) report (GAO, 1988) emphasizes that
the NAPAP's decision to exclude much of its economic analysis was based
on flaws in the economic methodology and gaps in the data. '

Economists can learn an important lesson from this. First, the source of
environmental damage-as an input to an economic model-frequently has
no effect on the way a particular model works, but this does not mean that
economists can separate the quality of the model's "economic" results from
the quality of the physical effects data being fed into the model. This lesson
applies in varying degrees to each of the three effects areas for which eco-
nomic results were not included in the Interim Assessment. An interesting
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aspect of this lesson is that the physical effects information on which the
recreational fishing analysis was based also was characterized by great un-
certainty, yet it was included in the Interim Assessment. In addition, carefully
reconstructing the events surrounding this situation shows that considerably
more interaction occurred among scientists, economists, and NAPAP staff
members in aquatics than in the other effects areas. Arguably, the dialogue
between economists and scientists helped both groups to understand the lim-
itations of the science and then to forge an agreement for the economics and
science to proceed in tandem.

A second set of reasons for not including most of the economic research
in the final version of the Interim Assessment concerns the institutional role
of economics in the NAPAP and in U.S. environmental assessments gener-
ally. The NAPAP never developed a commitment to a long-term research
program in economics despite the best efforts of many economists inside and
outside the organization. Such a program might have had two desirable ef-
fects: (i) institutionalized arrangements for integrating science and econom-
ics in the assessment process and (ii) resolution of basic research issues in
"problematic" effects areas-materials, visibility, and non-use valuation.

As it turned out, economics was-and continues to be-well represented
in the part of the NAPAP organization responsible for conducting assess-
ments. However, a formal plan for integrating this analysis into the fabric
of the assessment never has existed-not through benefit-cost, risk-benefit,
or, for that matter, any formalized decision-making criteria based on eco-
nomic analysis. Most economists may deem this situation lamentable, but it
certainly is not unusual. The history of economic analysis in support of.
natural resource development by the public sector suggests that where no
legislation exists requiring that development decisions be based on economic
criteria, none will be adopted voluntarily unless doing so obviously would
be in the interests of all parties. No requirement to employ any formal de-
cision criteria in acid deposition policy making was included in PL 96-294
or in any acid rain control bills introduced into Congress. Therefore, the
NAPAP's treatment of its own economic analysis is not unusual.

IV. THE 1990 ASSESSMENT

The following sub-section discusses the role of economics in the NAPAP's
second assessment effort-the Integrated Assessment-the results of which
will be released during 1990. This sub-section then summarizes briefly the
economics research being conducted in each effects area and discusses how
lessons learned from the Interim Assessment are currently being applied to
this research.
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A. The Role of Economics in the Integrated Assessment

At least three important differences exist between the Interim Assessment
and the Integrated Assessment. First, whereas the Interim Assessment fo-
cused on the damages of acid deposition, the Integrated Assessment will
focus on the benefits of reducing the precursors of acid deposition. Second,
the Integrated Assessment will attempt to link incremental changes in control
benefits to alternative emission control scenarios. As such, measuring some-
thing approaching the marginal benefits of these controls for some effects
areas will be possible. Finally, the scope of the Integrated Assessment has
been explicitly expanded so as to include other forms of regional air pollution
due to acid deposition precursors such as ozone.

The NAPAP plans to report information about the benefits of emission
controls in three categories: health, conservation, and economics. While the
ultimate choice of a metric for scaling benefits is somewhat arbitrary, the
distinction among these categories reflects institutional-not theoretical-
concerns. Specifically, health benefits are treated separately due to the tra-
dition of risk analysis in air pollution regulatory practices. For example, the
Clean Air Act distinguishes between primary standards based on health ef-
fects and secondary standards based on other "welfare" effects. Health ben-
efits will not be quantified in dollar terrns-a decision that probably does
not sit well with most economists.

Conservation benefits include those for which the public's principal con-
cern is preserving resources. Examples include protecting cultural structures
and improving lake and stream water quality-i.e., non-market values. The
NAPAP's treatment of non-market values reflects many non-economists' tra-
ditional resistance to valuing non-market goods. On the surface, this decision
also narrows considerably the range of policy issues that the Integrated As-
sessment can address from an economic perspective. However, the NAPAP
did not exclude economic coverage in these types of areas provided that
certain criteria could be satisfied so as to permit dual coverage-i.e., in both
physical and economic terms.

The NAPAP used three criteria to decide what the effects will be valued
in economic terms. The first criterion concerns the certainty of lhe ecological
effects associated with emissions reductions. While the NAPAP has not de-
veloped any quantitative basis to support the use of this criterion, it is un-
derstandably reluctant to conduct economic analyses where the magnitude
of the physical effects are extremely uncertain. The second criterion concerns
the potential magnitude of the benefits of emission controls. In the NAPAP's
economic analysis, it plans to emphasize those benefits it believes are rela-
tively large, provided the other criteria can be met. The final criterion ad-
dresses the status of the economic methods to be used in the analysis. The
NAPAP plans to rely on existing methods and models that are (i) accurate
and defensible, (ii) regional or national-as opposed to local-in their gee-
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graphic coverage, (iii) capable of incorporating physical effects information
accurately, and (iv) able to simulate the effects of uncertainty on control
benefits.

Due to issues associated with the last two criteria, the NAPAP has decided
not to include in the assessment two effects areas with potentially large
benefits-visibility and non-use values. This decision was based on the lack
of applicable benefits information that one can obtain from existing studies
and methods in these two areas, the high cost (relative to other effects cate-
gories) of acquiring this information through new research initiatives, and
unresolved issues regarding the validity and reliability of existing empirical
estimates of visibility and non-use values. Arguably, these problems could
have been foreseen at the program's outset had the NAPAP undertaken a
long-term economic research program. By 1988, when planning for the eco-
nomics in the Integrated Assessment began, too little time remained for such
a research program.

B. Treatment of Effects Areas 1I1 the Integ rated Assessment

This sub-section examines briefly the economics research that will be
conducted for the Integrated Assessment and shows how lessons learned from
the previous assessment have influenced this research.

1. Commercial Agriculture
Based on research to date, no evidence exists that acid deposition at cur-

rent ambient levels reduces yields of annual crops (Shriner, 1990). By com-
parison, the depressing effects of current ambient levels of ozone on crop
yields are well documented and known to be potentially quite large. (Damage
from point source emissions of acid deposition and ozone precursors also is
well documented.) For that reason, the Integrated Assessment will focus on
estimating the direct economic benefits to producers and consumers in the
U.S. agricultural sector from incremental reductions in the emissions of
ozone precursors. The analysis also will assess the costs to consumers and
producers of decreases in passive fertilization from nitrates and sulfur in
deposition.

2. Commercial Forests
The NAPAP's plans to conduct a benefit assessment in this area are un-

clear. Much debate still exists over the role that air pollutants have played
both in recent episodic declines in forest growth at high. elevations and in
longer-term declines in forest growth at low elevations, particularly in the
Southeast. The importance of basing the linkage between physical effects
and economic effects on scientific consensus was underscored by the fate of
the economic analysis performed for the Interim Assessment.
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3. Recreational Fishing
Perhaps the most important specific lessons learned from the economic

research conducted in this area for the Interim Assessment were (i) the im-
portance of linking changes in water chemistry with changes in fishing op-
po tunities and 0) the importanc of modeling recreational anglers' behavior
changes in a manner consistent with economic theory and common sense.
The NAPAP's current research plan addresses both issues.

The current research plan is to estimate the benefits of emission controls
to recreational fishing in Maine, Vermont, New Hampshire, and New York.
The linkages between the effects of air pollution on fish populations and the
behavior of anglers also will be much improved over the previous assessment.
Economic models will be organized around the estimation of catch per unit
effort (CPUE). The linkage between behavior and biology will be identified
by estimating the parameters of a regression equation between observed
CPUE and both. Information about the effects of changes in water chemistry
on fish populations will be filtered through an empirically derived relation-
ship of CPUE to lake characteristics and biological stress so as to shift
recreational catch rates used to drive hedonic, random utility, and characteris-
tics-based travel cost models. This approach will permit results to be cross
validated.

4. Materials
The materials effects program within the NAPAP has been hindered by

technical difficulties in linking laboratory dose-response functions to phys-
ical representations of "real" structures and buildings. Therefore, the NAPAP
will not likely attempt to value the benefits of emission controls on materials
on a national or regional level. However, information gained in the previous
assessment about these benefits' potential sensitivity to behavior has been
integrated into the NAPAP's research plan in this area. In that vein, the
Integrated Assessment will attempt to determine consumer maintenance
practices' sensitivity to different types of damage mechanisms for selected
materials in specific uses.

v. SUMMARY

This study has examined the role of economics research in the Interim•
Assessment and has reviewed many published estimates of the value of acid
deposition damages. The paper has described the role of economics in the
current Integrated Assessment and has shown how lessons learned in the
previous assessment are being integrated into the NAPAP's current eco-
nomics research plan. One can summarize these lessons as follows:

- Physical uncertainties can limit progress in valuing effects.

- Integrating economics and physical science is crucial to the credibility
of economic damage/benefit estimates.
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_ Economic analysis can proceed in tandem with physical science re-
search, but physical scientists and economists must work together to
understand the limitations of each other's models, databases, and work-
ing assumptions.

- Long-term basic research is required to develop methods and databases
to estimate emission control benefits in potentially important effects
categories.

Generally, these points emphasize the importance not only of linking eco-
nomics research to scientific findings for which some working consensus
exists, but of doing so in a framework faithful to the potential range of
behavior that individuals and firms might exhibit in the face of changes in
the physical effects of air pollution. In addition, the economics research
conducted for the Interim Assessment showed that economics can play a
useful role by providing sensitivity results during the early stages of research.
It also showed, however, that economists cannot ignore the scientific basis
of the scenarios they create nor the scientific ramifications of their assump-
tions. Finally, experience has shown that given the need to first address basic
research issues in potentially important effects areas-materials, visibility,
and non-use values-existing models and databases probably are insufficient
for assessing air pollution impacts.

One final issue that cannot be resolved at this time concerns the usefulness
to policymakers of the NAPAP's information about the economic value of
changes in air pollution. One possible reason why the acid deposition damage
estimates were not incorporated into the Interim Assessment was that no
statutory requirement existed for the NAPAP, or for any other federal gov-
ernment entity, to use this information to make acid rain policy. This may
explain why the NAPAP had a plan for producing information about the value
of acid deposition damages but had no plan for using it to make decisions
in the framework of benefit-cost, risk-benefit, or some other method based
on economic principles. Will this happen again?

Clearly, the NAPAP quite consciously has chosen not to address a policy
question central to economics-namely, do the incremental benefits of emis-
sion controls justify the incremental control costs? While economic analysis
seems much more likely to be included in the final form of the Integrated
Assessment, no framework has yet been developed for integrating economic
information with other parts of the assessment. Thus, the ultimate role of
economic information in the Integrated Assessment remains unclear.
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5. Conclusions

The purpose of this chapter of the thesis is to outl ine the major contributions of the submitted
papers with respect to methodological developments and policy applications in the three main
areas of research.

5.1 The Economics of Carbon Sequestration

The major contributions by the nine papers in this area involve a series of developments to
improve the theoretical and empirical basis of models used to estimate the opportunity cost of
programs to sequester carbon on agricultural and forestland. The methodologies developed in
these papers were applied in the context of the US forest and agricultural sectors. However,
the contributions to applied economics are more general, since the same approaches can be
used in other developed countries with different data. These methodological improvements
also made it possible to address a wider range of policy issues than could be done before.
Again, while these policy issues were addressed in a US context, the same general issues are
also relevant to developed countries, elsewhere, seeking to reduce greenhouse gas emissions
through carbon sequestration in forests.

The first set of contributions relates to improvements to the traditional bottom-up approach to
estimating the costs of carbon sequestration in a static framework. In the early 1990s the
state-of-the-art in estimating the opportunity cost of sequestering carbon in forests was
dominated by the use of what economists sometimes refer to as "engineering models". This
approach, typified by the work of Moulton and Richards (1990), involved developing static
supply curves for the total and marginal cost of planting trees on agricultural land, based on
estimates of the carbon productivity of forests on different types ofland in different regions,
the unit costs of planting these trees, and the foregone agricultural rents in the selected land
categories.

This approach had a number of limitations that were addressed by the paper by Adams et al.
(1993) in this thesis. This paper made contributions in two areas. First, instead of using an
exogenous agricultural land base and exogenous estimates of the rents foregone from these
lands, the authors modified an existing price-endogenous spatial equilibrium model of the US
agricultural sector so that carbon sequestration activities could compete directly for land with
agricultural activities. Supply curves for carbon were derived, parametrically, by forcing the
agricultural sector in the model to sequester increasingly larger amounts of carbon. The
opportunity cost of carbon was approximated by the loss in the sum of consumer and
producer surplus for each carbon target. Thus, the resulting estimates of the opportunity cost
of carbon better reflected the underlying behaviour in the land market: as the carbon targets
were increased, agricultural commodity prices and land rents rose, reflecting the scarcity of
land for growing crops.

A second contribution of this paper was to illustrate the potentially serious limitations of any
approach that did not explicitly model the product market for timber and asset market for land
in a dynamic framework. Regional supply and national demand curves for timber were
included in the modified agricultural model and the supply curve analysis was duplicated.
The results showed the potential for large increases in future timber harvests on agricultural
land that would displace harvests on timberland, leading to dramatic declines in future
stumpage prices. Since the model used to perform this analysis was a static model, it was not
possible to show how timberland owners would react to these expected stumpage price
reductions. However, economic theory suggests that they would behave in a manner to try to
avoid expected losses in net stumpage revenues, either by earlier harvesting of existing
stands, or by reducing the intensity of management of regenerated stands, or by shifting
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harvested land to agricultural uses in response to higher land rents in that sector. This type of
behaviour would reduce carbon stocks on timberland, producing a carbon leakage that would
offset the carbon gains on agricultural lands. Thus, the authors believed that the inability of
static models to simulate the behaviour of landowners in a dynamic framework was a serious
shortcoming that needed to be addressed.

While the static approach did ha e this potentially serious limitation, the paper by Callaway
and McCarl (1996) in this thesis illustrated how the approach developed in Adams et al.
(1993) could be used to address important policy issues. At the time this paper was first
drafted, the US was considering cutting back federal spending on farm programs. This paper
examined the possibility of adding carbon sequestration subsidies on top of existing farm
programs, and replacing existing agricultural subsidies with subsidies for sequestering carbon.

Intuitively, the idea of adding carbon sequestration subsidies on top of existing farm subsidies
would seem to be a very expensive proposal, dramatically increasing the cost to taxpayers by
simply adding the subsidy cost of carbon sequestration on to the cost of the other farm
programs .. However, this paper showed that, because planting trees on agricultural land
increases agricultural commodity prices, such an approach would also decrease the need for
price supports, while at the same time eating away at the dead weight welfare loss of farm
programs. This was demonstrated empirically in the paper. However, the results suggested
that the endogenous displacement effect of carbon sequestration subsidies would not really
take hold unless the carbon sequestration subsidies were as large, or larger, than the subsidies
under the existing farm programs.

The paper looked at two "fiscal" alternatives for replacing farm program subsidies with
carbon sequestration subsidies. A "Hicksian" analysis estimated the fiscal costs and carbon
consequences of incrementally substituting carbon sequestration programs for farm programs,
holding welfare losses constant at the level of the then-existing farm programs, or about $1.9
billion, annually. A Marshallian analysis estimated the welfare losses and carbon
consequences of incrementally substituting carbon sequestration programs for farm programs,
holding fiscal outlays constant at the current farm program level, or about $8.2 billion,
annually. The Hicksian analysis showed that, in the extreme case, 115 million tons of carbon
could be sequestered annually, reducing government fiscal costs by $6.2 billion annually,
holding welfare constant. Under the Marshallian analysis, as much as 310 million tons of
carbon could be sequestered annually, costing society an additional $4 billion annually in lost
welfare, holding government payments constant.

Five papers in this thesis, Adams et al. (l996a, 1996b, 1998, 1999) and Alig et al. (1997),
relate to the development, testing and application of the Forest And Agricultural Sector
Optimisation Model, FASOM. This model was developed as a policy tool for the US
Environmental Protection Agency (EPA) to assess the opportunity cost and market effects of
a wide variety of alternative policies to sequester "additional" carbon on agricultural and
private timberland in the US. The model itself represented a large departure from existing
approaches in a number of important ways, and represents an important contribution, not just
to the economics of carbon sequestration, but also to land use modelling in the combined
agricultural and forest sectors and to timber supply modelling. The importance of the model
contribution lies in its combination of the following features:

I. A very detailed representation of regional production possibilities (technology and
costs) and demand alternatives in the forest and agricultural sectors for a large
number of products.

2. A very detailed representation of the regional timberland inventory, coupled with
dynamic timber inventory accounting.

3. Allowance for investment in milling capacity expansion in the forest sector.
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4. A very detailed, dynamic carbon accounting system, linked directly to both timber
volumes (biomass carbon) and the land base in both sectors (soil carbon accounting)
that tracks carbon build-up in existing and newly regenerated stands, over time, prior
to harvest, as well as carbon emissions from harvested biomass and residues after
harvest.

5. Direct linkage of the two sectors through a common land base and joint inter-
temporal welfare maximisation function.

6. The ability to model a wide range of policies on the supply and demand side of both
sectors, without substantially modifying the model.

7. Output about the effects of specific pol icies, annually, on: regional commodity
production and prices in both sectors, national product consumption and prices in
each sector, various structural characteristics of the regional timberland and carbon
inventories and land use in both sectors, a detailed breakdown of the distribution of
welfare surpluses by economic agents in each sector, and shadow prices for land and
carbon.

The single, most important feature of the FASOM model is that it is a discrete time control
model with terminal conditions in both sectors to force it to a steady-state optimum after 100
years. Thus, the simulated behaviour of economic agents in both sectors is based on rational
expectations, with perfect foresight. That is: economic agents have the ability to perfectly
foresee not only the consequences oftheir own actions in the present on the future, but also
future economic development. This is an unrealistic view of actual economic behaviour, but
as a normative framework it is useful, both for defining the "best case" welfare scenario for
the future and for providing insights about how economic agents can behave when they use
all available information to form future expectations.

In the study by Adams et 01. (1996b) in this thesis, the forest sector component of FASOM
was used to assess what effect this formulation of expectations would have on stumpage
markets in the US given different assumptions about federal timber harvesting policy. The
paper represents a contribution to the literature in that it showed how private timberlands
could be managed more efficiently, both in the Base Case and in response to the policy
scenarios. Compared with projections from the TAMM model, which assumes myopic
expectations but contains much of the same inventory, yield, cost and demand data as
FASOM, the FASOM model indicated the potential for timberland owners to achieve
substantially higher harvests at lower prices over the next five decades. This was done by
converting a great deal of land, currently used to grow hardwoods, into softwoods primarily
in the South, and by selectively increasing the management intensity of certain segments of
the existing timber inventory, while effectively abandoning the least productive land after an
initial harvest.

In a subsequent study in this thesis, Adams et 01. (1998) expanded on this contribution by
looking at the effects of different assumptions about the price elasticity of land supply and
capital market imperfections in FASOM on timber market behaviour. lnterternporal timber
supply models commonly assume that land supply is perfectly inelastic (i.e., exogenous) and
that capital markets are perfect, assumptions that were maintained in the previous study. This
study involved conducting a number of policy scenarios using FASOM both with and without
the agricultural sector and with and without regional establishment cost constraints. The
study showed that, although joining the two sectors did make it easier for the forest sector to
adjust to exogenous policies, the effects of this assumption on harvests, stumpage prices and
inventory levels were not very pronounced. On the other hand, the addition of capital
imperfections through restrictions on the establishment of new forests did reduce the
simulated flexibility of timberland owners to dramatically reshape the forest inventory
through initial harvests and changes in management intensity. As a result, the projections of
future harvests, stumpage prices and inventory stocks tracked the results of official USDA
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projections, using TAMM, much more closely than in the previous study where the capital to
invest in new stocks was freely available.

