
Give to AgEcon Search

The World’s Largest Open Access Agricultural & Applied Economics Digital Library

This document is discoverable and free to researchers across the 
globe due to the work of AgEcon Search.

Help ensure our sustainability.

AgEcon Search
http://ageconsearch.umn.edu

aesearch@umn.edu

Papers downloaded from AgEcon Search may be used for non-commercial purposes and personal study only. 
No other use, including posting to another Internet site, is permitted without permission from the copyright 
owner (not AgEcon Search), or as allowed under the provisions of Fair Use, U.S. Copyright Act, Title 17 U.S.C.

No endorsement of AgEcon Search or its fundraising activities by the author(s) of the following work or their 
employer(s) is intended or implied.

https://shorturl.at/nIvhR
mailto:aesearch@umn.edu
http://ageconsearch.umn.edu/


Forest Product Trade Impacts of an 
Invasive Species: Modeling Structure and 
Intervention Trade-Offs 
 
Jeffrey P. Prestemon, Shushuai Zhu, James A. Turner, Joseph 
Buongiorno, and Ruhong Li 
 
 Asian gypsy and nun moth introductions into the United States, possibly arriving on imported 

Siberian coniferous logs, threaten domestic forests and product markets and could have global 
market consequences. We simulate, using the Global Forest Products Model (a spatial equilib-
rium model of the world forest sector), the consequences under current policies of a wide-
spread, successful pest invasion, and of plausible trading partner responses to the successful 
invasion. We find that trade liberalization would have a negligible effect on U.S. imports of 
Siberian logs and, consequently, on the risk of a pest invasion. But, if it happened, possibly 
through trade in other commodities, a successful and widespread pest invasion would have 
large effects on producers and consumers over the period 2002 to 2030. 
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Because exotic pest invasions can have large 
negative effects on forests, governments have 
taken steps to limit the risks of introduction. 
Losses of important timber species to exotic pests 
have justified phytosanitary policies whose ef-
fects on invasion risks may be clear but whose 
impacts on global markets are not well under-
stood. The risk of exotic pest introductions is 
typically described as a positive function of trade 

flows (e.g., Margolis, Shogren, and Fischer 
2005). Hence, trade measures focused on poten-
tially infested shipments are cited as cost-effec-
tive interventions that can limit introductions and 
lower expected pest damages nationally (Costello 
and McAusland 2003, McAusland and Costello 
2004, and Margolis, Shogren, and Fischer 2005). 
 However, trade interventions naturally have 
consequences for both domestic and international 
markets. Many studies (e.g., Powell 1997, New 
Zealand Forest Research Institute 1999, Roberts 
1999, and Roberts, Josling, and Orden 1999) 
have described how phytosanitary requirements 
such as fumigation, inspection, prohibition of 
certain packaging materials, tariffs, quotas, and 
outright trade bans, each offered and applied as 
effective control and risk mitigation measures, 
can affect the structure of international produc-
tion and consumption. Effects include trade shifts 
due to intervention costs and due to trade policy 
responses, leading to alterations in prices, product 
output mixes, and quantities produced and con-
sumed. Research that can quantify the market 
effects of both a successful invasion and of poli-
cies designed to limit its probability of introduc-
tion and further spread can lead to better decisions 
on how to allocate scarce resources and mitigate 
negative impacts. 
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 The objective of this analysis is to predict some 
of the economic consequences of forest-based 
exotic pest invasions and of specific policies de-
signed to limit their probability and scope. To do 
this, we describe and apply an empirical model of 
international trade that incorporates risks of pest 
invasion and related interventions.1 The model 
extends previous work (Costello and McAusland 
2003, Barbier and Shogren 2004, and McAusland 
and Costello 2004) by first describing a theoreti-
cal risk-endogenous welfare model, written as a 
function of all interventions and non-purchased 
inputs. The objective function of this model is to 
maximize market welfare (Samuelson 1952), sub-
ject to a set of policies and pest-related inventory 
loss rates. The global trade model employed there-
fore accounts for the costs of a set of phytosani-
tary measures, responses of trading partners to 
these measures and to a successful invasion of an 
exotic pest in U.S. forests, and the resulting do-
mestic and international product market shifts. 
 A study that captures both the domestic and the 
international timber market implications of a po-
tential exotic pest invasion and associated policies 
would expand the scope of existing research. 
Published assessments of the consequences of a 
forest-based exotic pest have usually modeled 
economic impacts at fine spatial and temporal 
scales and have typically ignored timber products 
(e.g., Jakus and Smith 1991, Miller and Lindsey 
1993, and Sharov and Liebhold 1998). Only 
Tkacz et al. (1991) have assessed the market-level 
impacts of an invasive forest pest, yet that re-
search did not account for the global market in-
teractions between the United States and its trad-
ing partners in response to a successful and dam-
aging invasion of U.S. forests. This is unfortu-
nate, because the U.S. forest sector is the domi-
nant player in global markets; catastrophic timber 
losses would affect, and be affected by, interna-
tional product markets, redistributing impacts glob-
ally. Likewise, domestic and international phyto-
sanitary policies in response to such timber losses 
would have impacts that transcend U.S. borders. 

 
1 Examples of interventions include constructing and maintaining 
detection devices (e.g., traps), conducting periodic aerial surveys, 
spraying, sanitation cutting in areas of active infestation, altering forest 
management activities to reduce risks, and funding research to find 
better ways to limit introductions, spread, establishment, and the eco-
logical and economic damages that such invasive species cause. 

 A brief review of the importance of the U.S. 
forest sector can illustrate how failure to prevent 
introduction or to eradicate an introduced pest 
could have major consequences for the United 
States and its trading partners. In 2002, the U.S. 
forest sector—forestry and logging, and wood and 
paper manufacturing—added US$148 billion to 
gross domestic product (1.6 percent of gross do-
mestic product), and had exports worth $18.7 bil-
lion, amounting to 2.7 percent of all commodity 
exports, the second highest in the world, after 
Canada (Howard 2003). To accomplish this, the 
sector—excluding furniture—employs over 0.8 
percent of the non-farm workforce, or 1.1 million 
people in 2005 (U.S. Department of Labor 2006). 
The great extent of the domestic forest resource 
[226.8 million ha or 5.9 percent of global forest 
area and 32.2 billion m3 or 8.2 percent of global 
forest stock (Food and Agriculture Organization 
2001)] and the consequently high rate of indus-
trial roundwood production [405 million m3 or 25 
percent of world production (Food and Agricul-
ture Organization 2005)] explains why the United 
States is the world’s largest producer of wood 
products (Table 1). The size of the U.S. economy 
also accounts for the country’s status as the 
world’s largest consumer of forest products. In 
fact, consumption of finished wood products out-
strips production (Table 1), making the United 
States the world’s largest importer of wood prod-
ucts—US$32.3 billion in 2002 (Howard 2003)—
particularly sawnwood and wood-based panels 
(Table 1). 

 The specific application of our model is to the 
potential introduction of two tree-defoliating Asian 
insects, the Asian gypsy moth (Lymantria dispar) 
and the nun moth (Lymantria monacha). The 
timber market impacts of a successful invasion by 
such defoliators were simulated as part of an 
assessment conducted by Tkacz et al. (1991). The 
risk assessment was inspired by interest among 
wood product companies in the late 1980s and 
early 1990s in importing unprocessed larch (Larix 
spp.) logs from Siberia and the Soviet Far East. 
The study evaluated the potential consequences 
of several Asian pests that could enter the United 
States attached to these softwood logs and ship 
hulls arriving at American ports. The result of the 
assessment was a policy effectively banning the 
import of those logs into the United States, 
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Table 1. U.S. Production and Consumption of Wood Products, 2002 

 Consumption Production 

Product 
1000 m3 or 
metric tons 

Percent of 
World 

1000 m3 or 
metric tons 

Percent of 
World 

Industrial roundwood (m3) 396,153 24.8 404,735 25.4 
Sawnwood (m3) 122,047 31.5 89,151 22.8 
Wood-based panels (m3) 56,089 28.4 40,517 20.7 
Fiber furnish (metric tons) 82,720 25.6 91,588 28.6 
Paper and paperboard (metric tons) 89,509 27.6 81,792 25.1 

Source: Food and Agriculture Organization (2005). 
 
 
especially due to the risk of an uncontrolled 
invasion by one of the pests, the Asian gypsy 
moth,2 a known aggressive defoliator of many 
American tree species, including species 
important to the U.S. timber industry (Roughgar-
den 1986).3