Two papers in this thesis, Alig et al. (1997) and Adams et al. (1999), involve the use of the
FASOM model to assess the cost and forest management consequences of achieving carbon
flux trajectories over time. The most noteworthy contribution of the paper by Alig et al.
(1997) was to illustrate the potential for carbon leakages when agricultural land is used to
sequester carbon, without any restrictions are placed on harvesting the timber from these
lands. In this study, approximately 4.9 million hectares of pastureland were "forced" from the
agricultural sector into the forest sector during the 1990-1999 decade. Once these lands were
shifted into the forestry sector no further constraints were imposed on landowners, and no
restrictions at all were imposed on the movement of land already in the forest sector in that
decade. This is analogous to giving selected agricultural landowners a contract to store
carbon for one rotation and then allowing them to harvest their land freely as economic
conditions dictate.

For this scenario, FASOM projected higher carbon fluxes relative to the Base Case for the
first three decades and negative carbon fluxes in relation to the Base Case for the last two
decades. In the first decade alone, existing timberland owners immediately harvested almost
two million acres of timberland and shifted them into the agricultural sector to avoid future
losses in stumpage revenues. In addition, once the afforested acres had reached economic
maturity, they were harvested and shifted gradually back into the agricultural sector. Over the
entire period, about 2 million more hectares moved from the forest sector to the agricultural
sector than in the Base Case. As a result of these types of countervailing reactions, the
terminal stock of carbon in this scenario was actually smaller than that in the Base Case,
indicating a substantial potential for carbon leakages, if agricultural land owners are not
provided with incentives to maintain carbon stocks. This "leakage" reduced the potential
carbon gains from the 4.9 million ha by about 40 to 50 percent.

The most noteworthy contribution of the final FASOM paper by Adams et al. (1999) lies in
the construction of the marginal cost of carbon in a dynamic model. In all previous studies
using static models, it was assumed that a fixed amount of agricultural land was converted
into forests, and this land was held in forests for a fixed period, without harvesting. Thus, the
marginal cost of carbon, associated with a specific carbon target, could be calculated as the
annualised cost of the marginal ton of carbon. In this study, various flux trajectories were
imposed as periodic carbon flux constraints in FASOM. The optimal solution from the model
for a specific carbon flux trajectory involved finding the welfare maximising mix of carbon
producing activities that satisfied these constraints over time. This involved a mixture of
management activities that included: I) increasing rotation ages in the near-term, 2)
substantially reducing the conversion of hardwood to softwood acreage, 3) regeneration
harvest into higher intensity management in later decades, 3) afforestation. moving land from
the agricultural sector to the forest sector to achieve an initial flux in the first decade and then
harvesting this land and returning part of it to agriculture. The optimal management strategy,
depicted as an outcome in FASOM, differs dramatically from the afforestation scenarios used
in earlier static studies, and results in changing marginal costs for carbon over time. Under
these conditions, the question was how to construct a single estimate for the marginal cost of
carbon for each of the carbon flux scenarios.

For this study, the marginal cost of carbon was estimated as the sum of the shadow prices on
the periodic flux constraints. To quote from the study:

The flux constraints limit period-to-period change in the carbon stock to be at least as
large the targets. Thus, a one tonne increase in any period's flux target (ceteris
paribus) translates into a one tonne increase in carbon stock in that and all future
periods. Raising the flux target in every period results in cumulating increments in
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the carbon stock. The cumulated shadow prices of the flux constraints over all
periods is the present value of all future costs associated with a sustained one-unit
increase in flux.1

The last two studies in this part of the thesis, by Englin and Callaway (1993 and 1995), look
at the economics of carbon sequestration from the perspective of the individual timberland
owner. The first of these two uses a Faustmann type model to exam ine the effects of different
timber management regimes on the optimal rotation age for a timber stand. The three
management regimes include: I) maximising the net present value of the harvests for sale in
timber markets, 2) joint maximisation of the net present value from timber sales and the net
present value of the flow of climate change benefits from the carbon stock, before and after
harvest, and 3) maxim isation of the net present value of the flow of climate change benefits
from the carbon stock, before and after harvest. The paper made two contributions to the
field. First, this was the first published paper to look at the optimal rotation age associated
with the carbon benefits to be derived from a forest stand as a result of reduction in climate
change damages. Second, the paper incorporated both carbon build-up, prior to harvest, and
post harvest carbon emissions in the Faustmann framework.

The model was applied to Douglas Fir forests in the Pacific Northwest. Sensitivity of rotation
ages to increases in the shadow price of carbon and the discount rate under the management
objectives was assessed. Interestingly, the optimal rotation ages for the standard Faustmann
model and the social maximising model were nearly identical at all interest rates and carbon
shadow prices. The most significant differences in the simulations were between the carbon
maximising and standard Faustmann rotation ages. At low discount rates, the carbon
maximising rotation age was significantly shorter than the rotation age for the standard
Faustmann model and the social maximising rotation age. However, as the discount rate
increased, the relationship switched, such that at higher discount rates the carbon maximising
rotation age was significantly greater than the rotation age for the two other objectives. This
result highlights the importance of the effects ofthe discounted marginal value of post harvest
carbon. As the discount rate increased, the marginal value of post harvest carbon declined
and the marginal value of carbon in the standing timber played a more important role in
determining the rotation age under the carbon maximising objective. Thus, under this
management objective, society is better off by delaying post-harvest emissions and storing the
carbon in growing trees, rather than in timber products.

The final paper in this part of thesis, by Engl in and Callaway (1995), extends the work in the
previous study to examine the impact of differences in rotation lengths under the traditional
Faustmann and carbon maximising objectives on indices of environmental quality. The study
stops short of valuing the environmental benefits of both objectives, as suggested originally
by Hartman (1976). Nevertheless, the study is still important because it establishes a direct
empirical linkage between rotation lengths under the two objectives and the effects of these
on seven different physical measures of environmental goods and services produced by a
typical Douglas Fir stand in the Pacific Northwest. The study demonstrates that at low
discount rates, the shorter rotation ages associated with the carbon maximising objective
actually produce diminished environmental quality in a number of categories relative to the
traditional Faustmann objective. This result flies in the face of conventional wisdom that low
discount rates always benefit the environment. However, as discount rates increase, and
rotation ages associated with the two objectives switch, and the relatively longer rotation ages
associated with the pure carbon maximising strategy lead to increases in environmental
quality in most ofthe most seven categories in comparison with the Faustmann objective.

I Adams, D.M. et al. J 999. p. 369.
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5.2 The Economics of Climate Change Damages

The major contributions of the two papers in this area relate to improvements in methods to
estimate the damages (benefits) due to increases (reductions) in greenhouse gases that effect
fresh water runoff in river basins. The two papers in this study were applied to river basins in
the US. However, the same types of methodologies are broadly applicable to river basins in
many other developed countries.

The first paper in this part of the thesis, by Hurd et al. (1999), involved developing price-
endogenous, spatial equilibrium models for the Colorado, Missouri, Delaware, and
Apalachicola-Flint-Chattahoochee River Basins to simulate how water users and reservoir
managers would adjust to climate-induced changes in runoff, assuming that water was bought
and sold in competitive markets. The models for the Missouri, Delaware, and Apalachicola-
Flint-Chattahoochee River Basins were developed specifically for this study, while the model
of the Colorado River Basin model was based on earlier work by Booker et al. (1991) and
modified for use in this study.

Each of the models was cast as a multi-period non-linear programming model. The objective
function in each model was to maximise the net present value of the sum of consumers' and
producers' surplus in a variety of alternative consumptive and non-consumptive uses of river
water at various points in the basin. The constraint set in each model included balance
equations to characterise the network of flows in major tributaries and the mainstem in the
basin, as well as equations to maintain the continuity between initial storage, diversions and
releases, and carry-over storage in each reservoir. Finally, the storage capacity of each
reservoir was constrained in each period by a safe capacity constraint.

Mendelsohn and Neumann (1999) developed a number of precipitation and temperature
change scenarios for this study. These "climate changes" were, in turn, transformed into
changes in monthly runoff for a 39-year period at inflow points in each basin, using a variable
infiltration capacity model developed by Lettenmaier and Wood (1994). For each scenario,
these changes were normalised and applied to the historical flow records in each basin to
generate the altered seasonal runoff time series for each inflow node in a basin over a 39 year
period. By running the model with and without these altered inflows, it was possible to
estimate the effects of the climate change scenarios on net welfare for different water uses, the
allocation of water between consumptive and non-consumptive uses, and the distribution
functions of reservoir storage.

There were two contributions of this study to the state-of-the-art in modelling climate change
damages. First, while the type of model used in the analysis was not new, the application to
climate change was original, also involving the construction of three entirely new river basin
models. Second, the results of the scenario analysis were important because they drew
attention to the possibility of large climate change damages associated with non-consumptive
uses, such as water quality. In the Missouri, Delaware, and Apalachicola-Flint-
Chattahoochee River Basins, substantial reductions in flows in some of the scenarios would
dramatically increase the costs of maintaining a constant level of water quality, forcing many
communities to adopt higher-order water treatment technologies that rely less on dilution by
river flows. The suggestion that climate change could substantially alter water treatment costs
does not appear as a serious issue in the published literature on climate change damages.

The second study in this part of the thesis, by Cameron et al. (1996), examined the effects of
changes in reservoir operating policies on water based recreation at a number of sites in the
Columbia River Basin in the Pacific Northwest of the US. The problem confronted by the
authors of this study was that the anticipated changes in reservoir operating rules by the
operating authority in the basin would lead to large, and prolonged changes in reservoir pool
levels and river flows that were not a part of the historical recreation experience of individuals

5-6



in the basin. This made it very difficult to rely on travel cost methods to estimate changes in
visitation and welfare by individual users, because the "out-of-sample" projections based on
the variation in actual water conditions would be subject to large forecast errors. The problem
was compounded by the fact that historical reservoir levels and flows were highly collinear
across all recreation sites in the basin. Furthermore, existing visitation data indicated that
most people only visited one or two sites in a single season. This complicated the modelling
of substitution among the various sites, since there would be many zero site visits for each
individual. In addition, because the mail survey that was going to be used in this study was
quite complicated, there was a strong possibility of response/non-response bias in the
collected data. Finally, in the course of performing the work, it was found out that mixing
monthly and annual data on visitation and water conditions created a problem of
heteroskedasticity in the data set.

The contribution of this study to the state-of-the-art in recreation demand modelling was,
basically, how to estimate a model of recreation demand for individuals in which the
parameter estimates were BLUE and would yield projections of welfare and visitation at the
different sites that were credible.

The resulting solution to these problems involved two parts. The first part consisted of a
survey that mixed reported visitation to the sites (nine of them) during the last year with a
series of "contingent behaviour" questions that asked individuals how they would re-allocate
their site visits to all sites based on changes in water conditions at a pair of selected sites,
depicted in computer-enhanced photographs. Depicted water conditions were chosen in a
way to try to break the expected multi-colinearity in water conditions across the sites over the
previous year. By using this contingent behaviour approach, welfare measures could be
derived directly from the recreation demand model. These welfare measures would be based
partly on actual (i.e., as reported) recreation behaviour during the previous year and partly on
the contingent behaviour ofthe survey respondents, since the two sets of observations would
be pooled. Unfortunately, it was not possible to test, easily, to see if the coefficient estimates
derived from the reported data and from the contingent behaviour data came from the same
sample, because of large differences in the parameters ofthe distributions of observed water
conditions and contingent water conditions.

The second part of the problem solution lay in the recreation demand model formulation.
This model consisted ofthree, inter-related models. A new approach to estimating
response/non-response bias, developed specifically for this study, was developed so that the
probability of successfully completing the questionnaire could be estimated for respondents
and non-respondents, alike, in a probit framework using US census tract data. The inverse
Mills ratios derived from this model for each individual were used as variables to correct for
this bias in the next model. The second model was a multi-site probit model designed to
estimate that an individual who successfully completed the survey took a positive number of
trips to a specific site, and included a correction for heteroskedasticity. The inverse Mills
ratios from these models were used to correct for any bias due to non-participation in
recreation in the next model. The final model was a multi-site tobit model of recreation
demand designed to estimate the number of trips to each site for individuals who take a
positive number of trips to any site. This model also included a correction for
heteroskedasticity.

In a separate, unpublished study (Callaway et al. 1995), the parameter estimates derived from
the three models were used to construct a "user friendly" simulation model that would
forecast welfare and visitation levels for each ofthe nine sites using input data on flow
conditions at each site. The simulation model and projections from it were judged credible
enough to be used by the operating authority in re-designing the reservoir operating rules for
the Columbia River system.
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While this paper does not deal with the subject of climate change damages, directly, it is
nonetheless possible to use these models, developed for the Columbia River Basin to estimate
changes in visitation and welfare at these nine important sites. This could be implemented by
first using an existing hydrologic model for the basin to simulate the effects of climate change
on basin runoff. The resulting runoff projections could be used as an input to the federal
operating authority's reservoir operation to design alternative reservoir operating policies for
the basin. The simulation model by Callaway et al. (1995) could then be used to value the
projected visitation associated with each operating policy. At the same time, the approach
used here to estimate recreation demands in a large river basin can be extended to river basins
in other developed countries, where river basins are partially managed for recreation
purposes.

5.3 The Economics of Acid Rain Damages

The last three papers in the thesis were written during the period when the National Acidic
Precipitation Assessment Program (NAPAP) was investigating the effects of acid rain on
various receptor systems in the eastern US and assessing the feasibility of mitigating these
impacts, through reductions in precursor emissions or through remedial measures, such as
lake liming.

The papers by Callaway et al. (1986) and Callaway and Englin (1990) report on the
development and appl ication of methodologies developed to estimate acid rain damages on
commercial agriculture, commercial forests, recreational fishing, and common building and
infrastructure materials for NAPAP's 1985 Interim Assessment (NAPAP 1997). The
methods developed in these areas were not particularly novel in their respective fields of
economic modelling. In most cases, they simply represented different applications of state-
of-the-art in applied modelling. The contribution of the NAPAP economics effort during both
the Interim Assessment and the 1990 Integrated Assessment (1991) was more squarely in the
area of integrated environmental assessment modelling. Two contributions were made in this
area. The first was that all of the economic models, in one way or another, incorporated the
optimising behaviour of economic agents in response to changes in the environment, either at
the level of the individual economic agent or in a broader market context.

The second contribution was that all of the models were linked directly or indirectly to
physical changes in the environment. In general, perturbations in the environment caused by
acid rain entered directly or indirectly into the production function or the utility function of
economic agents in all of these models. This contrasted dramatically with the traditional use
of damage functions in most previous environmental assessments, where monetary units were
simply applied to physical damages, often as an afterthought and sometimes arbitrarily. All
of the models used in the NAPAP assessments gave individuals the opportunity to adapt to
acid rain damages by substituting inputs or outputs in their production and/or consumption
decisions. While the models were not fully integrated in the sense that they included the
causal chain between economic activity, emissions, the physical environment, and economic
decision-making by producers and consumers in each affected sector, they represented an
important step in that direction.

Adams et al. (1986) presents an example of this type of methodology that examined the direct
and indirect effects of acid rain on the agricultural sector. This study employed a price
endogenous, spatial equilibrium of the US agricultural sector in which crop yields for various
input combinations were exogenous parameters in the model. Changing these yield
parameters for selected crops had the effect of altering the relatively profitability of crops in
different regions, thus giving farmers the potential to replace crops that were highly
susceptible to acid rain damage with those that were less susceptible. In the case of acid rain,
only a small number of cultivars of the soybean plant showed major susceptibility to acid
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rain. When these cultivars were "stressed" in model simulations (by reducing their yields)
farmers in the mid-west and Southeast shifted some of their production into alternative crops,
which were now more profitable at the margin, thus mitigating the potential for damages. A
damage function model, on the other hand, would have not been able to predict these
substitutions and would have over-estimated the value of damages by assuming that farmers
would continue to grow these soybeans at reduced yields.

This study also exam ined two indirect effects of acidic deposition: I) the potential benefits
provided by passive sulphur fertilisation and 2) the potential costs associated with having to
increase liming treatments on soils with reduced pH. This was done by reducing the costs of
producing crops on some lands by an amount equal to the additional sulphur provided from
atmospheric S deposition and by increasing the cost of producing crops on selected lands by
an amount equal to the additional lime required to neutralise the acidity of different soils.
Altering the production costs of crops in this way had the effect, again, of changing the
relative profitability of crops, leading to the selection of different optimal crop mixes by
farmers that would return them with the highest profits in the market.

Overall, the direct and indirect effects of acid rain on the agricultural sector were projected to
be quite small, possibly leading to net benefits in that sector. However, the importance of the
modelling approach lies not in the magnitude of the projected value of acid rain damages, but
instead to the underlying economic theory built into the agricultural damage projection
methodology. The need for such approaches, while widely recognised by economists at the
time, were not so easy to sell to physical and natural scientists who, in large part, had
management responsibility for the NAPAP program and were generally more interested in
improving the state-of-the-art in acid rain science, rather then answer policy questions.

One of the important lessons learned in the NAPAP program is discussed in the paper by
Callaway and Englin (1990) in this thesis. This lesson is simple: if economists co-operate
with natural and physical scientists in integrated economic assessments, instead of preaching
to them, the two cultures can not only produce better econom ic models, more faithfully
integrated with physical and natural systems, but also can create a broader constituency within
the management of integrated economic assessments to do new economic research. The truth
of this lesson was evident in the recreational fishing portion of the damage assessment. Early
on the NAPAP program, environmental economists, aquatic toxicologists, and hydrologists
working on this part of the assessment formed a close working relationship. When the
politics of acid rain within the US federal government swung in a different direction in the
mid-1980s, all of the work on economics that had taken place prior to that time was
abandoned, except in the area of recreational fishing. When economics was, once again,
integrated into the NAPAP assessment process in the late 1980s, the environmental
economists working on that assessment found strong support from the scientific community
within the program and received funding to undertake am ambitious survey and modelling
effort whose resources far surpassed that allocated to other economic research. As a result,
the recreational fishing assessment was conducted using a highly sophisticated random utility
model that directly endogenously linked catch rates through both changes in fishing
populations and fishing effort as a determinant of visitation. This was the only "original"
economic research done under the NAPAP program.
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6. Summary

The purpose ofthis section in the thesis is to briefly summarise the thirteen papers submitted
as a part of this thesis in the three main areas of research:

• The Econorn ics of Carbon Sequestration
• The Economics of Climate Change Damages
• The Economics of Acid Rain Damages

6.1 Economics of Carbon Sequestration

I. Richard M. Adams, Darius M. Adams, John.M. Callaway, Ching-Cheng Chang, and
Bruce A. Mcf.arl. 1993. "Sequestering Carbon on Agricultural Land: Social Cost and
Impacts on Timber Markets." Contemporary Policy Issues. II (I): 76-87.

This paper employs a price endogenous, spatial equilibrium model of the US agricultural
sector to estimate the opportunity cost sequestering carbon on agricultural land. Activities to
sequester carbon were added to the model, so that they could compete with various crop
production activities in the model for the available supply of agricultural land. Total and
marginal cost curves for sequestered carbon were created, parametrically, by running the
model with successively higher carbon flux targets. The annualised opportunity cost of
carbon was measured by the loss in net welfare relative to the Base Case for each carbon
target. Marginal costs for each carbon target were approximated by the shadow price on the
carbon flux constraint. In a second analysis, regional stumpage supply and national stumpage
demand equations were added to the model to simulate impacts on the forest sector. This
analysis showed that, unless farmers were compensated for not harvesting the trees on their
lands, future stumpage prices would fall dramatically. The model used in the analysis was a
static model, and thus was not capable of depicting the reaction oftimberland owners to lower
expected stumpage prices in the future. A dynamic model of the forest sector is needed to
show how timberland owners would behave to avoid expected net revenue losses if trees on
agricultural land are harvested. Arguably, the actions they would take could result in
substantial carbon leakages from private timberland.