 The modeling is accomplished with a modified 
version of the Global Forest Products Model 
(Buongiorno et al. 2003). The model predicts 
country-by-country production, consumption, and 
trade effects of direct trade measures. The model 
is adapted to quantify the market and trade im-
pacts of an invasive species that would reduce 
forest inventories in the United States. For this 
research, the effects of the invasion and related 
intervention and trade policies are measured by 
the differences in market outcomes under varying 
scenarios of invasion and types of interventions, 
compared to a base case of no invasion. Thus, as 
suggested by Barbier (2001), the economic im-
pact of an invasion or a policy is assessed by 
comparing ex ante and ex post market equilibria. 
These impacts can then be compared with the 
costs of the envisaged policy to help in decision 
making.  
 
 
 
                                                                                    

                                                                                   2 Modeling using the Timber Assessment Market Model (Adams and 
Haynes 1980) showed catastrophic losses to the sector, totaling (in 
producer price index inflated dollars to 2004) $45 billion (Tkacz et al. 
1991, pp. 5–7) of producer plus consumer surplus. 
3 The spread rates of Asian gypsy moth are rapid—more rapid than the 
European variety that has been spreading from the northeastern United 
States since 1869—and the detection is difficult and relatively 
expensive, according to Tkacz et al. (1991). Keena (2003) also docu-
ments research showing that important timber species in the United 
States would be highly vulnerable to these Asian defoliators. 

Methods 
 
Theory and Empirical Model 
 
Evaluation of the domestic and international im-
pacts of potential moth introductions via infested 
shipments of Siberian softwood logs imported 
into the United States is done with the Global 
Forest Products Model (GFPM) (Buongiorno et 
al. 2003). The GFPM is a spatial equilibrium 
model (Samuelson 1952) of the world forest 
sector. The model is able to quantify the country-
by-country effects of shifts in trade barriers, 
timber demand, and timber inventories (forest 
stocks)—including the effects of changes in 
inventory brought about by a damaging exotic 
invasive. It provides annual projections of pro-
duction, consumption, and trade for 180 countries 
and 14 forest product categories. A mathematical 
description of the GFPM is in Appendix A. 
 The principal decision maker in the case of a 
potential invasion is the government, which can 
impose trade measures, require pre-import treat-
ments, and devote resources to detection and eradi-
cation. An invasive pest affects domestic timber-
land owners by causing a loss in their timber in-
ventories. The inventory loss can take many years. 
The government planner’s decision is to maxi-
mize public welfare,4 narrowly in the timber mar-

 
4 Maximizing the welfare of the forestry sector alone assumes sepa-
rability of the sector from the rest of the economy. Another model, 
perhaps a global computable general equilibrium model, could evalu-
ate the effects of imposing this assumption, capturing the effects of 
forest sector shifts on economy-wide variables. Yet, we contend that 
the general equilibrium effects on economy-wide variables such as 
wages, the cost of capital, and exchange rates for the United States 
would be relatively small, given the size of the U.S. forestry sector 
relative to that of the whole economy. 
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e

ket, W, subject to alternative intervention means 
(a). The forest sector welfare (sum of producer and 
consumer surplus) in each period is a function of 
timber inventories (I) and prices (p) and the 
production and consumption activities consistent 
with inventories and prices. 
 Inventories and prices are affected by trade 
measures that alter the introduction and establish-
ment risks, prices, and product flows across bor-
ders. These interventions have dynamic effects, as 
introductions take years to be manifested in tree 
mortality and because inventory losses and trade 
measures affect investments in wood processing. 
The objective function is 
 

(1)   
1

max [ ( ( , , ( )) )]
T

it
t t t t t t

t
W W I −

=

′= −∑a a x p a r a , 

 
where t = 1,…,T indexes time (years); i is the 
discount rate; a is an (nT×1) vector of T annual 
sets of n intervention approaches (a1,1,…,an,T); xt 
is a vector of non-purchased inputs affecting 
inventory (including biological processes affect-
ing spread and hence inventory loss rates); rt is an 
(n×1) vector of costs of interventions; and at is 
an n×1 vector of interventions. While the objec-
tive function of GFPM is to maximize welfare in 
the Samuelson (1952) sense, basic outputs re-
ported here are of prices, production volumes, 
trade, producer revenues, and consumer expendi-
tures.5