2. J.M. Callaway and B.A. Mcflarl. 1996. "The Economic Consequences of Substituting
Carbon Subsidies for Crop Subsidies in U.S. Agriculture". Environmental and Resource
Economics. 7: 15-43.

This paper examines the fiscal and welfare consequences of providing farmers with subsidies
to plant trees on agricultural land to sequester carbon. In the first part of the paper, it is
assumed that subsidies are provided to farmers to plant trees, in addition to the farm programs
already in place. The paper shows that as the size of the tree-planting program is increased,
price support payments for crops decline due to the effects of higher food prices induced by
switching agricultural land into timberland. The second part of the paper examines the fiscal
and welfare consequences of replacing existing farm subsidies with subsidies to sequester
carbon. Two types of analyses were performed. A Hicksian approach is used to quantify the
carbon consequences and fiscal costs associated with various combinations of farm
commodity and carbon sequestration programs that leave consumers and producers in the US
agricultural sector no worse off, in welfare terms, than under existing farm programs. A
Marshallian approach focuses on the carbon and welfare consequences of various
combinations of farm commodity and carbon sequestration programs that hold total transfer
payments to farmers constant at the then-prevailing cost of farm programs. These two
analyses help to provide a policy framework for evaluating the welfare and fiscal
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consequences of mitigating greenhouse gases, while cutting down on traditional farm
subsidies, a topic much discussed in both the US and the European Union, at the time, and
still today.

3. (Appendix) Darius M. Adams, Ralph J. Alig, J.M. Callaway, Bruce A. McCarl, and
Stephen M. Winnett. 1996. The Forest and Agricultural Sector Optimization Model
(FASOM): Model Structure and Policy Applications. United States Department of
Agriculture Forest Service. Research Paper PNW-RP-495.

This paper documents the structure of and data bases used in constructing the Forest and
Agricultural Sector Optimization Model (FASOM). FASOM is a dynamic, non-linear, price-
endogenous, mathematical programming model of the agricultural sector and the log market
portion of the forest sector in the US. FASOM is dynamic in that it solves jointly for the
multi-period, multi-market equilibrium in all agricultural and log product markets and for the
interternporal optimum in the market for land. The model is non-linear because it contains a
non-linear objective function, representing the net present value of the sum of producers' and
consumers' surpluses for economic agents in both sectors. FASOM is price-endogenous,
because the prices of the products produced in the two sectors are determined in the model
solution, as are the shadow prices ofland. FASOM is a mathematical programming model,
more formally, a discrete time optimal control model, in which terminal conditions for each
sector assume convergence to a steady state. FASOM also contains a highly detailed carbon
accounting system that tracks carbon build-up in forest ecosystems, as well as the fate of
carbon on harvested stands and in wood products. The model was initially designed to
evaluate the market and welfare consequences of programs to mitigate greenhouse gas
emissions through carbon sequestration in forests. However, the model has also been used to
address a much wider range of forest sector and land use policy issues.

4. Darius M. Adams, Ralph J. Alig, Bruce A. McCarl, J.M. Callaway, and Steven M.
Winnett. 1996. "An Analysis of the Impacts of Public Timber Harvest Policies on Private
Forest Management in the United States." Forest Science. 42(3): 343-358.

This study employs the forest sector portion of the FASOM model to simulate the evolution
of the timber supply sector for five decades, starting in 1990, and to assess the response of
timberland owners to changes in federal harvest policies in the US over that same period.
Base Case projections differ dramatically from USDA Forest Service projections, using a
"myopic" model with a one-period stock adjustment mechanism to model expectations. The
FASOM projections show that private timberland in the US have sufficient timber production
potential to sustain softwood consumption levels at far higher levels, with stable to declining
prices in the long term, once structural limitations in the existing inventory are overcome
through early harvesting and regeneration into an optimal forest-type management regime.
Under model assumptions of perfectly competitive product and asset markets, large areas of
private hardwood forest in the South would be converted to intensively managed softwood
plantations, while a portion of softwood land, currently under non-industrial private
ownership would be effectively abandoned. The results of the federal harvest scenarios also
reflect the effects of endogenous management investment decisions. Reductions in public
harvests do result in initially higher stumpage prices; however, in contrast to USDA
projections, prices return to Base Case levels after two decades, as softwood supplies increase
through more intensive management and retirement of less productive land. A major feature
in all of the projections is a marked shift in the distribution of softwood inventories and
harvests, away from the West and into the Southern softwood region. The paper notes that
this shift, while it may have positive environmental consequences in the West, also involves a
major conversion of less-intensively managed hardwood and mixed hardwood ecosystems in
the South to softwood plantation mono-cultures. This may raise important concerns about
biological diversity and habitat preservation.
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5. Darius M. Adams, Ralph J. Alig, Bruce A. McCarl, Steven M. Winnett, and J.M.
Callaway. 1998. 'The Effects of Factor Supply Assumptions on Intertemporal Timber
Supply Behaviour: The Cases of Investable Funds and Land." Canadian Journal of
Forest Research 28(2): 239-247.

The FASOM model joins the land base in both the agricultural and forest sectors, allowing
land flows to equalise sectoral differences in land rents less conversion costs. The model also
assumes that capital markets in the forest sector are perfect so that, when landowners establish
forests after harvest or land conversion, sufficient capital is always available to select the
optimal management regime. This study uses FASOM to examine the effects of these
assumptions on harvest levels, stumpage prices, and forest inventory stocks for a Base Case
and a number of policy scenarios. This was accomplished by running the various cases with
and without the agricultural sector in FASOM and with and without restrictions on the
amount of capital available to plant new forests in each decade. Restricting the land supply
and imposing capital constraints were found to limit the flexibility of landowners in the forest
sector to switch forest types and increase the intensity of management. These effects were
most pronounced in the Southern softwood supply region. The lack of management
flexibility caused by these restrictions resulted in higher stumpage prices and reduced harvests
and consumption. Overall, restricting the availability of capital had a more severe effect on
management flexibility than did the land supply restriction. Furthermore, imposition of the
capital constraints resulted in model projections for stumpage prices and harvests that much
more closely tracked projections by the USDA Forest Service, using a more myopic model.

6. Ralph Alig, Darius Adams, Bruce McCarl, J .M. Callaway, and Steven Winnett. 1997.
"Assessing Effects of Mitigation Strategies for Global CI irnate Change with an
Iutertemporal Model of the U.S. Forest and Agricultural Sector. "Environmental and
Resource Economics. 9: 259-274.

This study used the FASOM model to assess the welfare and market consequences of
alternative dynamic, carbon targets. Whereas previous studies, using static models, have
employed a single fixed carbon target, this study relied on carbon flux scenarios in which
decadal carbon fluxes (i.e., stored emissions) were assumed to remain constantly higher from
the Base Case by a fixed amount or grow at a constant or increasing rate. Increasing the stock
of carbon to achieve higher carbon fluxes was accomplished through afforestation and
reforestation at higher management intensities. Gradually increasing the carbon stock over
time was found to be less costly than maintaining a constant carbon flux difference relative to
the Base Case, due to much higher costs to achieve the fixed flux target in the first decade and
the effects of discounting on costs in later decades in scenarios where the stock of carbon was
built up more gradually. A separate scenario examined the long-term consequences of an
afforestation program in which landowners were allowed to harvest their forests once they
had reached economic maturity. Timberland owners reacted by harvesting a large amount of
land and shifting it into agricultural production in the first decade. This confirms the
substantial potential for carbon leakages from tree planting programs where agricultural
landowners are not compensated to maintain carbon stocks.

7. Darius M. Adams, Ralph J. Alig, Bruce A. McCarl, John M. Callaway, and Steven M.
Winnett. 1999 "Minimum Cost Strategies for Sequestering Carbon in Forests." Land
Economics. 75(3): 360-374.

This paper used FASOM to estimate the total, average and marginal costs of achieving a
representative range of dynamic carbon flux targets. The marginal cost of carbon for each
scenario was constructed as the sum of the shadow prices on the carbon flux target in each
period. Marginal carbon costs were found to be less sensitive to the "shape" ofthe flux
scenarios than average costs. Longer rotation ages, reduced conversion of hardwoods to
softwoods, and management intensification was the dominant strategy for achieving near-
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term targets, while land conversion played a more important role when carbon stocks were
built up gradually over time. In contrast to previous studies, the Northern regions played a
much more significant role in building up carbon stocks under all scenarios, due to the
concentration of hardwoods in this region and high productivity of pasture land for growing
trees. The marginal costs from this study were compared to those in previous studies for
roughly equivalent average annual fluxes, and were found to be quite similar, in spite of the
different optimi ing a sumptions used in pre ious studies. This suggests that a response
surface model, derived from FASOM, may be a practical tool for policy makers to compare
the opportunity costs of alternative programs.

8. Jeffrey Englin and John M. Callaway. 1993. "Global Climate Change and Optimal Forest
Management." Natural Resources Modeling. 7(3): 191-202.

This study examined the effects of different management strategies on the optimal rotation
age for a timber stand. The three strategies were: I) maximisation ofthe net present value of
timber harvests, 2) maximisation of the net present value of timber harvests and the climate
change damages avoided by sequestering carbon on the stand, and 3) maximisation of the net
present value of the climate change damages avoided by sequestering carbon on the stand.
The theoretical analysis integrated the carbon life-cycle into the Faustmann framework by
considering both the benefits derived from storing carbon in growing trees, prior to harvest,
and in wood products, after harvest. Results indicate that the benefits from storing carbon in
trees, after harvest, may have a significant impact on rotation ages, since post-harvest storage
capacity is much larger than on the stand. The Faustmann model was applied to Douglas fir
in the Pacific Northwest. Results indicated that increases in discount rates lead to shorter
rotation lengths under the first two strategies (I) and (2), and longer rotation lengths for the
pure carbon maximising strategy (3). At higher discount rate, landowners who were induced
to follow the pure carbon maximising strategy could achieve higher returns, in terms of the
value of avoided damages, by storing carbon in forests rather than in products, where benefits
decline more rapidly due to discounting.

9. Jeffrey Englin and John M. Callaway. 1995. "The Environmental Impacts of Sequestering
Carbon through Forestation." Climatic Change 31 :67-78.

This study examined the potential environmental impacts of sequestering carbon to avoid
climate change damages in existing Douglas fir forests in the Pacific Northwest. Forests were
assumed to produce three goods, timber supply, stored carbon that reduces climate change
damages, and environmental amenities. Using this framework, the levels of amenities were
compared under two strategies: 1) maximisation of the net present value of timber harvests,
and 2) maximisation of the net present value of the climate change damages avoided by
sequestering carbon on the stand. The change in amenity levels included: trout populations,
wildlife diversity, soil stability, visual aesthetics, deer populations, elk populations, and
runoff. At low discount rates, the shorter rotation ages associated with carbon maximising
strategy lead to relatively greater adverse environmental impacts than did the wealth
maximising objective. However, as discount rates increased, rotation ages for the carbon
maximising strategy increased, while those for the wealth maximisation strategy decreased.
In most cases, this lead to higher amenity values under the former strategy. This result flies in
the face of the conventional wisdom that low discount rates are always good for the
environment. In this study, low discount rates provided an incentive for landowners
following the pure carbon maximising strategy to harvest earlier and store more carbon as
wood products where its value in avoiding climate change damages was higher than in
growing trees.
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6.2 Economics of Climate Change Damages

10. Brian Hurd, Mac Callaway, Joel B. Smith, and Paul Kirshen. 1999. "Economic Effects of
Climate Change on US Water Resources". In: The Impacts of Climate Change on the US
Economy. Mendelsohn, R. and J. Neumann (eds.). Cambridge University Press,
Cambridge, England.

This study focused on the development and use of intertemporal, price endogenous spatial
equilibrium models of four large river basins to estimate the economic effects of parametric
changes in precipitation and temperature in these basins. The river basins selected for this
analysis were the Colorado, Missouri, Delaware, and Apalachicola-Flint-Chattahoochee
River. The models depict how welfare-maximizing economic agents in a basin -- water
providers and water users -- would allocate existing runoff to competing uses of water in
different places in the basin, consistent with the major natural and man-made water
distribution, storage and delivery systems that are present. The effects of climate change on
sub-basins in each of the larger regions were simulated using variable infiltration capacity
(VIC) models developed by hydrologists. The resulting system of linked models was then
used to simulate the effects of changes in temperature and precipitation in each basin on
reservoir storage, water allocations among a number of different types of users, and on the
consumer and producer surpluses of water users. The results from these models were also
used to construct an estimate of the welfare impacts associated with climate change scenarios,
based on the representativeness of each basin to others in the US and the relationship between
changes in runoff and welfare found in these four basins. The results of the four-basin study
called attention to the potential seriousness of climate change damages due to reductions in
in-stream flows on nonconsumptive uses of water, as opposed to consumptive uses.

11. Trudy A. Cameron, W. Douglass Shaw, Shannon E. Ragland, J. Mac Callaway, and Sally
Keefe. 1996. "Using Actual and Contingent Behaviour Data with Time Varying
Aggregation to Model Recreation Demand". Journal of Agricultural and Resource
Economics. 21(1): \30-149.

This paper developed a multi-site recreation demand model to determine how changes in
reservoir levels and flow rates in the Columbia River Basin of the Pacific Northwest would
affect the visitation and welfare individuals at nine major recreation sites in the basin. The
study pooled observations about reported trips to these sites by mail survey respondents with
contingent behaviour observations about how the respondents would re-allocate these visits in
response to water conditions depicted in computer enhanced photographs. Contingent
behaviour data were required because existing water conditions were highly collinear across
the nine sites and because the variation in existing water conditions at each site was not large
enough to depict envisioned reservoir operating conditions. A novel method of incorporating
survey response/non-response bias was developed, using census tract data for the entire
sample of individuals, including those who did not return or fill out the survey completely.
Adjustments for this bias were incorporated into the recreation demand model. Measures of
welfare and visitation were derived directly from the recreation demand model. While the
study was used to evaluate the impacts of alternative reservoir operating policies, the same
methodology can be used to assess the effects of climate induced changes in runoff on the
welfare of individual recreators.

6.3 Economics of Acid Rain Damages

12. J.M. Callaway, R.F. Darwin, and R.J. Nesse. 1986. "Economic Valuation of Acidic
Deposition Damages: Preliminary Results from the 1985 NAPAP Assessment". Water,
Air, and Soil Pollution. 31: 1019-1034.
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This paper presented estimates of the monetary value of the physical damages caused by acid
deposition in the US for the National Acidic Deposition Assessment Programs Integrated
Assessment. Econom ic damages associated with then-current rates of wet and dry deposition
were estimated for four receptor systems: commercial agriculture, commercial forests,
recreational fishing, and selected types of building and construction materials. All of the
models used to estimate these damages took into account the optimising behaviour of
economic agents in responding to environmental effects and their ability to sub titute inputs
and outputs in production and consumption to minimise adverse effects. The damage
estimates in each category can not be combined since the models used somewhat different
assumptions about emissions levels and because some of the depicted physical effects were
regarded as highly uncertain.

13. R.M. Adams, J .M. Callaway and B.A. McCarl. 1986. "Pollution, Agriculture and Social
Welfare: The Case of Acid Deposition." Canadian Journal of Agricultural Economics.
34(March 1986): 2-19.

This paper presented estimates of the potential damages caused by acidic deposition in the US
agricultural sector, at then-current rates of deposition. A price endogenous, spatial
equilibrium model of the US agricultural was used to assess the changes in welfare of
producers and consumers caused by: I) foliar damage to soybeans, 2) increases in liming
treatments to offset changes in soil acidity, and 3) passive sulphur fertilisation. The results of
the analysis suggested that the direct welfare loss associated with soybean yield reductions
might be in the range of$20 million to $40 million, annually. Combining the second two,
indirect effects with the direct effects of acidic deposition was shown to provide a potential
benefit to the sector, worth from $8 million to $150 million, annually. However, this result
was based on an incomplete understanding of the magnitude of the land base that would
benefit from passive S fertilisation.

14. J.M. Callaway and J.E. Englin. 1990. "Economic Valuation of Acid Deposition
Damages." Contemporary Policy Issues. 8(July): 59-72.

This paper summarised the estimates of the monetary value of the physical damages caused
by acidic deposition in the US, as revealed in studies completed for the National Acidic
Deposition Assessment Program. It also provides a critique of these estimates. Finally, it
outlines the role of economics in the 1990 Integrated Assessment and how these lessons
affected NAPAP's research program. Two conclusions are of particular importance for
integrated environmental assessments. The first is that co-operation between economists and
natural and physical scientists not only results in better economic models. It also creates a
more favourable environment in which economists can explain the need to develop new
applied economic models and databases for integrated assessment modelling. Second,
economic modelling will only be considered important in the context of integrated
environmental assessments, if one ofthe main objectives of the program is to address public
policy issues. This was not recognised by NAPAP until it was too late to develop the
necessary economic models to address the welfare and fiscal impacts of reducing acidic
deposition.
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Appendix A: The Forest Sector Optimization Model (FASOM): Model
Structure and Policy Applications'

Darius M. Adams
Ralph J. Alig
J.M. Callaway
Bruce A. McCarl
Steven M. Winnett

I Portions reprinted from USDA Forest Service Pacific Northwest Research Station, Research Paper
PNW-RP-495, September J 996 with permission from the authors.
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Abstract Adams, Darius M.; Alig, Ralph J.; Callaway, J.M.; McCarl, Bruce A.; Winnett,
teven M. 1996. The forest and agric Itural ector optimization model (FASOM):

model structure and policy applications. Res. Pap. PNW-RP-495. Portland, OR:
U.S. Department of Agriculture, Pacific Northwest Research Station. 60 p.

The Forest and Agricultural Sector Optimization Model (FASOM) is a dynamic,
nonlinear programming model of the forest and agricultural sectors in the United
States. The FASOM model initially was developed to evaluate welfare and market
impacts of alternative policies for sequestering carbon in trees but also has been
applied to a wider range of forest and agricultural sector policy scenarios. We
describe the model structure and give selected examples of policy applications.
A summary of the data sources, input data file format, and the methods used to
develop the input data files also are provided.

Keywords: Economics, forest sector, reforestation, afforestation, policy scenarios,
models.



Summary Recent concern over accumulation of atmospheric carbon dioxide has prompted
the development of options for mitigation strategies to prevent climate change,
including strategies to increase carbon sequestration in U.S. forests. The FASOM
model initially was developed to evaluate welfare and market impacts of alternative
policies for sequestering carbon in trees, but since its development it has been
applied to a wider range of forest and agricultural policy scenarios. The FASOM
modeling system has a joint, price-endogenous, spatial equilibrium market structure,
with the linked agricultural and forestry sectors competing for a portion of the land
base. Prices for agricultural and forest sector commodities and land are endogenously
determined given demand functions and supply processes. The structure of the two
sectors is based in part on elements of the TAMM and ASM models. Unlike TAMM,
decisions pertaining to land use and timber management investment in FASOM are
endogenous.

Intersectoral land transfers are important in the analysis of sector-specific and cross-
sectoral policies, but land does not transfer freely in FASOM. The FASOM model
was developed with (a) explicit land balances in each sector, (b) land transfer costs,
and (c) limits on land transfers based on land suitability. Through an optimization
approach, the FASOM model maximizes the net present value of the sum of con-
sumers' and producers' surpluses (for each sector), with producers' surplus inter-
preted as the net returns from forest and agricultural sector activities. Farmers and
private timberland owners are assumed to have perfect foresight regarding the con-
sequences of their behavior; that is, expected future prices and the prices realized
are identical. The model provides estimates of economic welfare disaggregated by
agricultural producers, timberland owners, consumers of agricultural products, and
purchasers of stumpage.

The GAMS programming language is used for the compact representation of the
large forestry and agricultural sectors and to solve the model; it was formulated
originally as a nonlinear mathematical programming problem. The programming
structure allows easy expansion of the FASOM model. FASOM can model the
forest and agricultural sectors either independently or simultaneously. The mod-
eling system is designed to provide information about the effects of a wide range
of potential policies on carbon sequestration, market prices, land allocation, and
consumer and producer welfare under alternative supply and demand scenarios
and producer eligibility-participation constraints. The modeling system is designed
so that the sensitivities of these policies and their results can be evaluated given
different assumptions about policy structure and finances.



Introduction This report provides a description of the structure of the Forest and Agricultural
Sector Optimization Model (FASOM), a dynamic, nonlinear programming model
of the forest and agricultural sectors in the United States. The model depicts the
allocation of land over time for competing activities in the two sectors. The model
was developed to evaluate the welfare and market impacts of alternative policies
for sequestering carbon in trees. It also can aid in appraising a wide range of forest
and agricultural sector policies. .

The conceptual structure of FASOM is an outgrowth of two previous studies. In the
first of these, Adams and others (1993) modified an existing, price-endogenous, agri-
cultural sector model (ASM) developed by McCarl and others (in press) to include
consideration of tree planting and harvest on agricultural land to sequester carbon.
The study provides estimates of (a) costs of sequestering carbon that take into
account the increases in agricultural prices when agricultural crops are displaced
by trees, and (b) impacts of different sizes of programs on both the total and the
distribution of the consumers' and producers' welfare. The study showed that
harvesting the trees used to sequester carbon has the potential to greatly depress
regional stumpage prices in the United States. A significant limitation of this study
is that there is no way to include the dynamics of tree growth (that is, trees are
assumed to be harvested in a uniform, steady-state fashion). A subsequent study
(Haynes and others 1994) employed the timber assessment market model (TAMM;
Adams and Haynes, in press) and a linked inventory model (ATLAS; Mills and
Kincaid 1992), and as expected, the inventory of existing trees acted to spread out
the period during which the trees that had been planted to sequester carbon were
harvested. Modeling the dynamics of the forest inventory has the effect of damping
the decreases in stumpage prices relative to the results in Adams and others (1993).

The structure of the models in the two previous studies precludes examining effects
of future price expectations on the behavior of the owners of existing private timber-
land as well as the likely impacts on the total amount of carbon sequestered. A
major driving force in the creation of FASOM was the need to model the intertem-
poral optimizing behavior of the economic agents that would be affected by carbon
sequestration policies. Harvest and reforestation (or afforestation) decisions by
private timberland owners are likely to be influenced by farmers planting millions
of acres of potentially harvestable timber. If timberland owners thought these trees
would be harvested sometime in the future, they probably would take actions to
reduce the size of their inventory holdings by harvesting sooner, reforesting at a
lower management intensity, or shifting investment to other sectors of the economy.
This would reduce the price impacts of "tree dumping" on the forest sector, but it also
would reduce the amount of sequestered carbon. The former limitation is addressed
by specifically linking the forest and agricultural sectors in a dynamic framework,
so that producers in both sectors can, in effect, foresee the future consequences of
alternative tree planting policies and take action to accommodate the future effects.

Linking the two sectors in a dynamic framework also allows for land price equil-
ibration in the sectors, in contrast to the static, partial equilibrium (for example,
one-sector) framework of earlier studies. FASOM allows transfers of land between
sectors, based on the land's marginal profitability in all alternative forest and agri-
cultural uses across the time horizon of the model.

1



Model Overview
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This report describes the structure of the FASOM model primarily in conceptual terms,
as opposed to a detailed mathematical depiction of the model. The report is divided
into three text sections and four appendices. Following this "Introduction," the next
section provides an overview of the major features of the model, such as the regional
delineation and the basic structure of the forest, agricultural, and carbon accounting
sectors in the model. The third text section describes the outputs of the FASOM
model, discusses how the model can be used to evaluate alternative policies for
sequestering carbon, and outlines potential future directions for the model. Appen-
dices A and B contain additional detail on the scope of the agricultural and forest
models, respectively. Appendix C provides a description of the data file structure
for the FASOM modeling system as a whole. Appendix 0 contains a general listing
of the outputs of the model.

This section provides a brief description of the major features and important assump-
tions of the FASOM model. It is followed by brief discussions of each of the sectors
in the model: forest, agriculture, and carbon accounting.

Operationally, FASOM is a dynamic, nonlinear, price-endogenous, mathematical
programming model. FASOM is dynamic in that it solves jointly for the multimarket,
multiperiod equilibrium in each agricultural and log product market included in the
model for each model time period, and for the intertemporal optimum in the asset
market for land. FASOM is nonlinear because it contains a nonlinear objective func-
tion representing the sum of producers' and consumers' surpluses in the markets
included in the model. FASOM is price endogenous because the prices of the
products produced in the two sectors are determined in the model solution. Finally,
FASOM is a mathematical programming model because it uses numerical optimizing
techniques to find the multimarket price and quantity vectors that maximize the value
of the objective function, subject to a set of constraints and associated right-hand-
side values that characterize (a) the transformation of resources into products over
time, (b) initial and terminal conditions, (c) the availability of fixed resources, and
(d) policy constraints. 1

FASOM employs 11 supply regions (fig. 1) and a single national demand region.
Alaska and Hawaii are not included in the FASOM model. Land use and exchanges
of land between sectors in some of the regions are constrained for empirical or prac-
tical reasons. Under the current climatic regime, environmental conditions in the Great
Plains States are not conducive to significant amounts of commercial forest or cost-
effective carbon sequestration activities. These States are important agriculturally,
however, and are included in the model only with agricultural sectors. The same is
true for the western portions of Texas and Oklahoma. The Pacific Northwest (PNW)
was divided into an eastern region (PNWE) and a western region (PNWW) to reflect

1 The FASOM objective function depicts maximizing the
net present value of producers' and consumers' surpluses,
associated with production and price formation in competitive
markets over time for both agricultural and forest products.
In that sense, the first-order (Kuhn-Tucker) conditions for
the choice variables in the model provide a set of rules for
economic agents to follow that lead to the establishment
of a competitive equilibrium.
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Figure 1-Supply regions used in FASOM.

differences in environmental conditions and production practices on either side of the
crest of the Cascade Range in Oregon and Washington. For the PNWW region, it
was assumed that land markets are in equilibrium between forest and agricultural
uses for the various available classes and sites. A substantial amount of land transfer
between agricultural and forestry uses is believed to not be likely. For this reason,
and because PNWW agricultural production of the crops modeled in ASM is relatively
small, only the forest sector was included for this region.

Production, consumption, and price formation are modeled for hardwood and soft-
wood saw logs, pulpwood, and fuelwood in the forest sector, and 75 primary and
secondary crop and livestock commodities in the agricultural sector. The model is
designed to simulate market behavior over 100 years with explicit accounting by
decade. Policy analysis is limited to results for the 50 years from 1990-2039. The
model incorporates national demand curves for forest and agricultural products by
decade for the projection period, 1990-2089. The production component includes
agricultural crop and livestock operations, as well as private nonindustrial and
industrial forestry operations. Harvests from public forest lands are treated as
exogenous. From an agriculture policy perspective, the model includes 1990 farm
programs for its initial decade, then operates without a farm program from thereon.
Supply curves for agricultural products, sequestered carbon, and stumpage are
implicitly generated within the system as the outcome of competitive market forces
and market adjustments. This is in contrast to supply curves that are estimated
from observed, historical data. This approach is useful in part because FASOM
will be employed to analyze conditions that fall well outside the range of historical
observation (such as large-scale tree planting programs).
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Figure 2-Links of forest and agriculture sectors in FASOM.

The forest sector of FASOM depicts the use of existing private timberland/ as well
as the reforestation decision on harvested land. The flow of land between agriculture
and forestry is also an endogenous element of the model (fig. 2). Forested land is
differentiated by region. the age cohort of trees.3 ownership class. cover type. site
condition. management regime. and suitability of land for agricultural use. Certain
forest lands are unsuitable for agricultural use because of topography. soils. climates.
or other characteristics. Other forest lands are suitable for pasture and grazing uses.
and yet other lands can be used for crops but require costly site preparation activities.
Similarly. the inventory of agricultural lands contains lands not suitable for forestry
because of climatic conditions. as well as lands that might support various types of
forests with different yield characteristics. FASOM accounts for carbon accumulation
in forest ecosystems on private timberland and for the fate of this carbon. both during
and after harvest.

2 TImberland is the subset of forest land that is capable
of producing at least 20 cubic feet per acre per year of
industrial wood at CUlmination of mean annual increment
and is not withdrawn from timber harvesting or related
timbering activities.

3 Forest lands are grouped in ten 10-year cohorts: 0 to
9 years. 10 to 19, ...• 90 + years. Harvesting is assumed
to occur at the midyear of the cohort.



Forest Sector

The possibility of planting trees with a rotation length sufficient to carry them beyond
the explicit time frame of the model necessitates the specification of terminal con-
ditions. At the time of planting, producers should anticipate a flow of costs and
returns that justify stand establishment costs. The planting of a stand with an
expected 30-year life in year 80 of a 100-year projection is potentially problematic,
however, because the anticipated harvest date is beyond the model time frame. A
mechanism is needed to reflect the value of inventory carried beyond the explicit
model time frame. This is done with "terminal conditions," which represent the pro-
jected net present value of an asset for all periods beyond the end of the model
projection. Terminal conditions in FASOM are resolved by using downward sloping
demand curves for the terminal inventory.

Four types of terminal inventory are valued in FASOM: (a) initial stands that are not
harvested during the projection, (b) reforested stands remaining at the end of the
projection, (c) undepreciated forest processing capacity, and (d) agricultural land
retained in agriculture. Specific valuation approaches for each element are dis-
cussed under "Dynamic Structure," below.

FASOM incorporates expectations of future prices. Farmers and timberland owners
are modeled as being able to foresee the consequences of their behavior (when
they plant trees or crops) on future stumpage and agricultural product prices and
incorporate that information into their behavior. The FASOM model uses determin-
istic expectations, or "perfect foresight," whereby expected future prices and the
prices realized in the future are identical.

FASOM models forest inventory by using the same age-based structure as ATLAS
and basic inventory data drawn from the 1993 RPA timber assessment update data-
base (Haynes and others 1995). Relative density adjustment mechanisms and other
growth and yield projection guides are based on those in the ATLAS system.

Unlike those in TAMM, decisions in FASOM pertaining to timber management invest-
ment are endogenous. Actions on the inventory are depicted in a framework allowing
timberland owners and agricultural producers to institute management activities that
alter the inventory, consistent with maximizing the net present value of the returns
from the activities.

The modeling system performs carbon accounting in both sectors. Carbon accounting
in the model includes carbon in growing stock, soil, understory, forest floor, woody
debris, forest products, landfills, and displaced fossil fuels.

The forest sector in FASOM consists of the following basic buildinq blocks: (a) de-
mand functions for forest products; (b) timberland area, inventory structure, and
dynamics; and (c) production technology and costs.

Product demand functions-FASOM employs a single national demand region
for forest products, which treats only the log market portion of the sector. There is
currently, in fact, very little interregional shipment of logs in the U.S. forest sector.
Competitive price relations among regions at the log and stumpage market levels
are maintained through extensive trade and competition at the secondary product
level (lumber, plywood, pulp, and so forth). Use of a single consuming region for
logs emulates the effects of competition at higher market levels without the use
of an explicit representation of activity at these levels.
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The demand for logs derives from the manufacture of products at higher market
levels. In FASOM, log demands are aggregated into six categories: saw logs, pulp-
wood, and fuelwood for both softwoods and hardwoods. Log volumes are adjusted
to exclude all but the growing stock portion." Thus, demand is for growing stock
log volumes delivered to processing facilities. Log demand curves are derived from
solutions of the TAMM and North American pulp and paper (NAPAP; Ince 1994)
models by summing regional derived demands for logs from manufacturing at higher
market levels (saw logs from TAMM, pulpwood from NAPAP). Fuelwood demand,
which is not price sensitive in TAMM, is represented by a fixed minimum demand
quantity and a fixed price. National fuelwood demand volumes, by decade, were
derived from appropriate scenarios in Haynes and others (1995). Demand curves
are linearized about the point of total decade quantity and average decade price.
Demand curves shift from decade to decade to reflect changes in the underlying
secondary product demand environment, secondary processing technology, and
secondary product capacity adjustment across regions.5

Offshore trade in forest products occurs at the supply region level and includes
both softwood and hardwood saw logs and pulpwood. Fuelwood is not traded.
Price-sensitive, linear demand (export) or excess supply (import) relations were
developed for the various regions and products as appropriate for their current
trade position. For example, the PN'MN region faces a net export demand function
for softwood saw logs but no offshore trade demand for hardwood products or other
softwood log products.

Inventory structure-Descriptors used in FASOM to characterize the structure of
the inventory on private timberland in each region are shown in figure 3. FASOM
characterizes private timberland in terms of several strata or states that are differ-
entiated by nine geographic regions, two classes of private ownership (industrial-
integrated with processing facilities-and nonindustrial), four forest types (referred
to as "species" in subsequent discussions to indicate species composition, either
softwoods or hardwoods, in the current and immediately preceding rotation), three
site productivities (potential for wood volume growth), four management intensities
(timber management regimes applied to the area),6 suitability for transfer to or from
agricultural use (referred to as "land class" in subsequent discussions and comprising
classes for crop or pasture plus a "forest only" class that cannot shift use), and ten
1O-year age classes. Each stratum is represented by the number of timberland acres
and the growing stock timber volume per unit area (in cubic feet per acre) that it

4 Nongrowing stock volumes are included only for carbon
accounting.

5 For both saw logs and pulpwood, "national" price is taken
as the highest of the regional average prices observed during
the 1980s (see appendix B).

6 The four management intensity classes are (1) passive-no man-
agement intervention of any kind between harvests of naturally
regenerated aggregates; (2) low-custodial management of naturally
regenerated aggregates; (3) medium-minimal management in planted
aggregates; and (4) high-genetically improved stock, fertilization,
or other intermediate stand treatments in planted aggregates (see
appendix 8 for more details).
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Managemem Age clus

Region Lind class Owner Species Site cIus intensity class (cohort)

Northeast Forest only Forest industry Softwood to High High Ot09
softwood

Lake States Cropland to Other private Medium Medium 10 to 19

forest Hardwood to

Com Belt hardwood Low Low 20 to 29
Pastureland to

Southeast forest Hardwood to Low-low 30 to 39
softwood

South Central Forest to 40 to 49

cropland Softwood to
Roclcy Mountain hardwood SOto S9

Forest to
Pacific Southwest pastureJand 60 to 69

Pacific Northwest - 70 to 79

West side
80 to 89

Pacific Northwest -
East side 90+

Figure 3-Strata used in FASOM: region, land class, owner, species, site, management intensity class,
and age cohort.

contains. Inventory estimates for the existing forest inventory on private timberland
are drawn from data used in Powell and others (1993) and Haynes and others
(1995). Inventories on public lands are not explicitly modeled and public timber
harvests are taken as exogenous.

Any portion, from 0 to 100 percent, of a stratum can be harvested at a time.
Harvested acres flow into a pool, from which they can be allocated to new timber
stands by using one of several different modes of regeneration, or be shifted to
agricultural use. FASOM allows use of several different levels of management
intensity for newly regenerated stands. Even though management intensity shifts
cannot occur after a stand has been regenerated, this is not thought to be a prob-
lem, given that the model employs perfect foresight in allocating land to competing
activities.

FASOM simulates the growth of existing and regenerated stands by means of tim-
ber yield tables, which give the net wood volume per acre in unharvested stands
for strata by age cohort. Relative density adjustment mechanisms (Mills and Kincaid
1992) were used in deriving yields for existing timberland and for any timberland
regenerated into the low timber management class. Timber yields for plantations
on agricultural lands were based on the most recent reconciled estimates by
Moulton and Richards (1990) and Birdsey (1992a).7

7 Timber yields contained in Moulton and Richards (1990)
were derived from estimates for plantations from Risbrudt
and Ellefson (1983). In some cases, such as for the Rocky
Mountains region, these estimates have been the subject of
some debate because they are fairly high relative to yields
on timberland. Estimates of timber yields used by Birdsey
(1992a), based on yield tables in ATLAS used for RPA
assessment. are much lower. The two groups of researchers
currently are working on reconciling their differences.
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TImberland in various public ownerships-including Federal, state, and local public
owners-represents about 30 percent of the timberland and about 20 percent of
the forest land in the United States. When the FASOM model was developed, tim-
ber inventory data were not available for these lands in several key regions. Thus
FASOM does not model their inventory, and harvest of public timber is taken as
exogenous.

Nontimberland, forested land constitutes about 30 percent of the forest land in the
United States. These lands include transition zones, such as those between forested
and non forested lands, and other areas stocked at least 10 percent with forest trees.
It also includes forest areas adjacent to urban and built-up lands (for example,
Montgomery County, MD) and some pinyon-juniper and chaparral areas of the West.
Although the land area in this category is large, data on site quality and inventory
structure are generally unavailable. Thus, harvest on this land is taken as exogenous,
and changes in inventory volumes or structure are not accounted for in the model. 8

Production technology, costs, and capacity adjustment-Harvest of an acre of
timberland involves the simultaneous production of some mix of softwood and hard-
wood timber volume. In FASOM this is translated into hardwood and softwood prod-
ucts (saw logs, pulpwood, and fuelwood) in proportions assumed to be fixed. The
product mix differs across sites and other land strata, changes over time as the stand
ages, and can change between rotations if the management regime (management
intensity) changes. Downward substitution (use of a log destined for a higher valued
product in a lower valued application) is allowed when the price spread between
pairs of products is eliminated. Saw logs can be substituted for pulpwood and pulp-
wood, in turn, can be substituted for fuelwood, provided that the prices of saw logs
and pulpwood, respectively, fall low enough to become competitive SUbstitutes for
pulpwood and fuelwood. This "down grading" or interproduct substitution is technically
realistic and prevents the price of pulpwood from rising above that of saw logs and
the price of fuelwood from rising above that of pulpwood,

Strata in the invert'tory have specific management (planting and tending) costs that
differ with inventory characteristics and type of management. These costs were
derived from a variety of sources, including Moulton and Richards ~1990) and those
used in the 1989 RPA timber assessment (Alig and others 1992). Each product,
in tum, has specific harvesting and hauling costs (hauling in this instance relates to
the movement of logs from the woods to a regional concentration or delivery point).
These costs were derived from the TAMM data base and cost projections used in
the 1993 RPA timber assessment update (Haynes and others 1995),

Consumption of saw logs and pulpwood in any given period is restricted by avail-
able processing capacity in the industries using these inputs. Investment in addi-
tional capacity is made endogenous by allowing purchase of capacity increments at
externally specified prices. This raises the current capacity bound, and the bounds in
future periods as well. It also reduces producers' surplus by the cost of the capacity

8 Because this land is not very productive and is widely
dispersed among private owners with a variety of man-
agement objectives, it is a very difficult target for either
regulatory or incentive-based forest management-carbon
sequestration programs.

9 See appendix B for a more detailed description of the
timber growth and yield, management costs, and assump-
tions about trends in nonagricultural uses of forested lands.
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Agricultural Sector

acquisition. Over time, capacity declines by an externally specified depreciation rate.
Capacity increments in any period also are limited by preset bounds. Because ca-
pacity may be added but not fully depreciated before the end of the projection, the
objective function is augmented by a term giving the current market value of the
undepreciated stock.