 Inventory, a function of the interventions as 
well as biological processes, suffers a gradual 
loss as an uncontrolled pest spreads across the 
landscape. To the extent that equation (1) ignores 
other sectors [for example, effects of a pest on 
ecological services and impacts on trees growing 
in residential settings—see, for example, Jakus 
and Smith (1991)], it does not define a global 
optimum from a societal perspective, but concen-
trates instead on the forest sector. 
 A key factor in calculating the expected bene-
fits is the timber inventory losses deriving from 
an uncontrolled pest invasion. The GFPM con-
tains a system of equations describing the annual 

                                                                                    
5 The GFPM calculates market equilibria by maximizing the sum of 
consumer and producer surplus net of transport costs (Samuelson 
1952). However, this is only a computational device, and we cannot 
interpret the level of the objective function nor its change as a measure 
of the level of welfare or its change. 

roundwood harvest, the growth of forest stock, 
the change in forest area (the combination of 
which defines forest inventories), and the evolu-
tion of forest stock and forest area over time 
(Turner, Buongiorno, and Zhu 2006). In each 
year, the short-run supply (harvest) of roundwood 
in a country is the sum of harvests of industrial 
roundwood, other industrial roundwood (wood 
used in the round), and fuelwood. The harvest 
volume of each is a function of its price, forest 
stock, and gross domestic product per capita, 
where prices and forest stock are determined 
endogenously. 
 Each country’s forest stock evolves with a 
growth-drain equation: 
 

(2) ( )*

, 1 1 a u u
i t it it it it itI g g g I S+ = + + + − , 

 
where Sit is the total roundwood harvest in coun-
try i, in year t, a

itg  is the annual relative (rate of) 
change in forest stock due to forest area change 
(afforestation/deforestation), u

itg  is the rate of for-
est growth in a given area, without harvest, and 

*u
itg  is the adjusted rate of forest growth in a 

given area, without harvest. The last is exoge-
nous, representing, for example, the effect of the 
Asian gypsy and nun moths. The annual relative 
change of forest area is a function of income per 
capita (y′), as in the environmental Kuznets curve 
for deforestation: 
 
(3) ( ) ( )2

0 1 2
a
itg y y′ ′= α + α +α . 

 
The annual relative change of forest stock due to 
growth is a function of a measure of forest den-
sity, stock (Iit) per unit area (Ait): 
 
(4) ( )0

u
it it itg I A −α= γ . 

 
The parameters (α’s and γ0) of equations (3) and 
(4) have been estimated with international panel 
data (Turner, Buongiorno, and Zhu 2006) (see 
Appendix B). 
 In this study, forest stock impacts due to inva-
sive species spread over time are captured in 
equation (2) as an exogenous reduction in forest 
stock, *u

itg , using stock reduction estimates from 
Tkacz et al. (1991). Diffusion of the pest is de-
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terministic and assumed linear over time [i.e., non-
native habitat affected increases quadratically, as 
in Roughgarden (1986)]. The resulting reduction 
in inventory if an invasion occurs is 0.05 percent 
per year from 2003 to 2010, 0.09 percent from 
2011 to 2020, and 0.12 percent from 2021 to 
2030. 
 
Simulation Experiments 
 
The simulations assess how different levels of 
intervention efforts—from trade bans to no ef-
fort—to detect or control the spread of the Asian 
gypsy or nun moths affect forest product produc-
tion, consumption and trade, forest resource 
changes, and U.S. domestic welfare in the forest 
sector. To this end, we compare GFPM projec-
tions under four scenarios: 
 
 Scenario 1: The base case, with no moth in-
vasion, the current ban on imports of Siberian 
softwood logs implemented, and status quo 
intervention levels for trade in all forest prod-
ucts (i.e., routine inspections, debarking, and 
annual expected monitoring and eradication 
costs borne by the public). 

 Scenario 2: A lifting of the ban on imports of 
Siberian softwood logs, with no invasion, but 
with more intervention—greater port inspec-
tion and related costs than in the status quo. 

 Scenario 3: A successful moth invasion, which 
reduces U.S. inventory and results in the ban 
on imports of Siberian softwood logs being 
reinstated. 

 Scenario 4: An extension of Scenario 3 by 
adding a ban by other countries on log im-
ports from the United States. 

 
Following is a more detailed description of each 
scenario. 
 