The basic form of the forest sector model is a "model II" even-aged harvest sched-
uling structure (Johnson and Scheurman 1977) or a ''transition'' timber supply model
(Binkley 1987). A mathematical description is given by Adams and others (1996).
Figure 4 shows a simplified tableau (for a two-decade projection) emphasizing the
forest sector and illustrating the interperiod link of existing, new or regenerated,
and terminal timber stands.

A version of the ASM model (Chang and others 1992) was incorporated into FASOM.
The ASM model adapted for use in FASOM is described in detail in appendix A, with
an overview given in Chang and others (1992) and more details provided by McCarl
and others (in press). The only real difference from the full ASM is in regional delin-
eation. The model here is aggregated to the 11 FASOM regions (without any vari-
ables in the PNWW region), whereas the ASM model is organized around 63 state-
level and substate-Ievel production regions.

Operationally, ASM is a price-endogenous agricultural sector model. It simulates
the production of 36 primary crop and livestock commodities and 39 secondary,
or processed, commodities. Crops compete regionally for land, labor, and irrigation
water. The cost of these and other inputs are included in the budgets for regional
production variables for each decade modeled in FASOM. There are more than
200 production possibilities (budgets) representing agricultural production in each
decade. These include field crop, livestock, and tree production. The field crop
variables also are divided into irrigated and nonirrigated production according to
the irrigation facilities available in each region.

Secondary commodities are produced by processing variables: soybean crushing,
corn wet-milling, potato processing, sweetener manufacturing, mixing of various live-
stock and poultry feeds, and the conversion of livestock and milk into consumable
meat and dairy products. The processing cost of each commodity is calculated as
the difference between its price and the costs of the primary commodity inputs.

A unique feature of ASM is the method it uses to prevent unrealistic combinations
of crops from entering the optimal solution, a common problem in mathematical
programming models. Although the agricultural sector in FASOM~ is divided into
10 homogenous production areas, each having available many production possi-
bilities, it often happens that the optimal, unconstrained solution in some regions is
represented by one crop budget-complete specialization. In reality, risks associated
with weather and the effects of other exogenous and sometimes transient variables
on agricultural prices lead to diversification in crop mixes, and such a representation
cannot capture the full factor-product substitution possibilities in each area. This is
avoided by requiring the crops in a region to fall within the mix of crops observed in
historical cropping records, as reported in the agricultural statistics series (see for
example, USDA 1990). The model is constrained so that for each area, the crop mix
falls within one of the mixes observed in the past 20 years. These crop mixes are
required in the first two decades of FASOM and are relaxed thereafter.

9
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Carbon Sector

Primary and secondary commodities are sold to national demands. These demand
functions are characterized by either constant elasticity or linear functions. The inte-
grals of these demand functions represent total willingness to pay for agricultural
products. The difference between total willingness to pay and production and proc-
essing costs is equal to the sum of producers' and consumers' surpluses. Maximizing
of the sum of these surpluses constitutes the objective function in ASM. Figure 5
gives a simplified description of the agricultural sector in FASOM.

The original long-term equilibrium form of ASM was converted to a (disequilibrium)
time step by decade. The basic relations in ASM were treated as if they represented
a typical year in each decade. Demand and supply components are updated between
decades by means of projected growth rates in yield, processing efficiency, domestic
demand, exports, and imports.

The most important feature about the land-use decision that is simulated in FASOM
is that, in each period, owners of agricultural land can decide (a) whether to keep
each acre of land in agricultural production or plant trees; (b) what crop-commodity
mix to plant and harvest, if the land stays in agricultural land use; and (c) what type
of timber management to select, if the land is to be planted in trees. These decisions
are made based entirely on the relative profitability of land in its various competing
alternative uses over the life-span of the foreseeable choices (for land in either crops
or trees).

Correspondingly, owners of timberland can decide in each period (a) whether to
harvest a stand or keep it for another decade; (b) whether to replant a harvested
stand in trees or convert to agricultural crops; (c) what type of timber management
to select if the land is planted in trees; and (d) what crop-commodity mix to plant
and harvest, if the land is converted to agricultural use.

The carbon sector in FASOM was designed with four specific objectives. First,
FASOM is able to account for changes in the quantities of carbon in the major
carbon pools in private timberland and cropland. Second, the carbon sector in
FASOM is structured such that policy constraints can be imposed on either (or
both) the size of the total carbon pool at any given time or the rate of accumu-
lation of carbon from year to year. Third, these constraints can be imposed by
region, owner group, land class, and so forth, consistent with proposed policy
instruments. Fourth, the carbon sector has been designed so that carbon can
be valued in the objective function, instead of constrained to meet specific targets.
This makes it possible to model carbon subsidies directly in the model without
having to estimate carbon equivalents associated with specific subsidy prices.

FASOM accounts for five basic functions related to terrestrial carbon: (a) accu-
mulation of carbon in forest ecosystems on existing forest stands in the existing
private timberland inventory during the simulation period; (b) accumulation of
carbon in forest ecosystems on both regenerated and afforested stands during
the simulation period; (c) carbon losses in nonmerchantable carbon pools from
harvested stands from the time of harvest until the stand is regenerated or con-
verted into agricultural land; (d) carbon "decay" over time, after harvested stump-
age is transformed into products; and (e) carbon on agricultural lands.

11
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Figure 6-Carbon supply in the understory and forest floor.

The carbon accounting conventions associated with carbon in growing stock biomass
and in the soil, forest floor, and understory closely follow the methodology of Birdsey
(1992b). Recently, Turner and others (1993) developed a somewhat different ap-
proach to carbon accounting, which takes into account the buildup and decay of
woody debris on forest stands. The carbon accounting in FASOM includes all these
carbon pools.

The carbon accounting structure in FASOM is shown in figure 6. In FASOM, carbon
in the forest ecosystem in existing inventory stands is divided into two broad pools.
The first of these pools is tree carbon (A), which includes carbon in the merchantable
portion of the growing stock volume and in the unmerchantable portion of growing
stock volume-the bark, roots, and branches. The second pool consists of ecosystem
carbon (C), which includes soil carbon, understory carbon, and forest floor carbon.

When a cohort of trees is harvested in FASOM, the merchantable and unmerchant-•able portions of tree carbon are physically separated and follow different life cycles.
In any period, merchantable carbon follows one of three different paths. Some portion
of this carbon pool is stored in wood products or landfills (A1), is burned (A2), or
oxidizes to the atmosphere in the form of decay. In FASOM not all burnt carbon is
lost immediately, however. Some portion of it displaces existing fossil fuel emissions,
while the remainder represents emissions to the atmosphere. In FASOM, the fractions
that determine the distribution of merchantable carbon and burned carbon change
from period to period.

Nonmerchantable carbon has a somewhat simpler life cycle in FASOM. The fraction
of the growing stock not harvested represents woody debris or residue (fig. 6). Some
portion of this residue survives, while the remainder is oxidized in the form of decay.
As in the case of the merchantable carbon pool, the fractions that determine the
distribution of nonmerchantable carbon change from year to year.
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The continuity of ecosystem carbon over time is somewhat more complicated to char-
acterize; we will address that in the discussion of soil carbon, below.

Preharvest carbon accumulation-In FASOM, carbon is accumulated on existinq
forested land, on agricultural lands converted into forested land, and on any land
planted in trees in subsequent rotations past the first. As stated earlier, the total
carbon stored in the forest ecosystem of an unharvested stand is composed of the
following four carbon pools: tree carbon, soil carbon, forest floor carbon, and under-
story carbon.

Tree carbon-On average, tree carbon ranges from as low as 30 percent of eco-
system carbon to about half of total ecosystem carbon, depending on species,
region, and age. Tree carbon for a stand in FASOM, before harvest, is the product
of three factors: (a) merchantable volume, (b) the ratio of total volume to merchant-
able volume in the stand, and (c) a carbon factor that translates tree volume into
carbon. Merchantable volume, by age, on each representative stand is obtained
from the growth and yield tables in the model. The volume factor and carbon factor
parameters differ with species and region and are obtained from Birdsey (1992b).

Soil carbon-Of the four pools, soil carbon is, on average, the second-largest
contributor to total ecosystem carbon. 10 Our treatment of this pool generally follows
that of Birdsey (1992b). This approach, which is also applied to forest floor and
understory carbon, is shown in figure 7. For both afforested and reforested stands,
the approach assumes that soil carbon is fixed at a positive, initial level (which
changes with land type and region) with regeneration of a new stand. In afforested
stands, soil carbon then increases by a fixed annual increment until it reaches
another fixed value (which differs with region and species) at a critical age (some-
where between 50 and 60 years). In reforested stands, soil carbon decreases initially
and then increases until it once again reaches the initial level at the critical stand
age. After that, soil carbon increases at a decreasing rate over time, until the tree
is harvested. (The postharvest pattern of soil carbon, and understory and forest
floor carbon, as shown in figure 7, will be discussed below.)

In Birdsey's formulation, soil carbon is independent of tree carbon and merchantable
volume. Consequently, soil carbon can be calculated outside the nonlinear program-
ming (NLP) part of FASOM. In FASOM, soil carbon differs with region, land type,
species, and age of a cohort. Estimates of soil carbon, by region, forest type, land
type, and age were obtained from Birdsey (1992b).11 These tables were aggregated
into hardwoods and softwoods by using forest-type and species distribution infor-
mation for 1987 (Waddell and others 1989).

10 For some species in some regions, soil carbon yield is
actually larger than tree carbon yield at reasonable rotation
ages.

11 Personal communications. September 1992 through
June 1993. Rich Birdsey, Program Manager, Northeast
Forest Experiment Station, 5 Radnor Corporate Center,
Suite 200, Radnor, PA 19087-4585.

14



Age (years)

Carbon
(Ib/acre)

Afforested stand
I
I
I__-+----~Reforested stand

___________ -+-~~rpi~~~_~------------Initiallevel
I I I forest

I I I
I I I
I I I________ -+- L LBa<:..."-!£..!8!i_~~!.'!.._ Initial level
I agriculture

I
I
I
I

Critical age

Figure 7-Carbon accounting structure in FASOM.

Forest floor carbon-Forest floor carbon is the third largest carbon storage pool, but
it is much smaller than the previous two. Birdsey (1992b) treats forest floor carbon in
a fashion similar to soil carbon; that is, forest floor carbon values are fixed at regen-
eration and then increase by a constant annual increment up to another fixed value
at a given critical age. Once the critical age is achieved, forest floor carbon increases
at a declining rate over time, until the tree is harvested. Similar to soil carbon, forest
floor carbon is independent of tree carbon and merchantable volume. Consequently,
it can be calculated outside the NLP part of FASOM. Like soil carbon, forest floor
carbon differs with region, land type, species, and age of a cohort. Estimates of
forest floor carbon, by region, forest type, land type, and age were obtained from
USDA. These tables were aggregated into hardwoods and softwoods by using forest
type and species distribution information for 1987 from Waddell and others (1989).

Understory carbon yield-Understory carbon yield is quite small, usually less than
1 percent of total ecosystem carbon. In Birdsey's formulation, understory yield is
fixed at age 5, depending on region and species. Understory yield increases from
age 5 to a critical age (50 or 55) by a constant annual increment. Understory yield at
the critical age, and in all subsequent years, is computed as a fixed fraction of tree
carbon yield that ranges between about 0.007 and 0.02, depending on region and
species. Unlike soil carbon and forest floor yields, understory yield does depend on
tree carbon yield.

15



Because understory carbon i such a small fraction of the total carbon in a forest
ecosystem, and because it is dependent on tree carbon yield for only a portion of
the life cycle of a tree, we decided to model understory carbon yield as effectively
independent of tree carbon yield in the model. As such, this pool could be treated
just like soil and forest floor carbon. Similar to the above three carbon pools, under-
story carbon differs with region, land type, species, and age of a cohort in FASOM.
Estimates of understory carbon, by region, forest type, land type, and age were
obtained from Birdsey (1992b). These tables were aggregated into hardwoods and
softwoods by using forest type and species distribution information for 1987 from
Waddell and others (1989).

Carbon at harvest-FASOM simulates the fate of carbon stored in the forest eco-
system when a stand is harvested. The fate of carbon at harvest is followed in each
of the four pools: tree carbon, soil carbon, forest floor, and understory carbon.

Tree carbon-As stated previously, tree carbon is divided into two smaller pools:
(a) merchantable carbon that is translated into products; and (b) nonmerchantable
carbon, consisting of carbon in bark, branches, leaves, belowground in roots, and so
forth, which are not harvested. Each of these pools is a fixed fraction of tree carbon
at the harvest age, as determined by the region- and species-specific volume factors.

When harvest occurs in FASOM, the fraction of total tree carbon that is merchant-
able is maintained. No losses to this fraction occur at time of harvest. The remaining
fraction-carbon that is in nonmerchantable timber-is adjusted to reflect immediate
harvest losses. The fraction of tree carbon left on site immediately after a timber
harvest was determined by adjusting the nonmerchantable fraction derived from
Birdsey's volume factors to agree with information about the magnitude of this
fraction from Harmon (1993).

Soil, forest floor, and understory carbon-The treatment of soil, forest floor, and
understory carbon at harvest is illustrated in figure 7. When a stand is harvested, it
is assumed that carbon in each of the pools will retum to an appropriate initial value
by the end of the decade in which harvesting occurred. The appropriate initial level
depends on the use to which the stand will revert in the subsequent rotation. If a
stand in a forest use remains in a forest use, the appropriate initial level for carbon
in these pools is that of a forested stand. If a stand in a forest use rotates back into
agriculture, then the appropriate initial level for carbon in these pools is that for
agricultural land.

Carbon fate in wood products and woody debris-FASOM physically tracks the
fate of carbon, after harvest, from both merchantable and nonmerchantable timber
carbon pools.

Merchantable carbon-FASOM translates harvested stumpage into three products:
saw logs, which are used for lumber, plywood, and other applications requiring large-
diameter logs; pulpwood, which is used for paper products; and fuelwood, which is
bumed. The life cycle of each of these harvested products can differ greatly, depend-
ing on both short-term fluctuations in relative prices and long-term technological
change. The later Iife-cycle phases are not modeled as an economic decision in
FASOM, however. Instead, data developed by using the HARVCARB model (Row
1992) are used to simulate the fate of carbon in trees after they are harvested,
converted into wood and paper products, used in a variety of ways, and then
burned or disposed of in landfills.
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Dynamic Structure

18

FASOM contains' several important dynamic features involving the structure of and
links between various parts of the land base within the model, the terminal conditions,
and the objective function. The overall structure of the model is illustrated in figure 8.
The forest sector portrays the planting and harvesting of timber (logs) on private
lands in U.S. regions and foreign trade in logs. The agricultural sector depicts crop
and livestock production and secondary processing by using key water, labor, and
forage inputs as well as primary product trade. The sectors are linked through the
land transfer activities and constraints.

The forest and agriculture models differ in their temporal representations of the two
sectors. Quantities in the forest model represent the aggregate activity of the sector
for an entire decade. Transactions were assumed to occur at the midyear in each
decade and were discounted in the objective function for that year. The agricultural
model, in contrast, represents typical activity during each year of a decade. Thus,
agricultural returns in each decade were treated as a terminating annual series of
10 equal amounts under the assumption that the returns arose in each year of each
decade. They were then adjusted to the middle year of the decade to correspond to
the forest sector.

Dynamic entities-There are four types of dynamic entities related to the land base
within the model: (a) existinq forest lands, (b) potentially reforestable lands, (c) agri-
cultural lands, and (d) lands transferred between sectors. The model treats each
differently.

Timber on existing forested lands is harvested at endogenously determined harvest
dates. Maintenance (tending) costs on timberlands are incurred for all years up to the
timber harvest date. Once aggregates reach harvest age, land can be released for
another use. The land may be either reforested or transferred to agriculture. This
decision also embodies a number of dynamic dimensions. The potentially reforestable
acres are balanced decade by decade with the land available from forest harvest and
inmigration from agriculture. When land is reforested, the model also selects another
optimal future harvest date. These acres are then retained in the forest base until
their harvest date, at which time another reforestation-transfer decision is made.

Land transferred to and from agriculture can shift uses more than once over the
projection period, constrained in part by minimum harvest ages for timber. For
example, timberland converted to agriculture for several decades could then shift
back to timberland in a subsequent decade.

Terminal inventories-Although the model structure readily treats existing and
regenerated forest stands and the uses of agricultural lands during the projection
period, additional provisions are required to accommodate net returns from the forest
and agricultural sectors beyond the end of the projection period. This is a common
issue in dynamic analyses regarding terminal conditions. Because land values in any
use reflect the present value of an infinite stream of future net returns, it would be
theoretically inappropriate to ignore land values at the end of our finite projection
period. In practical terms, some rotation ages in the forest sector can be as long as
90 years, and omission of terminal conditions or terminal land values could lead the
model to fail to replant after initial harvest, perhaps as soon as the third decade in
the solution. Terminal values are likewise needed in agriculture to prevent the model
from simply transforming agriculture lands into forestry to capture net returns beyond
the explicit model time horizon.



Specifically, HARVCARB outputs are used to model the fate over time of carbon in
saw-log and pulpwood products. The fate of carbon for each product is determined
by a set of coefficients showing the average fraction of merchantable carbon remain-
ing after harvesting a specific cohort in each subsequent time -R,eriodfor four different
uses: (a) wood products in use, (b) wood products in landfills, 2 (c) burned wood
products, and (d) emissions to the atmosphere (that is, oxidization). These carbon
fate coefficients differ with product, species, and length of time after harvest. The fate
of carbon in wood that is burned is determined by fixed proportions that divide this
carbon into two categories: displaced fossil fuels, an addition to the carbon pool,
and emissions to the air. These fractions apply for only a single decade. All wood
is assumed to be burned within a decade of harvesting.

The same general treatment is accorded fuelwood, except that it is assumed that
fuelwood displaces conventional fossil fuels in fixed proportions, thereby represent-
ing the average fossil fuel use mix for residential space heating. Thus, not all the
carbon released through fuelwood burning will be lost. 13 As for other products that
are burned, however, the accounting carries forward for only a single period, to
reflect the fact that fuelwood must be used relatively quickly after harvest to be an
effective source of space heating fuel.

Nonmerchantable carbon-Nonmerchantable carbon, or woody debris, also decays
after harvest. The decay rates differ with region, species, and decade. Data for mod-
eling these decay rates were obtained from Harmon (1993). One problem in tracking
the buildup and decay of woody debris is that FASOM does not track stands by acre-
age after harvest. Once a cohort is harvested in FASOM, the land on which that
cohort resided is thrown into an undifferentiated pool of acres from which new acres
can be drawn for regeneration purposes. Thus, if one assumes that all nonmerchant-
able carbon decays at the rates indicated in Harmon's data, there is a tendency for
very large accumulations of carbon to develop in this pool. One way to deal with this
problem is to truncate the number of periods over which the woody debris from any
given cohort can accumulate. A truncation of three to four periods tends to produce
a terminal woody debris pool that converges on the size of the pool simulated by
Turner and others (1993).14

Public and noncommercial timber carbon-The carbon from these sources is
not included in FASOM owing to insufficient inventory data of a form consistent
with the private timberland data.

12 For convenience, the first two categories were combined
to reflect a single stored carbon pool, regardless of the
life-cycle stage.

13 The treatment of pulpwood as a fuel for cogeneration
is treated explicitly in HARVCARB in the same fashion.

14 With a truncation of this length, carbon in woody debris
accounts for about 8 to 12 percent of the total carbon by
2080, close to the 1O-percent estimate obtained by Turner
and others (1993) in their simulations.
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FASOM Outputs
and Policy
Applications

Model Solution
Information

20

Terminal inventories are valued in both sectors assuming perpetual, steady state
management following the last year of the time horizon (Adams and others 1996).
Demand relations for forestry and agriculture products in all periods beyond the end
of the projection were taken to be the same as those in the final (for example, ninth)
decade. Thus terminal condition prices and revenues could differ with levels of output.
After deducting costs, the resulting streams of net returns were treated as constant
perpetual series. In the forestry sector, we used von Mantel's formula (Davis and
Johnson 1987) to estimate the perpetual yield of a fully regulated forest with volume
equal to the model's terminal inventory at the end of the ninth decade (Adams and
others 1996). In the agricultural sector, activity in the last decade was treated as if
it continued indefinitely (see appendices A and B for more details).

This section describes the outputs of the FASOM model and discusses some of the
policy questions the model can be used to address. It also describes examples of
several possible directions for future model modifications and extensions to improve
FASOM and expand the scope of possible policy questions. A listing of model outputs
is contained in appendix D.

The FASOM solution is addressed here in terms of both the information it yields and
the economic properties of that information. The FASOM objective function involves
the maximization of the present value of consumers' plus producers' surpluses net of
transport and capacity costs. It depicts (assumes), therefore, a multiperiod simulation
of economic activity in competitive sectors under perfect foresight of future price
conditions. The sizes of timberland holdings are assumed to be small enough that
owners do not individually affect prices but are knowledgeable of future forest product
prices and land opportunity costs. Harvest decisions are made so that stands are
harvested at the point where the (marginal present) value of wood and carbon growth
(if priced) is no larger than the (present value of) marginal costs of maintaining the
stand plus the marginal opportunity cost of holding the land in the current stand for
an additional period (the present value of future rotations). In addition, land will shift
into forestry from agriculture if the expected returns in forestry exceed the returns in
agriculture over the remaining explicit decades in the model plus the terminal values.
The decision regarding transferal of land to agriculture would involve the opposite
considerations.

The solution to the nonlinear programming problem in FASOM provides information
in eight areas: (a) consumers' and producers' welfare, (b) agricultural production and
prices, (c) forest area and inventory volumes, (d) harvest levels and prices, (e) wood
product output and prices, (f) land and forest asset values, (g) carbontsequestration
amounts and "prices," and (h) land transfers. Appendix D gives a definition of output
items from a 1995 version of FASOM.

Consumers' and producers' welfare-As previously stated, the FASOM objective
function represents the net present value of consumers' and producers' surpluses in
the two sectors. Consumers' surplus is calculated in both sectors. Producers' surplus
is calculated regionally. Thus, the model produces information about the distribution
of the present and future values of consumers' and producers' surpluses over both
space and time.



Agricultural production and prices-FASOM provides regional-level information
about the market-clearing production and price levels for ASM commodities by
decade. Regional production levels for crops can be further broken down into
average yield levels and acreage harvested. Price levels for agricultural products
are endogenous in FASOM.

Tree planting programs have the potential to reduce agricultural input use by farmers.
Annual management costs associated with tree plantations are considerably below
agricultural production costs. Sufficiently large reductions in input use by farmers may
cause the prices of some inputs, such as hired labor and water, to decrease. FASOM
contains input supply curves for land and hired labor. Consequently, price (and cost)
impacts on these inputs are an output of FASOM. The impacts of reductions in the
use of other inputs can be measured, in aggregate, by cost decreases to farmers, or
as revenue decreases to input suppliers (on the other side of the balance sheet).

Forest inventory levels-For each 10-year period in the simulation, FASOM reports
regional inventory levels by owner, land use suitability, species group, site class,
management regime, and age-in other words, by each of the dimensions that
characterizes a representative inventory aggregate in the model.

Harvest levels and prices-Harvest levels are provided by FASOM at the same
level of detail as other inventory statistics. Prices may be examined at either the
national or regional levels.

Wood product output and prices-Levels of wood product output levels, by period,
are provided for each of the three products (saw logs, pulp, and fuelwood), at least
by region and species group. Price levels for these products are endogenous.

Land and forest asset values-Because FASOM simulates the competition between
forest and agricultural activities for land, FASOM produces information about marginal
land and forest asset values over time. Marginal land values for agricultural and forest
land can be determined from shadow prices for the equations representing the poten-
tial reforested land balance and agricultural land balance. Asset values for regional
inventories can be calculated from this data by using information about volumes per
acre from the solution to the NLP.

Carbon sequestration amounts and prices-FASOM produces regional- and
national-level information about the total amount of carbon in storage in each period
and the storage rate (that is, change in storage) during each period. If carbon is
"forced" into the model, then FASOM will generate an estimate of the shadow price
associated with that requirement, provided that the constraint is-binding.

Land transfers-An important feature of FASOM is the intersectoral link between
agriculture and forestry. FASOM was designed so that transfers of land between
sectors would occur endogenously within the model as a result, of intertemporal
economic forces. Thus, an important output of FASOM is the listing of land transfers
in each decade. These transfers are shown by region, land class, and sector (from-
to) for each decade.
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The initial motivation behind FASOM was to develop a model that could evaluate
alternative policies to sequester carbon in an economic frame ork, one that could
take into account not only the impacts of these policies on forest and agricultural
sector markets but also the reaction to these policies by consumers and producers
in these markets. Subsequently, it became clear that FASOM also could be used to
evaluate the carbon consequences of a wide range of forest and agricultural policies,
not just those intended to promote carbon sequestration.

The scope of the policies and future scenarios that can be analyzed by FASOM is
broad, because FASOM contains representations of both the agricultural and forest
sectors. The potential of FASOM as a policy analysis tool can be illustrated by looking
briefly at the way the model has been used in selected cases to date.

Forest carbon sequestration programs-A number of different programmatic
features can be simulated by using FASOM. One approach involves using FASOM
to estimate social welfare costs of different carbon sequestration policies, in terms
of both specified carbon levels and timing of carbon sequestration. Alig and others
(in press) specified carbon target levels for the United States by decade, although
targets could be specified (depending on policy dictates) over a longer time, such
as a full 100-year simulation period. No restrictions are placed on how the decadal
carbon flux or inventory targets (for example, carbon flux of at least 1.6 gigatonnes
per decade beginning in the 2000-2009 decade and all subsequent periods) could
be met, and the resulting solutions can be considered least-socia I-cost allocations of
land and investments to meet the targets. Results show that land-use shifts to meet
policy targets need not be permanent; implementation of land-use and management
changes in a smooth or regular fashion over time may not be optimal; and land-use
changes account for the largest part of adjustments to meet policy targets. Results
also demonstrated that land-use changes promoted by forest carbon policies (for
example, afforestation) may generate compensating land-use transfers. In response
to a hypothetical policy requiring afforestation of about 12 million acres of pasture-
land between 1990 and 1999, other forest land was converted to agriculture, thereby
resulting in a net gain in forested acres significantly smaller than suggested in previ-
ous studies using static models (Moulton and Richards 1990, Parks and Hardie 1995).

Several efforts have evaluated either the timber supply or the carbon sequestration
potential of various types of proposed reforestation programs, such as the Steward-
ship Incentive Program and America the Beautiful. Earlier studies evaluated the
timber supply potential of investment opportunities in the United States as a whole
(Dutrow and others 1981, Haynes 1990), while other studies (Alig and others 1992,,
USDA Forest Service 1988) evaluated forest investment opportunities in the South.
A more recent study was undertaken by Moulton and Richards (1990) to look at the
carbon sequestration consequences of both afforestation and reforestation programs.
These studies identified a range of potentially profitable investments in. forest manage-
ment but did not model the effect of programmatic subsidy levels on investment
enrollment. The study by Moulton and Richards, although providing cost-based
supply curves for both timber and carbon on reforested land, did not take into
account the effect of programmatic subsidy levels on acreage enrollment.



In FASOM, all investments in land compete with each other at the margin in the
asset market for land. Forest carbon policies or programs simulated in FASOM
have reflected the effects of programmatic subsidy levels on areas enrolled and
countervailing land transfers to agriculture (Alig and others, in press).

Changes in farm program payments-FASOM can be set up to include (or exclude)
the provisions of the current farm bill or many other farm program alternatives. For
example, it is possible to use FASOM to examine the effects of reducing loan rates
and target prices while increasing tree planting payments, as in the current Conser-
vation Reserve Program. A scenario simulated by Alig and others (in preparation b)
is the elimination of farm programs in the first decade (1990s) of the projection. In
this case, FASOM projects a reduction in the forest area converted to agricultural
use. The impacts are concentrated in the Eastern United States, where most past
land exchanges between forestry and agriculture have occurred.

Changing harvest levels on public timberland-Public policy for National Forest
and other public timberland seems to be moving in some cases in the direction of
increased set-aside of timberland for nontimber purposes, with either restricted timber
harvests or no harvesting of some timberlands. This policy trend, if it continues, will
result in smaller amounts of timber harvest from public lands. This will allow carbon
stored in existing trees to accumulate further, although at a slower rate as trees in
the public inventory grow older. At the same time, potential land on which to plant
new trees that can more rapidly sequester carbon will decline. The net impact of
these two forces on total carbon sequestration is made uncertain by several factors,
including the rate at which carbon in wood products oxidizes after a tree is harvested.
Thus, a continuation of current trends on public lands raises important policy ques-
tions that cannot be answered easily without a model like FASOM.

Although FASOM currently does not contain a detailed representation of the forest
inventory on public lands, it includes harvesting from this land. Reductions in harvests
from public lands were simulated by Adams and others (1996), who examined the
impact of these reductions on harvesting and on management investment decisions
in the private sector. The FASOM simulation results suggest a far more elastic market
response to changes in public timber harvest levels than in past studies. Shifts in
intertemporal patterns of private investment act to dampen the price and aggregate
harvest impacts of public harvest changes over time. Underlying the moderated
timber market impacts are larger interregional shifts in harvest and private owner
welfare than suggested in earlier studies.

Other applications-The FASOM model also has been used to examine scenarios
involving (a) production of biomass-based energy that can displace conventional
fossil fuel emissions; (b) capital limitations affecting decisions by nonindustrial private
forest owners that pertain to timberland management investment (Alig and others, in
preparation a), where in the simulation a limit is placed on the owners' investment
budget to constrain it to recent historical levels; and (c) increases in paper recycling
as an input in the production of paper and board products in the United States
(Adams and others 1994). Other scenarios and illustrative results are discussed
by Callaway and others (1995).
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One of the principles guiding the development of FASOM involves building the mod-
eling system in stages. The first-generation version incorporates these important
features: joint markets and conversion activities, future price expectations, basic
timber inventory, timber management investment, and carbon sequestration
accounting. Several examples of possible future extensions are discussed next.

Restrictions and rigidities in timberland management investment decisions-
In the current model form, timberland management investment decisions depend
exclusively on the prospective present net welfare impacts of the activities, where the
intertemporal nature of these impacts is known with certainty. Investment decisions
adjust "instantaneously" to any changes in externally imposed modeling conditions,
such as interest rate, intertemporal demand shifts, and costs, or to conditions created
by hypothetical policies, such as the afforestation of marginal agricultural lands to
sequester atmospheric carbon. It is commonly suggested, however, that such rapid
adjustment does not accurately characterize actual investment behavior in the sense
that investment decisions are slow to change and exhibit some inertia.

i.

Restrictions on investment decisions can arise for several reasons (see also Alig
and others 1990b): (a) failures in the assumption of perfect capital markets, including
capital budgets or restrictions on borrowing (so that not all investments that promise
to yield a positive present net welfare impact can be undertaken) and divergence in
the lending and borrowing rates realized by investors; (b) lumpiness in investments
that impose some minimum size or extent of investment; (c) imperfections in inves-
tors' knowledge of future markets, including price impacts of future supplies restricted
or augmented by investment decisions (the "price feedback" of investments), igno-
rance of future demand shifts, and so forth; and (d) forest landowners deriving utility
from both the goods that can be consumed by using income derived from timber
harvest and directly from the standing stock of timber itself, or the wildlife and other
nontimber forest outputs and services that depend on the stock and its characteristics
(aesthetic and amenity values).

FASOM could simulate the effects of the first three of these restrictions by (a) intro-
ducing bounds or limits on the areas replanted in future time periods as demonstrated
by Alig and others (in preparation a), using either a forestry stand-alone version of
FASOM or the areas replanted to the higher management intensity classes; (b) im-
posing explicit investment budgets; (c) raiSing minimum harvest ages above the im-
plicit optimal levels found in unconstrained runs (forcing retention of stands beyond
economically optimal periods); or (d) using any of an array of restrictions decoupling
the planting investment decision from perfect information on future prices (for exam-
ple, by requiring the replanting of some preset portion of the area harvested in each
period to the lowest management intensity class or a portion based on some function
of past prices).

The fourth restriction involves consideration of the utility function(s) of timber owners.
Binkley (1987) and Kuuluvainen and Salo (1991) summarize recent research on the
theoretical development and econometric testing of so-called household production
models of forest landowner behavior, in which owner utility depends on both harvest
income and direct amenity outputs derived from the forest. Because little is known
about the form of owner utility functions, implementation of a modification of this sort
in FASOM would involve some essentially arbitrary assumption about the form and
sensitivity of utility to aspects of the timber stock. An example of such an approach in
the context of intertemporal harvest decisions is given by Max and Lehman (1988).
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Expanded geographic range of timber management investment simulation-
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Appendix A:
Scope of the ASM
Version in FASOM

This appendix documents the basic assumptions and elements regarding the agri-
cultural sector model (ASM) of the United States that is currently residing in FASOM.
Various versions of the ASM have been and are being used to investigate the eco-
nomic impacts of technological change, trade policy, commodity programs, intro-
duction of new products, environmental policy, and global warming on the U.S.
agricultural sector (Adams and others 1986, 1993; Baumes 1978; Burton and Martin
1987; Chang and others 1991, 1992, 1993; Chattin 1982; Coble and others 1992;
Hamilton 1985; Hickenbotham 1987; House 1987; Tanyeri-Abur 1990; Tyner and
others 1979). Direct incorporation of the ASM model within FASOM for project
purposes was preferable to representing the agricultural sector through carbon
sequestration supply curves, which would capture the relation among (a) welfare,
(b) the amount of carbon that could be sequestered, and (c) the area required to
sequester that carbon. The supply curves would depend, however, on policy vari-
ables that could change from run to run. This would have necessitated development
of a large number of supply curves before running the model for policy analysis
purposes.

Conceptually, the ASM is a price-endogenous mathematical programming framework
following the spatial equilibrium concept developed by Samuelson (1952), extended
by Takayama and Judge (1971), and reviewed by McCarl and Spreen (1980) and
Norton and Schiefer (1980). The model was originally designed to simulate competi-
tive equilibrium solutions under a given set of demand and supply conditions. The
objective function is the summation of all areas beneath product demand curves
minus the summation of all areas beneath import and factor supply curves; that is,
the area between the demand and supply curves to the left of their intersection.
This area is also referred to as "producers' and consumers" surplus in the economic
literature. This objective function represents a social welfare function measuring the
benefits for producers and consumers from producing and consuming the agricultural
commodities. The production and consumption sectors are made up of many individ-
uals operating under competitive market conditions. When the sum of producers' plus
consumers' surpluses is maximized, the model solution represents an intersection of
supply and demand curves and, thus, simulates a perfectly competitive market equilib-
rium. Prices for all factors of production and outputs therefore are endogenously
determined by the supply and demand relations of all commodities in the model.

The objective function contains a nonlinear portion that represents the area under
the demand curves for agricultural and forest products. In FASOM, demand for
agricultural products is characterized by constant elasticity demand functions, and
demand for forest products is characterized by linear functions. The linear portion
of the objective function includes the costs associated with producing, managing,
harvesting, and selling agricultural and forest products in the various regions in the
model. This equation appears in the FASOM NLP formulation with terms for each
type of variable for each decade, weighted by the discount rate. The agricultural
objective function is weighted by a factor reflecting the harvest of agricultural products
each year during a decade. This factor equals the sum of the present value factors
over 10 years. Furthermore, the last decade is weighted by a factor equaling the
future value of an infinite stream, thereby providing the terminal conditioning for land
remaining in agriculture.
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Primary Commodities
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The agricultural sector model component is designed to simulate the effects of vari-
ous changes in agricultural resource use or resource availability, which in turn deter-
mines the implications for prices, quantities produced, consumer's and producer's
welfare, exports, imports, and food processing. The model considers production,
processing, domestic consumption, imports, exports, and input procurement. The
model distinguishes between primary and secondary commodities; primary com-
modities are those directly produced by the farms and secondary commodities are
those involving processing. For production purposes the United States is divided into
63 geographical subregions. Each subregion has different endowments of land, labor,
water, and crop yields. Therefore, the disaggregated information also is an important
feature in this model. The supply sector of the model works from these regional
input markets and a set of regional budgets for a number of primary crops and
livestock and a set of national processing budgets, which use these inputs. There
also are import supply functions from the rest of the world for several commodities.
The demand sector of the model reflects the intermediate use of all the primary and
secondary commodities, domestic consumption use, and exports. Details on these
items follow.

There are 33 primary commodities in the model, which are listed in table 1. The
primary commodities are chosen to depict the majority of total agricultural production,
and use, and economic value. They can be grouped into crops and livestock.

Table 1-Primary commodities modeled in FASOM

No. Crop commodity Units" No. Livestock commodity Units"

1 Cotton Bales 14 Milk Cwt
2 Corn Bushel 15 Cull dairy cows Head
3 Soybeans Bushel 16 Cull dairy calves Head
4 Wheat Bushel 17 Cull beef cows Cwt, LW
5 Sorghum Bushel 18 Calves Cwt, LW
6 Rice Cwt 19 Yearlings Cwt, LW
7 Barley Bushel 20 Nonfed beef Cwt, LW
8 Oats Bushel 21 Fed beef Cwt, LW
9 Silage Ton 22 Veal calves Cwt, LW
10 Hay Ton 23 Cull sows Cwt, LW
11 Sugar cane 1000 pounds 24 Hogs Cwt, LW
12 Sugar beets 1000 pounds 25 Feeder pigs Cwt, LW
13 Potatoes Cwt 26 Poultry GCAU

27 Cull ewes Cwt, LW
28 Wool Cwt
29 Feeder lambs Cwt, LW
30 Slaughter lambs Cwt, LW
31 Unshorn lambs Cwt, LW
32 Wool subsidy $
33 Other livestock GCAU

a Cwt = hundred weight; LW = live weight; GCAU = grain-consuming animal unit.



Both supply and demand information (that is, prices, quantities, slopes, elasticities)
are required in the model. The total supply consists of domestic production from all
agricultural regions and imports. Total demand is made up of domestic and foreign
(or export) components. Domestic demand includes food consumption, commodity
credit corporation stock, and livestock feed and processing. Transportation costs
to the market are included in the supply budget. Livestock feed and processing
demands are endogenously determined. The prices and quantity data came from
Agricultural Statistics (USDA National Agricultural Statistics Service 1994), Agri-
cultural Prices (USDA National Agricultural Statistics Service 1995a), and Livestock
and Poultry Situation and Outlook Report (USDA Economic Research Service 1995b).
Elasticity, slope, and other information came from Baumes (1978), Burton (1982),
Tanyeri-Abur (1990) and House (1987).

Secondary Commodities The model incorporates processing of the primary commodities. The production
of primary commodities are regionally specified, but the processing of secondary
commodities is done in the overall U.S. aggregate sector. Table 2 lists the 37
secondary commodities processed in the model. These commodities are chosen by
their links to agriculture. Some primary commodities are inputs to the processing
activities yielding these secondary commodities, and certain secondary products
(feed and byproducts) are in turn inputs to agriculture. The primary data sources
were Agricultural Statistics (USDA National Agricultural Statistics Service 1994),
Agricultural Prices (USDA National Agricultural Statistics Service 1995a), Livestock
and Poultry Situation and Outlook Report (USDA Economic Research Service
1995b), and Livestock Slaughter (USDA National Agricultural Statistics Service
1995b).