Scenario 1. In the base case, we simulate with the 
GFPM a ban on imports of softwood logs from 
Siberia, with no invasion occurring and no inter-
vention. We obtain (market) revenue and expen-
diture figures for the United States and for other 
countries. There is a cost to maintain a perfectly 
successful detection and eradication system, esti-
mated at about $5 million per year in the United 

States.6 We discount this cost and deduct it from 
market economic surplus when solving for market 
equilibria. 

Scenario 2. Free trade in Siberian logs and no 
pest introduction, but with higher fumigation, 
detection, and eradication costs. These higher 
costs (interventions) are imposed to lower the 
probability that a pest would reside in the logs or 
on the docking ship at a U.S. port. Each year, the 
government expends Zt = ut*v*zft*ut + bht, where 
ut is the number of shipments per year of Siberian 
logs to the United States, v is the volume per 
shipment (a constant), and zft is the cost of fumi-
gation per unit volume (obtained from the litera-
ture and New Zealand data). This cost is paid by 
the importer and is simulated in the GFPM as an 
increase in the transport cost from Russia to the 
United States. bht is the annual cost of maintain-
ing a high-level moth detection and eradication 
system to successfully halt an introduction. The 
detection and eradication costs for such a wide-
spread infestation, using Bacillus thurigiensis 
(Bt) as the principal eradication measure, is esti-
mated at $49 million per year.7

Scenario 3. Free trade in Siberian logs but with a 
pest introduction. This assumes that, despite the 
measures simulated in Scenario 2, a pest would 
be introduced into the United States and would be 
established in year T1 < T. As a result, at T1 there 
is a ban on softwood log imports from Siberia to 
the United States, but not from other countries. 
Nevertheless, the pest would spread and inven-
tory would be destroyed progressively across the 
range of susceptible timber species. The costs are 
the same as in Scenario 2. 

 
6 Mastro (2005) reports that there have been three outbreaks in the 
continental United States since 1991. Jenkins (undated) reports a cost 
of $17 million for eradication of one single outbreak (based on the 
1991 cost figure for an eradication in Oregon in 1991, applying con-
sumer price inflation of 42 percent and inflating to 2005 dollars). 
Assuming that there had been three outbreaks, from 1991 to 2004, all 
of which had been contained, implied an annualized cost of $17 
million/outbreak × 3 outbreaks/13 years = $3.9 million/year. We raised 
this cost to $5 million/year to pay for a detection system. 
7 A total figure of $821 million over 40 years was estimated by an 
internal report by the U.S. Department of Agriculture and Oregon and 
Washington’s Cooperative Asian Gypsy Moth Eradication Project, in 
response to a 1992 USDA Animal and Plant Health Inspection Service 
report. The annual $49 million cost is obtained using a 3 percent dis-
count rate and 38 percent consumer price inflation since the 1992 study 
($85 million per year using a government projects 7 percent discount 
rate). 
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mate based on Han and Renzie (2005).10 Com-
bined, these three actions bring the total extra 
trade cost associated with these log imports to 
$5.74/m3. 

Scenario 4. Free trade in Siberian logs, with a 
pest introduction and a ban by all other countries 
on exports of U.S. logs. This extension of Sce-
nario 3, adding the global ban against U.S. log 
exports, is a plausible response from U.S. trading 
partners seeking to prevent further transmission 
of the pest into their countries.  

 Tkacz et al. (1991) estimated costs for monitor-
ing and detection at “several million dollars every 
year” (pp. 4-1, 4-5). Sharov, Liebhold, and Roberts 
(1998), in their 1998 analysis of barrier zone man-
agement, also have a monitoring cost estimate, 
while Sharov and Liebhold (1998) report a cost of 
monitoring and eradication. We apply only the 
monitoring cost from Sharov, Liebhold, and Rob-
erts (1998) in our analysis, given that we are al-
ready accounting for the cost per invasion. 

 
 The consequences of each scenario for the 
United States and for the rest of the world are 
measured by forest area and forest stock, produc-
tion, prices, net trade, and present value of con-
sumer expenditures and producer revenues (at a 3 
percent real discount rate) from 2003 to 2030. 