National Inputs The model contains 24 national inputs (table 3). These generally are specified in
dollar terms; for example, $10 worth of nitrogen, $20 worth of repairing cost. By
doing so, the input use is converted into a homogeneous commodity. These inputs
are usually assumed infinitely available at fixed prices, and the prices are updated
annually according to the paid-by-farmers index in Agricultural Statistics (USDA
National Agricultural Statistics Service 1994).

Regional Disaggregation The model operates with the 11-region FASOM disaggregation. The data from the
full 53-region version of ASM are aggregated to this basis.

Regional Inputs There are four inputs available at the regional level: water, animal unit month (AUM)
grazing, land, and farm labor. Production of crops and livestock compete for these
scarce resources in each region; therefore, the price and quantities of these inputs
are determined regionally. Two major types of land are specified. ·The first one (type
1) is land suitable for crop production. Type 2 land is suitable for pasture or grazing.
The availability of these two types of lands was derived from Agricultural Statistics
(USDA National Agricultural Statistics Service 1994). The regional prices of these
lands were derived from the information in Farm Real Estate Market Developments
(for example, USDA Economic Research Service 1981). Cash rental prices of land
were used to reflect annual opportunity costs to the owners.
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Table 2-Secondary commodities modeled in FASOM

No. Crop commodities Unitsa
No. Livestock commodities Unitsa

1 Soybean meal Cwt 25 Fluid milk Cwt2 Soybean oil 1000 pounds 26 Skim milk pounds3 Raw sugar 1000 pounds 27 Nonfat dry milk pounds4 Refined sugar 1000 pounds 28 Cream pounds5 Corn starch 1000 pounds 29 Butter pounds6 Corn gluten feed 1000 pounds 30 Ice cream pounds7 Corn oil 1000 pounds 31 American cheese pounds8 Ethanol 1000 pounds 32 Other cheese pounds9 HFCSb
1000 pounds 33 Cottage cheese pounds10 Corn syrup 1000 pounds 34 Fed beef Cwt,CW11 Dextrose 1000 pounds 35 Nonfed beef Cwt,CW12 Confectioneries 1000 pounds 36 Veal Cwt,CW13 Beverages 1000 pounds 37 Pork Cwt,CW14 Baked goods 1000 pounds

15 Canned goods 1000 pounds
16 Dried potatoes Cwt
17 Chipped potatoes Cwt
18 Frozen potatoes Cwt
19 Feed grains 1000 pounds
20 Dairy protein feed 1000 pounds
21 High protein swine feed 1000 pounds
22 Low protein swine feed 1000 pounds
23 Low protein cattle feed 1000 pounds
24 High protein cattle feed 1000 pounds

a Cwt = hundred weight, CW = carcass weight.
b HFCS = high fructose corn syrup.

The supply of grazing land is divided into public and private ownership. Grazing
on public land is available at a constant price, and grazing on private land can be
obtained by an upward-sloping supply schedule. Information on public grazing comes
from the Grazing Statistical Summary (USDA Forest Service 1994). Private grazing
information comes from estimates in Joyce (1989). Information on grazing fees
originates from Estimating Forage Values for Grazing NationarForest Lands (Hahn
1989).

The labor input also include two components: family labor and hired labor. The model
requires specification of a maximal amount of family labor available and a reservation
wage for family labor. The additional labor hired is based on an inducement wage
rate, which is higher than the reservation wage. The regional information about the
quantities and wages was obtained from the USDA Economic Research Service
(1995a).
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Regional Production
Activities

Table 3-National inputs modeled in FASOM

No. Inputs

1. Nitrogen
2. Potassium
3. Phosphorous
4. Lime
5. Other chemicals
6. Custom operation
7. Seed costs
8. Fuel and energy costs
9. Interest on operating capital
10. Irrigation energy cost
11. Repair costs
12. Vet and medical costs
13. Marketing and storage costs
14. Insurance (except crop)
15. Machinery
16. Management
17. Land taxes
18. General overhead costs
19. Noncash variable costs
20. Crop insurance
21. Land rent
22. Set-aside (conservation cost)
23. Processing labor
24. Other variable costs

a All units are U.S. dollars.

The water input also is divided into fixed (or surface) and variable available (or
pumped ground) water and is supplied. The fixed water is available for a constant
price, but the amount of variable water is provided according to a supply schedule
where increasing amounts of water are available for higher prices. The information
on water came from USDA and National Agricultural Statistical Services sources who
used the Farm and Ranch Irrigation Survey (U.S. Department of Commerce, Bureau
of Census 1988) and other government sources in its formation. t

Currently more than 200 production possibilities (budgets) are specified to represent
agricultural production. These include major field crop production, livestock production,
tree production, and some miscellaneous transfer activities. Some field crop activities
also are divided into irrigated and nonirrigated according to the irrigation facilities
available in each region.
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In some cases, the production possibilities produce more than one commodity. All
commodities are produced by more than one production possibility. Most field crops
(except rice) are produced by either irrigated or nonirrigated production practices.
Livestock production is somewhat more complicated. The model solves for the
number of livestock reared. Livestock production uses land labor and feedstuffs,
and produces both final products (animals for slaughter) and intermediate products
(calves for feeding). These variables are defined by decade, region, type of animal,
and livestock technology choice. The livestock variables reflect production of multiple
products. AUMs of grazing are supplied via a two-part structure. The first part refers
to the state and Federal land supplies through such agencies as the Bureau of Land
Management and USDA Forest Service. This land is available at a fixed rental rate
up to a maximum. Table 4 lists the main types of production activities and details the
relation between production activities and primary commodities.

For each activity, information on yields and uses of national and regional inputs or
other commodities is required. The basic source of this information is the USDA
Economic Research Service (1982). The irrigated vs. non irrigated budget breakdown
arose from the USDA water group that developed budgets based on the Federal
Enterprise Data System (FEDS) sources, the survey of irrigated acreage, extension
budgets, and Soil Conservation Service budget sets. 1 The yields in all the crop
budgets were updated annually according to Agricultural Statistics (USDA National
Agricultural Statistics Service 1994). The livestock budgets came straight from the
FEDS system (USDA Economic Research Service 1982).2 Some of their yields
also could be updated by the information available in Agricultural Statistics (USDA
National Agricultural Statistics Service 1994).

The secondary commodities are produced by various processing activities: soybean
crushing; corn wet-milling; processing of potatoes, sweeteners, and timber; combining
feed ingredients into various livestock and poultry feed; and converting livestock and
milk into consumable meat and dairy products. Processing cost of each commodity is
calculated as the difference between its price and the costs of the primary commodity
inputs. A list of the processing activities is given in table 5.

Soybean crushing converts soybean meal and oil. Two soybean crushing activities
are included so that the model can select the more profitable one. The meat proc-
essinq converts culled animals to slaughter and slaughter to meat. The dairy proc-
essing converts raw milk to five different dairy products. The feed alternatives involve
multiple processing activities so that the model can select the least cost combination
of feed ingredients.

1 Thanks to Bob House, Marcel Aillery, Glen Schaible, and
Terry Hickenbotham in the USDA Economic Research
Service Policy and Soil and Water Groups for making
these data available.

2 Thanks to Bob House and Terry Hickenbotham for making
these data available.



Table 4-Production activities and primary commodities modeled in
FASOM

Production activities Primary commodities

Crop production:
Cotton
Cotton irrigated Cotton

Corn
Corn irrigated Corn

Soybeans
Soybeans irrigated Soybeans

Wheat
Wheat irrigated Wheat

Sorghum
Sorghum irrigated Sorghum

Rice irrigated Rice

Barley
Barley irrigated Barley

Oats
Oats irrigated Oats

Silage
Silage irrigated Silage

Hay
Hay irrigated Hay

Sugar cane
Sugar cane irrigated Sugar cane

Sugar beets
Sugar beets irrigated Sugar beets

Potatoes
Potatoes irrigated Potatoes

Livestock production:
Beef cow Cull beef cows, beef feeder yearlings, live calves

Beef feed Slaughtered fed beef cows

Cow calf Cull beef cows, live calves, beef feeder yearlings

Dairy Milk, cull dairy cows, live calves

Farrow finishing Hogs for slaughter, cull sows

Feeder pig Feeder pigs, cull sows

Feedlot Slaughtered fed beef cows

Hog farrow Hogs for slaughter, cull sows

Pig finishing Hogs for slaughter

Other livestock Other livestock (primary horses)

Poultry

Sheep

Poultry

Slaughtered lambs, feeder lambs, culled ewes, wool,
wool incentive payments, unshorn lamb payments

Stocker Live (beef feeder) calves, slaughtered nonfed beef
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Soybean crushing:
Soybean to soybean meal and oil 2

Table 5-Processing activities modeled in FASOM

Processing activities Number of activities

Livestock to meat and dairy products:
Culled beef cow to nonfed slaughter
Culled dairy cow to nonfed slaughter
Beef feeder yearling to nonfed slaughter
Nonfed slaughter to non fed beef
Live calf to calf slaughter
Culled dairy calf to calf slaughter
Calf slaughter to veal
Fed slaughter to fed beef
Hog slaughter to pork
Sow slaughter to pork
Raw milk to skim milk and cream
Raw milk to fluid milk and cream
Raw milk to butter and nonfat dry milk
Cream and skim milk to American cheese
Cream and skim milk to other cheese
Cream and skim milk to ice cream
Cream and nonfat dry milk to ice cream
Cream and skim milk to cottage cheese
Livestock Feed Mixing:
Feed grain
Dairy protein feed
High protein swine feed
Low protein swine feed
High protein cattle feed
Low protein cattle feed

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

6
6
1
2
1
4

Potato processing:
Potatoes to frozen potatoes
Potatoes to potato chips
Potatoes to dehydrated potatoes

Corn wetmilling:
Corn to corn-Oil. gluten feed, and starch
Gluten feed to soybean meal
Starch to HFCSa

Starch to corn syrup
Starch to dextrose
Starch to ethanol

Sweetener processing:
HFCS and refined sugar to beverages
HFCS and refined sugar to confectioners
HFCS and refined sugar to canned good
HFCS and refined sugar to baked good
Sugar cane to cane-refinering
Cane-refinering to refined sugar
Sugar beets to refined sugar

a HFCS = high fructose com syrup.
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Crop Mixes

Government Farm
Programs

Tableau Information

The sector model is divided into 63 regions, and within each region, individual crop
production often is represented by one budget. Such representation cannot capture
the full factor-product substitution possibilities in each of those areas, and in some
cases, this can lead to quite misleading results. This is avoided by requiring the
crops in a region to fall within the mix of crops observed in historical crop records
(USDA National Agricultural Statistics Service 1994). The model is constrained so
that the crop mix for each area falls within one of the mixes observed in the past
20 years. These variables help resolve the aggregation problem as explained in
McCarl and others (in press). There could be some concern in using the crop
mixes for all projection years and thus they are dropped after the first 20 years.

Variables reflect government payments for farm program provisions involving the
50/92 provision (Chang and others 1992), diverted acres unharvested production,
and production below farm program yield. The model does not reflect an actual
commodity produced under these features, because acreage is diverted from
production and farmers are paid for foregone production. These are defined for
each decade and commodity that the farm program is active in. In the present
model, the 1990 farm program is in place only for the 19905 decade.

A tabular overview of the agricultural component of FASOM for a single region is
given in simplified form in table 2 (in text). The columns in this table represent vari-
ables, and the rows represent equations (for example, resource constraint). If the
value of one of the variables is zero, information is provided that shows what it would
cost society, in terms of the change in consumers' and producers' surpluses, to force
one unit of that activity into the objective function. This value is sometimes referred to
as the "opportunity cost" of a variable. The agricultural model contains 19 types of
variables: (a) three forestry variables, (b) transfer land from forestry, (c) transfer land
to forestry, (d) program crop production, (e) nonprogram crop production, (f) livestock
production, (g) crop mix, (h) livestock mix, (i) land supply, U) water supply, (k) labor
supply, (I) input purchase, (m) processing, (n) domestic demand, (0) export demand,
(p) import supply, (q) Commodity Credit Corporation loan, (r) deficiency payments,
and (s) other farm program payments. Nineteen equations in the agricultural portion
of FASOM include the objective function and 18 constraints. More detailed descrip-
tions of the variables and equations are provided by Adams and others (1994).

The model has three sets of terminal conditions: (a) the terminal inventory of private
timberland, (b) agricultural lands in the terminal period, and (c) log-processing capac-
ity in the terminal period. Terminal conditions applied to agricultu,ral lands and forest
processing capacity have a slightly different rationale. These conditions are added
primarily for valuing these entities in a consistent intertemporal framework. Agricultural
lands in the next-to-Iast decade are treated as if they stay forever in their terminal
use. Agricultural returns and costs in that decade are multiplied by a factor treating
them as an infinite stream. Finally, forest processing capacity at the end of the
projection period is valued at its replacement cost.
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Timber inventory remaining at the end of a finite projection period should be incor-
porated in the objective function at the value that it would obtain if it were managed
optimally in perpetuity (from the terminal time point onward). If all possible terminal
inventory states were valued in this way, the infinite horizon harvest problem would
involve (in the spirit of Bellman's [1957) principle of optimality) choosing the optimal
path from a fixed starting point (the current inventory) to one of the several terminal
inventory states, so as to maximize the sum of transition and terminal values. Valuing,
or approximating the value of, the terminal states would be aided if they could be
characterized in some general way. If all external conditions are held constant after
some point, available theoretical studies generally concur that convergence to some
form of equilibrium (fixed cycles or even flow) is to be expected, but it is difficult to
be more specific except in special cases.

If, as in the case of FASOM, policy concern is limited to the first five decades of the
projection, a practical solution is to adopt some approximation for terminal inventory
valuation and extend the projection period to the point where the discounted contri-
bution of the terminal state is so small that it does not significantly influence the
results in the period of interest. This is the approach taken here. For any given
terminal inventory volume, an associated perpetual periodic harvest volume is
computed assuming the inventory is fully regulated. We used von Mantel's formula
(Davis and Johnson 1987) simplification for this purpose. Rotation ages for this
calculation were drawn from harvest ages observed in the FASOM solution in the
decades prior to termination.3 The value of this regulated flow was computed as
consumers' surpluses from the demand curves of the last decade (20805), less all
associated costs of harvest, management, and transport with appropriate discounting
adjustments.

3 The simplification (see Davis and Johnson 1987) assumes
a linear yield function so that in a forest fully regulated on a
rotation of R years, the annual harvest volume would be
determined as twice the growing stock divided by the rotation
age. A fully regulated forest has an equal number of acres in
each age class from regeneration through rotation age and
can produce an even flow of volume in each year through
harvesting of just the oldest (rotation age) class. This target
structure seems a reasonable terminal approximation.
Our choice of rotation should approximate the so-called
Faustmann rotation age, and numerous studies have been
done that demonstrate the optimality of the Faustmann
rotation for a fully regulated, steady state forest in the long
run (for example, Brazee and Mendelsohn 1988, Heaps
1984, Hellston 1988, and Lyon and Sedjo 1983). As noted
above, however, clear demonstration that an optimal harvest
trajectory leads directly to full regulation of the forest on a
Faustmann rotation in the long run has proven elusive (see
Mitra and Wan 1985, 1986).
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Appendix 8: Data
Used for the
Forestry Sector

General Format and
Definitions

This appendix contains detailed information on (a) general makeup of the forest sector
portion of the model and definitions, (b) data formats and data sources for the forest
sector portion of the model, including timber growth and yield and timber manage-
ment costs, and (c) treatment of land use changes involving the forest sector.

The first-generation FASOM model was developed by using the strata presented in
figure 3 to describe the private timberland base.

Land suitability class (CLS)- The five land suitability classes are:

1. FORONLY-Includes timberland acres that are not converted to agricultural uses.

2. FORCROP-Includes acres that begin in timberland and that can be converted to
crop.

3. FOR PAST -Includes acres that begin in timberland and that can be converted to
pasture.

4. CROP FOR-Includes acres that begin in crop and that can be converted to
timberland.

5. PASTFOR-Includes acres that begin in pasture and that can be converted to
timberland.

Owners-FASOM includes two different private, forest owner groups: forest industry
(FI) and other private (OP). The traditional definitions are used, where industrial
owners possess processing capacity, and other private owners do not. 1

Species-FASOM employs four different species types:

1. SOFSOF-Softwood forest type in current and subsequent model periods.

2. HARHAR-Hardwood forest type in current and subsequent model periods.

3. HARSOF-Hardwood forest type that is naturally regenerated or replanted to
softwood type.

4. SOFHAR-Softwood forest type that is regenerated or replanted to hardwood type.

Site-FASOM includes three different site classes, as measures of forest productivity:

1. HIGH-High site-productivity group.

2. MEDIUM-Medium site-productivity group.

3. LOW-Low site-productivity group.

1 Unlike Powell and others (1993), the other private
inventory in FASOM does not include Native American
lands. Harvests from these lands are included with the
other public exogenous harvest group.
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The site groups were defined based on ATLAS inputs from the 1993 RPA update
(Haynes and others 1995). Productivity ranges can differ by region. For the South,
the HIGH site group produced at least 85+ cubic feet per acre per year at culmi-
nation of MAl (mean annual increment). The MEDIUM site group produced 50-84
cubic feet per acre per year, and the LOW site group produced 20-49 cubic feet per
acre per year. In the PNW region, the site groups were defined for western hemlock
(Tsuga heterophylla (Raf.) Sarg.) and other species. For western hemlock, the HIGH
site group can produce at least 225+ cubic feet per acre per year at culmination of
MAl; the MEDIUM site group can produce 120-224 cubic feet per acre per year, and
the LOW site group can produce 20-119 cubic feet per acre per year. For all other
species, the HIGH site group produced at least 165+ cubic feet per acre per year;
the MEDIUM site group 120-164 cubic feet per acre per year; and the LOW site
group 20-119 cubic feet per acre per year. Yields can differ markedly by site groups,
and any refinements in FASOM classification of site ratings will depend heavily on
related developments in the handling by ATLAS of productivity measures.

Management intensity classes (MIC)-FASOM has four different management
classes or regimes that dictate how cohorts are managed in the model:

1. LO-LO-Lowest management intensity class, or "passive;" assumes no
management intervention of any kind between harvests of naturally regenerated

aggregates.
2. LO-Low management intensity class; assumes custodial management of
naturally regenerated aggregates. Timberland receives a low level of timber
management such as forest protection and elimination of grazing by livestock.

3. ME-Medium management intensity class; assumes minimal management in

planted aggregates.
4. HI-High management intensity class; assumes genetically improved stock,
fertilization or other intermediate stand treatments in planted aggregates.

SpecifiC practices can differ by region, site quality, and forest type. The LO, ME,
and HI MICs were derived from ATLAS management intensity classes from the
1993 RPA assessment update (Haynes and others 1995).

In all regions outside the South or PNWW, ATLAS places all timberland acres in the
equivalent of the LO MIC, thereby assuming that all acres are naturally regenerated
and receive no significant intermediate treatments before final harvest. Likewise,
in the regions outside the South and the PNWW, ATLAS currently uses only one

aggregate site class.
The LO-LO MIC was added to the ATLAS-based MICs to represent future harvested
acres that are totally passively managed, where the owner accepts whatever type
and rate of regeneration occurs naturally. Future merchantable timber yields for the
LO-LO MIC are lagged by 10 years compared to the LO MIC, and LO-LO yields are
some proportion of the LO timber yields for that same site class and forest type,

depending on the region.
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Products-The following forest products (PRODS) are defined:

1. SAWTSW-Softwood sawtimber products.

2. PULPSW-Softwood pulpwood products.

3. FUELSW-Softwood fuelwood products.

4. SAWTHW-Hardwood sawtimber products.

5. PULPHW-Hardwood pulpwood products.

6. FUELHW-Hardwood fuelwood products.

The allocation of products can differ by region, forest type, site class, MIC, and age
class. The estimates were obtained from the regional FIA (USDA Forest Inventory
and Analysis) units, with most based on analysis of available FIA data and expert
opinions of analysts in each region. The product allocations by age class and other
descriptors are one set of model inputs that warrant more attention in future studies
for empirical verification.

In the present model, we use a single "national" market to represent what is in fact
a set of regional markets for the products described above. For both saw logs and
pulpwood, national price is taken as the highest of the regional average prices
observed during the 1980s (Adams and others 1996). The transport costs are the
average differences between this national and other regional prices. We assumed
these differences would change over time and relatively by region in parallel with
processing costs contained in Haynes and others (1995). Because all transactions
are measured "at the mill" or in "mill delivered" terms, intraregional log haul costs are
included in prices. Demand equations for saw logs for the five initial decades of the
projection were derived from TAMM by summing regionally derived demand relations
for saw logs (with prices adjusted to the national level). Demand elasticities ranged
between -0.34 and -0.44 for softwood and -0.19 and -0.22 for hardwood. Pulpwood
demand relations were derived from the basic NAPAP roundwood consumption and
price projections, assuming a linear demand approximation and a demand elasticity
of -0.4. In this manner, the projected log demand equations reflect the specific log
processing technology assumptions incorporated in the RPA update analysis (Haynes
and others 1995) as well as the underlying product demand and macroeconomic
forecasts. Demand projections for different assumptions on technology trends or
demand determinants (as in sensitivity analyses) were derived from appropriate
projections of TAMM and NAPAP. In addition, for any given poliqy scenario (for
example, public cut) the evolution of product demand is likely to differ with trends
in prices of forest products and substitutes in a manner unique to that scenario.
We approximate this dynamic development of log demand by rerunning the TAMM
and NAPAP models with the appropriate scenario input to obtain revised demand
equation projections.

43



Data Format and
Sources

The sources and format of associated data representing forest inventory, timber
yields, and timber management cost in FASOM are discussed next. To provide
perspective, 358 million acres of private timberland existed in the United States in
1992 (Powell and others 1993). One-half of the private timberland acres are in the
South. In addition, 80 percent of the private timberland acres are held by other
private owners, although a large percentage of forest land in the Pacific Northwest
is owned by forest industry. Finally, hardwood species are the predominant forest
species group in the East, and softwood species are the primary forest species
group in the West.

Forest inventory-Inventory data representing the private timberland base consists
of the area by strata described earlier (fig. 3) and the merchantable timber volume
per acre. FASOM inventory data were derived from the ATLAS inventory estimates
for the 1993 RPA update (Haynes and others 1995). The ATLAS data sets are
based on over 70,000 inventory plots that are periodically remeasured on non-
Federal timberlands by the regional FIA units (Powell and others 1993).

The ATLAS inventory data includes estimates of privately owned timberland (acres)
and growing stock yields (cubic feet per acre) for each RPA region by age class,
forest type, site class, and MIC.2 Acres within ATLAS age classes were assigned
to appropriate FASOM age cohorts. Acres by region that potentially could be con-
verted from crop or pasture land to forest land were included in the CROPFOR and
PASTFOR land classes, respectively, based on National Resource Inventory data of
the USDA Soil Conservation Service (1989a). All other acres were assigned to the
FORONL Y land class.

In translating from ATLAS to FASOM data sets for the South, it was necessary to
aggregate the 5-year age classes in ATLAS to the 10-year age classes used in the
FASOM model. Weighted yields for each ATLAS age class within a FASOM age
cohort were used for this purpose.

Timberland by region was classified by land class (CLS) using USDA Soil Conser-
vation Service (1989a) National Resources Inventory estimates of other private forest
land with medium or high potential for conversion to cropland and pastureland. Esti-
mates of acres with medium or high potential for conversion to cropland and pasture-
land were entered in the FORCROP and FORPAST land classes, respectively. The
FORCROP and FORPAST acres were assigned to FASOM high or medium site
classes. All remaining timberland acres were assigned to the FORONL Y land class.
Nonstocked acres by region were entered in 0-9 age class.

2 The FASOM starting inventory estimates by owner will not
match those in Powell and others (1993) in some cases
because (1) Native American lands are not included in
FASOM's other private category, and (2) not all regional
ATLAS files for the 1993 RPA assessment update were
updated, as was done for the Powell and others (1993)
report.
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Forest yields-The FASOM model requires projections of yields for existing stands,
reforested stands, and afforested lands. Note that no afforestation yields are given for
the PNWN region owing to the assumption, discussed earlier, that the land base is in
equilibrium between forest and agricultural use in this region. Data on existing stand
and reforestation yields were obtained from the corresponding ATLAS inputs used in
the 1993 RPA assessment update (Haynes and others 1995). The RPA data give
yields per acre based on FIA plot data as well as base yield tables for each RPA
region broken out by age class, forest type, site class, and timber management
intensity class. In FASOM, all timber yields are assumed to remain constant after
90+ years, tied to the FASOM age cohort 90+. Minimum harvest ages in FASOM
are drawn as well from the ATLAS inputs used in the 1993 RPA assessment update
(Haynes and others 1995). Minimum harvest ages differ by region, owner, site group,
forest type, and MIC.

Yields for afforested lands are derived from yield tables updated from Moulton and
Richards (1990) and reconciled with Birdsey's (1992a) estimates. The afforestation
yield estimates are given by region (defined in Moulton and Richards 1990) and
forest type for both cropland and pastureland.

Yields for existing stands were developed by (a) deriving stocking ratio for each
management unit (Mills and Kincaid 1992), (b) applying relative density change co-
efficients using full and half linear3 approaches to normal equations as appropriate,
and (c) estimating yields (cubic feet per acre) for existinq stands by age class over
time and using the following formula:

Vi+1,t+1 = Si+1,t+1 *Yi+1

where V = volume/acre for age class i+1 and time period t+1,

S = relative density change coefficient for age class i and time period t, and

Y = base yield for age class i+1.

Aggregate existing yields are broken out by softwood and hardwood components.
Softwood percentages are derived from softwood percentage estimates given in the
ATLAS MANAGE input file. In the South, softwood percentages for each manage-
ment unit are determined in a manner similar to the weighted existing yields, with
ATLAS age class softwood percentages aggregated into FASOM age cohorts.
Softwood percentages are weighted based on the percentage of acres within
each management unit and age class. Weighted softwood proportions" for each
management unit are then aggregated by FASOM modeling cell. Weighted soft-
wood proportions are arrayed by modeling cell and age cohort oV,er time. Aggregate
softwood and hardwood yields given by the FASOM modeling cell are the product
of the aggregate existing yield estimates and the associated aggregate softwood
(hardwood) percentage estimates by age cohort and time period.

3 Quadratic form equations were used in the North Central
regions (Lake States and Com Belt).

4 Note that hardwood percentages are derived as 1 -soft-
wood percentage for each age and time period by FASOM
land identification class.
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Then, existing softwood and hardwood yields are broken out by softwood and hard-
wood products (sawtimber, fuelwood, and pulp) with the percentage of softwood
and hardwood going to sawtimber, pulp, and fuelwood determined from estimates
provided by USDA Forest Service FIA sourcesf The percentage estimates were
provided by fiber type (softwood or hardwood) and age cohort for each product in the
model. The yield per acre for each product was derived by simply determining the
product of the aggregated softwood (or hardwood) yields and the associated product
percentages for each FASOM cell and age cohort over time.

In the first version of the model, time constraints led to several approximations per-
taining to growth and yield and growing costs. Commercial thinning volumes were
added to base yield volume estimates, starting at the age when thinning volumes
first arise, in the two southern regions and the PNWN for derivation of existing and
regenerated stand yield tables. Once again, these are the only three regions with
timber management intensities other than LO.

Yields for existing and reforested stands in the LO MIC were derived from the base
yield tables (including thinning), relative density change ("approach to normal") equa-
tions, and regeneration stocking ratios. Stocking ratios for existing stands for time
period NOW were the ratio of plot yield to base yield table values by age cohort from
the 1993 RPA assessment update (Haynes and others 1995) ATLAS input decks,
and regeneration stocking ratios for regenerated stands (in the LO MIC) were derived
from coefficients given in the ATLAS inputs.

Regenerated stand yields were derived from base yield tables from the 1993 RPA
assessment update (Haynes and others 1995). For ATLAS management units with
a LO MIC (naturally regenerated forests), yields were derived by using regeneration
stocking ratios from ATLAS inputs. Stocking ratios for age cohorts 10 to 19, 20 to 29,
and so forth, were derived by using "approach to normal" equations and the relative
density change coefficients used in deriving FASOM existing stand yields. Aggregate
regenerated stand yields for the LO MIC were the product of the weighted average
of base yield table values for ATLAS management units within each corresponding
FASOM cell and associated stocking ratios by age cohort. Aggregate yields were
broken out by softwood and hardwood products to form the FORONLY, FORCROP,

and FORPAST yields.
For regenerated stands with a ME or HI FASOM MIC, stands were assumed to be
fully stocked (the stocking ratio for any age cohort was equal to 1). For these stands,
the aggregate regenerated stand yields were simply the weighted average of base
yield table values for ATLAS management units within each FASOM cell. The aggre-
gate regenerated stand yields for the ME and HI MICs were then broken out by
softwood and hardwood products.

Regenerated stand softwood and hardwood yields were determined by using the
aggregate softwood or hardwood percentages used to derive existing stand softwood
and hardwood yields. Regenerated stand product yields were derived by using the
percentages used to develop existing stand yield tables. Regenerated stand yields
for ages over 90+ were assumed constant. Regenerated stand yields were assumed
to be equivalent for the FORONLY, FORCROP, and FORPAST land classes.

5 For example, USDA Forest Service, Southeastern Forest
Experiment Station, Forest Inventory and AnalysiS (RWU
4801), P.O. Box 2680, Asheville, NC 28802.
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Table 9-Forest types used to construct afforestation yields, FASOM

FASOM region Forest type

Northeast Red and white pine (Pinus resinosa Ait., Pinus strobus L.)
Spruce (Picea A. Dietr.)
Southern pine (Pinus spp.)

South Central Southern pine (Pinus spp.)

Southeast Southern pine (Pinus spp.)

Lakes States Red and white pine (Pinus resinosa Ait., Pinus strobus L.)

Corn Belt Mixed hardwoods (for example, Quercus L., Acer L.)
Mixed softwoods (Pinus spp.)

Rocky Mountains Ponderosa pine (Pinus ponderosa Doug!. ex Laws.)

Pacific Southwest Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)
Ponderosa pine (Pinus ponderosa Doug!. ex Laws)

Pacific Northwest-West side Douglas-fir

Pacific Northwest-East side Ponderosa pine

Afforestation yields were derived from Birdsey (1992a) and Moulton and Richards
(1990). Birdsey gives yields (cubic feet per acre) by Moulton and Richards' (1990)
region and forest type for crop and pasture land. These yields were assumed to
represent the low FASOM site class. For the Southeast, South-Central, and PNI.MN
regions, medium and high site class yields were determined by using inflation factors
derived from ATLAS base yield tables for equivalent forest types by region. Forest
types by region were determined by using Birdsey's (1992a) estimates of forest types
planted by state, national tree planting data (USDA Forest Service 1992), and expert
opinion. Forest types planted on marginal cropland and pastureland by region are
given in table 6.

All afforested acres were assumed to be fully stocked in terms of ATLAS yield
standards. Thus, yields were derived directly from Birdsey's (1992a) yield tables for
those regions in which only one species was planted. Weighted afforestation yields
were derived for the Northeast and Pacific Southwest (pSW) regions based on
planting percentages by forest type given in Birdsey (1992b) and non-industrial
private forest (NIPF) planting statistics (USDA Forest Service 1992). In addition,
PSW afforestation yields for the low management intensity class were assumed
to be 0.76 of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) yields in Birdsey's
"Pacific" region. The "Pacific" region Douglas-fir yields were used to derive the
FASOM PNVVW region afforestation yields and the "Pacific" region ponderosa pine
(Pinus ponderosa Dougl. ex Laws.) yields were used to derive FASOM PNWE
afforestation yields. Cropland planted to forest was assigned a high FASOM site
class, and acres planted on pastureland were assigned a medium site class.
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Afforestation yields for FASOM age cohort "0 to 9" was the mean of Birdsey's age
classes "0" and "5," and yields for FASOM age cohort "90+" were the average of
Birdsey's age classes "95" and "105." Finally, afforestation yields were assumed
constant after age cohort 90+.

No commercial thinning volumes were included in deriving afforestation yield tables.
Afforestation yields for ME and HI MICs were derived by using ratios of ME to HI
MIC yields for regenerated lands from ATLAS for the forest types assumed planted
by region.

Afforestation softwood and hardwood yields were determined by using the softwood
percentages used to derive existing stand softwood and hardwood yields.6 Finally,
afforestation product yields were derived from percentages used to develop existing
stand yield tables. Afforestation yields are given for the land classes CROP FOR and
PASTFOR.

Forestry cost estimates-FASOM cost tables were developed for major forestry
activities. These activities include costs of stand establishment (including conversion
costs associated with converting agricultural land to trees), intermediate treatment or
maintenance, harvest and hauling of timber from a stand. Taxes were not included
in the forestry costs to keep them consistent with cost accounting on the longer
standing agricultural side of FASOM.

FASOM tables associated with forest establishment costs and intermediate man-
agement costs were derived from various data sources. Establishment costs include
costs of site preparation, planting, and conversion (land clearing, wind rowing, burn-
ing), and intermediate management costs include costs of thinning, prescribed burn-
ing, timber cruising, road maintenance, and other costs. The management costs are
decadal averages in the first-generation FASOM model.

Establishment costs differ by FASOM land class, with generally higher costs for re-
forested acres, such as those for FORONL Y acres, and lower costs for afforesting
CROPFOR and PASTFOR acres. A prohibitive cost estimate of 999.999 value was
used to ensure that certain management options were not selected (such as LO MIC
for afforestation, as currently configured).

Cost estimates also were assembled for converting timberland to cropland or pas-
tureland. Sources were various Economic Research Service studies and expert
opinion.7 Most of the formal studies were dated, with most done mainly before 1980
and before significant changes in conversion technology, and so were augmented by
expert opinion. To reflect different levels of conversion costs due to site, topography,
drainage, and other factors, three levels of costs were used to represent a step

6 In the FASOM Corn Belt region, softwood percentages
suggested by Birdsey (1992a) were used to generate
afforestation softwood and hardwood yields.

7 Personal communication. March 1992. Bob Moulton,
USDA Forest Service, State and Private Forestry,
14th & Independence, SW., P.O. Box 96090,
Washington, DC 20090-6090.
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function or increasing marginal costs of conversion as more timberland is converted.
Costs include that for land clearing, wind rowing, burning, and any necessary leveling
and removal of large chunks for seedbed preparation. Any timberland converted to
agricultural land is assumed to occur after harvest of any merchantable trees, and
75 percent of timber volume removed in land clearing is assumed to be hauled to
market.

Any stand can be regenerated or converted to an agricultural use after harvest or at
any time in its span of existence if it is grouped in the lowest management intensity
class. The allocation selected is based on the net present value of the alternative
uses (forest, crop, and pasture). In addition, the FASOM model will select among the
alternative management intensities when it is regenerating a stand. As before, the
most profitable option will involve consideration of supply and demand conditions,
prices, yields, and costs. Yields associated with regenerated stands are arrayed by
forest product, region, land class, owner, site class, management intensity, and age
cohort. If a stand is converted to an agricultural use, it may be converted back to
forestry in future time periods if it is more profitable to do so. Yields associated with
such afforested stands are given for land classes CROPFOR and PASTFOR.

The competition for land between the forestry and agricultural portions of FASOM,
as well as the shift of some timberland to urban and developed uses, necessitates
explicit considerations of pathways for land coming in and out of forestry in the
FASOM modeling. Through the land class definitions used to describe the
INVENTORY acres, described above, we identify other private timberland acreage
that could potentially be converted to cropland and pastureland or, vice versa, agri-
cultural land that could be shifted into torestry'' (USDA Soil Conservation Service
1989b). Next, we look at FASOM constraints for land balance, interface between
sectors, and land use limits.

Each region in FASOM possesses a different endowment of land and timber and
crop yields. Nine regions are used to represent the productive land base in the forest
and agriculture sectors: Northeast, Lake States, Corn Belt, Southeast, South Central,
Rocky Mountains, Pacific Northwest Westside, Pacific Northwest Eastside, and
Pacific Southwest. Two additional regions that contain insignificant timberland areas
fill out the agriculture side: the Northern and Southern Great Plains. Total aggregate
forest and agriculture area in the regions is fixed, and land migrates out at an exog-
enous rate to urban and developed uses (Alig and Wear 1992).

Land balances within sectors and movements between sectors in the FASOM model
are controlled in three sets of constraints. Shadow prices of these constraints in a
model solution give various elements of land values.

8 The possibility of passive reverting of agricultural land to
timberland is being considered for incorporation in a future
version of FASOM. For example, idle agricultural land in
some regions of the country would be a candidate to slowly
revert to tree cover under certain circumstances. In those
cases, timber yields on naturally reverting land would be
discounted and lagged relative to naturally regenerated
FORONL Y yields.
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We also constrain cropland-forestry land use shifts to the high site group, and pas-
tureland-forestry shifts to the medium site group.9 From the forestry side, the timber
yields on land suitable for agriculture do not differ from those for the corresponding
FORONL Y cells. When forest land is shifted to agriculture, it is assumed that the
timberland converted to cropland was in the high site group for other private timber-
land. Further, associated timber yields for actively afforested land are aligned with
unique afforestation site ratings; for example, high site for afforested land has higher
timber productivity than for high site FORONL Y land.

Afforestation enrollments are placed into either the medium or high MICs depending
on the FASOM relative profitability computations. By definition, afforested acres
are precluded from being placed in the LO MIC because the afforested acres are
assumed to be planted.

Converting between forestry and agricultural land uses takes place in FASOM when
the present value of expected land rents in agricultural uses exceed those from tim-
ber growing, or vice versa. The accounting reflects constraints that only a specified
percentage of other private timberland, by region, could be converted to cropland or
pastureland over the 1DO-year FASOM horizon. When an afforested stand is har-
vested, the options for the next time period include replanting to obtain the same
timber yields over the rotations as for the first afforested stand. In contrast, FASOM
also has the option of placing the harvested afforested acreage into the LO MIC
class, where natural regeneration at lower cost takes place. It logically would not
enroll harvested afforested stands into the ME or HI MICs for FORONL Y, because
the timber management costs would be essentially identical to that for afforested
land but with lower timber yields at corresponding ages. For the other private owner
group, timber yields for timberland are potentially spread across five LANDCLASS
categories; however, for FORONLY, FORCROP, and FORPAST, 10 the timber yields
are identical for corresponding cells.

Constraints on the amount of timberland that could be converted to agricultural uses
were derived from USDA Soil Conservation Service (1989a) data pertaining to other
private forest land with medium or high potential for conversion to cropland and pas-
tureland. The data were checked against that for prime farmland (defined in USDA
Soil Conservation Service 1989b:21), representing forest, pastureland, cropland,
rangeland, or other minor land uses that have good potential for cultivated crops
(for example, slope less than 5 percent, not excessively eroded, no wetlands, and
so forth). The published Soil Conservation Service data do not identify forest land
qualifying as prime cropland below our FASOM region, thus allocation of prime
cropland by forest type, MIC, and age cohort is by assumption (proportional to
what is in the highest forestry site group).

9 A related assumption is that timberland acres cannot shift
across site groups over the projection period; that is, acres
remain in the same site group.

10 The amount of rangeland suitable for tree planting is
assumed to be insignificant, as is the amount of timberland
likely to be converted to rangeland.
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