 Experience reported by Mastro (2005) suggests 
a spread rate of 20 miles per year for a single es-
tablishment. This figure ignores human assistance 
in spread domestically within the United States, 
which could greatly increase its rate. We assume 
that timber inventory mortality is complete for 
timber species of interest in the area of infesta-
tion. We have simulated the infestation given this 
kind of spread rate and can therefore calculate a 
proportion of inventory affected over the years of 
uncontrolled invasion, at varying rates of impor-
tation of Siberian logs. To limit the scope of our 
trade-off analysis, we confine our calculations to 
trade-offs between heightened levels of trade costs 
(due to fumigation) and to the costs of detection 
and eradication. 

 
Data Sources 8

 
Estimates of supply and demand elasticities have 
already been identified and are available in Buon-
giorno et al. (2003) (see Appendix B). Estimates 
of the wood supply model parameters are avail-
able in Turner, Buongiorno, and Zhu (2006). In-
formation on functions of the probability of intro-
ductions given alternative levels of resources ap-
plied to interventions are assembled from pub-
lished studies and expert opinion (e.g., from gov-
ernment agencies of Oregon and Washington, and 
from information provided by Forest Health Pro-
tection of the USDA Forest Service and the 
USDA Animal and Plant Health Inspection Ser-
vice). Intervention cost data are derived from esti-
mates from representative international costs. 
Specifically, costs of methyl bromide treatment 
were obtained from New Zealand (Hosking 2005)9 
and are set at the average cost of US$2.66/m3 
(NZ$1=US$0.71). This fumigation cost is added 
to inspection and debarking costs, which, when 
combined, amount to the “treatment” cost used in 
modeling. Inspection costs are estimated to be 
approximately $0.50/m3. Debarking costs, which 
we fold into the fumigation costs and are required 
for U.S. imports, are set at $2.58/m3, a 2005 esti-

 
 
Results  
 
Tables 2 through 7 compare the impacts of all al-
ternative scenarios on prices, production, net trade, 
forest stock, consumer expenditures, and pro-
ducer revenues. Each table shows the base level 
(Scenario 1) solution and then reports differences 
in outcomes under scenarios 2, 3, and 4. 
 The free trade scenario with fumigation and 
debarking of imported logs, compared with the 
base scenario that continues to ban logs, reveals 
that allowing importation of Siberian log imports 

                                                                                     
8 Model data are available from the authors upon request. 10 Han and Renzie (2005) estimate that the cost for processing before 

loading in the field (at the harvest site), which is comprised primarily 
of delimbing and debarking, is CAN$3.55/m3 in 2001 Canadian 
dollars. Inflated to 2005 (see http://www40.statcan.ca/l01/cst01/ 
econ46.htm), the cost is CAN$3.87/m3 in April 2005. Using the May 
2005 US$/CAN$ exchange rate of $US0.666/$CAN, this processing 
cost would be US$2.58/m3. 

9 According to Hosking (2005), the cost of methyl bromide treatment at 
a rate of 120g/m3 for New Zealand log exports ranges from NZ$1.82 to 
$2.99/m3 f.o.b. This cost range is based on an average shipment vol-
ume of 42,740m3 of logs. An additional cost of NZ$1.35/m3 for treat-
ment at a U.S. port of entry is also added. In U.S. dollars for a U.S. 
port, the fumigation cost for this study is therefore set at $2.66/m3. 
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Table 2. Projected Changes of U.S. Net Trade, 2002 to 2030 a

 Base Level Average Annual Difference from Base 

Product 2002 2030 
Free Import with 
Fumigation Cost Pest Invasion 

Pest Invasion with 
Export Ban 

Fuelwood 66 250 -2 -1 -1 

Industrial roundwood 8,582 55,544 -3 -2 -25,097 

Sawnwood -32,896 -48,159 -20 -319 6,254 

Veneer and plywood -3,461 -780 0 0 1 

Particleboard -8,296 -27,753 -1 -169 3,522 

Fiberboard -3,815 -8,380 3 -32 571 

Mechanical pulp -67 -290 2 0 52 

Chemical pulp -1,179 -399 1 -4 128 

Other fiber pulp 144 318 0 0 -2 

Wastepaper 9,970 29,969 -1 1 -13 

Newsprint -5,601 -2,620 -1 -2 89 

Printing paper -5,259 -2,096 3 -27 460 

Other paper 3,143 12,991 0 0 0 
a The unit of measure is thousand m3 (fuelwood, industrial roundwood, sawnwood, veneer and plywood, particleboard, fiberboard) 
or thousand metric tons (all pulp and paper products). 
 
 
Table 3. Projected Changes of Consumer Expenditures and Producer Revenue, 2002 to 2030 a

 Base Level Average Annual Difference from Base 

Category 2002 2030 
Free Import with 
Fumigation Cost Pest Invasion 

Pest Invasion with 
Export Ban 

United States      

 Consumer expenditures 106,758 144,439 -1 22 -136 

 Producer revenue 142,534 213,011 -2 -40 781 

 Total 249,292 357,450 -3 -18 645 

World      

 Consumer expenditures 444,149 850,362 2 45 138 

 Producer revenue 632,605 1,190,582 -3 106 315 

 Total 1,076,754 2,040,944 -1 151 453 
a The unit of value is million U.S. dollars. 

 
 
(Scenario 2) has a negligible impact on trade (Ta-
ble 2). Russian log exports to the United States 
were small in 2002, amounting to 0.003 percent 
of total Russian log exports and about 0.01 per-
cent of total U.S. log imports. The projection with 
GFPM shows that Russian log exports to the 
United States are 1,300 m3 per year higher from 
2002 to 2030, a quantity that could be handled by 
a single, partially loaded ship. Given that many 

more ships from East Asia (including Siberia) 
arrive at U.S. ports every year, and given that the 
moth infestations so far have resulted from sources 
other than logs, the increase in risk due to liber-
alized Siberian log imports appears negligible. 
 Under Scenario 2, the total annual cost of fumi-
gation and debarking requirements amounts to 
$5,240 in 2002, rising to only $6,812 by 2030. 
The present value of the revenues lost by U.S.
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Table 4. Projected Changes of Forest Stock, 2002 to 2030 a

 Base Level Average Annual Difference from Base 

Region 2002 2030 
Free Import with 
Fumigation Cost Pest Invasion 

Pest Invasion with 
Export Ban 

Africa 46028 47,109 0 0 -5 

North/Central America 69,009 90,276 0 -264 -193 

United States of America 32,214 46,770 0 -264 -187 

South America 112,636 126,660 0 -1 -16 

Asia 33,280 28,953 0 -1 -15 

Oceania 12,151 14,827 0 0 -9 

Europe 120,408 149,734 1 -2 -40 

EU-25 b 20,949 28,220 1 -2 -36 

World 393,513 457,557 2 -268 -277 
a The unit of measure is million m3. 
b “EU-25” refers to the 25 countries of the European Union.  
 
 
Table 5. Projected Changes of U.S. Forest Product Production, 2002 to 2030a

 Base Level Average Annual Difference from Base 

Product 2002 2030 
Free Import with 
Fumigation Cost  Pest Invasion  

Pest Invasion with 
Export Ban 

Fuelwood 73,085 32,935 -2 -91 -66 

Industrial roundwood 404,735 653,669 -16 -896 -7,785 

Sawnwood 89,151 111,286 -20 -326 6,246 

Veneer and plywood 15,594 20,051 0 -2 15 

Particleboard 18,948 48,031 -1 -176 3,548 

Fiberboard 5,975 10,755 3 -33 561 

Mechanical pulp 4,245 7,249 2 -5 136 

Chemical pulp 48,424 78,413 2 -25 501 

Other fiber pulp 245 498 0 0 0 

Wastepaper 38,674 76,605 -1 -4 85 

Newsprint 5,248 9,173 -1 -3 91 

Printing paper 20,964 37,336 3 -29 474 

Other paper 55,580 85,430 0 -1 10 
a The unit of measure is thousand m3 (fuelwood, industrial roundwood, sawnwood, veneer and plywood, particleboard, fiberboard) 
or thousand metric tons (all pulp and paper products).  

  
producers, on the other hand, are much higher: $2 
million (Table 3). Consumer expenditures are also 
slightly lower, due to liberalized U.S.-Russia log 
trade. Clearly, there seems to be no incentive to 
increase imports of Russian logs, even when not 
accounting for the pest risk. 
 These results are in great contrast to the effects 
of a successful pest invasion (Scenario 3) on U.S. 

and world forest product markets. Under Scenario 
3, U.S. forest stocks (a subset of North/Central 
America stocks) are 264 million m3 lower every 
year from 2003 to 2030 compared to the base 
case scenario (Table 4). This reduction in stock, 
which follows from lower domestic U.S. timber 
product prices, reduces U.S. industrial round-
wood harvests by an average of 896 thousand m3
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Table 6. Projected Changes of World Forest Product Pricesa  
 Base Level Average Annual Difference from Base 

Product 2002 2030 
Free Import with 
Fumigation Cost Pest Invasion 

Pest Invasion with 
Export Ban 

Fuelwood 30 23 0.0 0.0 0.0 

Industrial roundwood 66 59 0.0 0.0 0.9 

Sawnwood 192 181 0.0 0.1 0.1 

Veneer and plywood 396 378 0.0 0.1 0.9 

Particleboard 169 159 0.0 0.1 -0.3 

Fiberboard 262 258 0.0 0.0 0.3 

Mechanical pulp 280 265 0.0 0.1 0.3 

Chemical pulp 395 377 0.0 0.1 0.9 

Other fiber pulp 741 656 -0.6 -0.2 0.8 

Wastepaper 99 126 0.0 0.0 0.0 

Newsprint 472 452 0.0 0.1 0.5 

Printing paper 766 756 0.0 0.1 0.2 

Other paper 669 673 0.0 0.1 0.6 
a The unit of value is US$/m3 (fuelwood, industrial roundwood, sawnwood, veneer and plywood, particleboard, fiberboard) or US$/ 
metric tons (all pulp and paper products). 

 
 
Table 7. Projected Changes of U.S. Forest Product Prices, 2002 to 2030a

 Base Level Average Annual Difference from Base 

Product 2002 2030 
Free Import with 
Fumigation Cost Pest Invasion 

Pest Invasion with 
Export Ban 

Fuelwood 30 15 0.0 0.1 0.0 

Industrial roundwood 66 56 0.0 0.1 -0.9 

Sawnwood 192 202 0.0 0.1 0.1 

Veneer and plywood 396 404 0.0 0.3 -2.3 

Particleboard 169 167 0.0 0.1 -0.4 

Fiberboard 262 270 0.0 0.0 0.3 

Mechanical pulp 280 288 0.0 0.2 -1.4 

Chemical pulp 395 402 0.0 0.4 -3.2 

Other fiber pulp 741 656 -0.6 -0.2 0.8 

Wastepaper 99 126 0.0 0.0 0.4 

Newsprint 472 476 0.0 0.2 -1.7 

Printing paper 766 796 0.0 0.3 -2.3 

Other paper 669 667 0.0 0.2 -1.7 
* The unit of value is US$/m3 (fuelwood, industrial roundwood, sawnwood, veneer and plywood, particleboard, fiberboard) or US$/ 
metric tons (all pulp and paper products).  

 
over the same period (Table 5). The reduction in 
harvests has little impact on U.S. net trade of in-
dustrial roundwood (Table 2). Rather, the greater 

impact is on U.S. production and net trade of 
manufactured products, particularly sawnwood, 
particleboard, and fiberboard. For example, U.S. 
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sawnwood net imports are 319 thousand m3 per 
year higher. In parallel, Canada, Chile, and Fin-
land increase their sawnwood production by 0.09 
percent per year, 0.24 percent per year, and 0.59 
percent per year, respectively, and their net ex-
ports of sawnwood by 0.14 percent per year, 1.57 
percent per year, and 1.23 percent per year, re-
spectively. 
 With a pest invasion (Scenario 3), world and 
U.S. forest product prices increase slightly (Ta-
bles 6 and 7), reflecting the reduction in U.S. pro-
duction (Table 5). This, coupled with changes in 
consumption, induces higher U.S. and world con-
sumer expenditures (Table 3). Meanwhile, U.S. 
producers’ gross revenue is reduced, and produc-
ers’ gross revenue over the world is increased. 
 A global ban imposed against U.S. log exports 
in response to a pest invasion in the United States 
(Scenario 4) aggravates the effect of the pest in-
vasion on world forest stock, although it mitigates 
the decrease in U.S. forest stock (Table 4). The 
softening of stock losses in the United States 
compared to Scenario 3 is largely attributable to 
reduced harvest levels—industrial roundwood 
production is about 7 million m3 per year lower in 
the United States, compared to Scenario 3, con-
sistent with lower domestic prices. Outside of the 
United States, higher prices lead to higher harvest 
rates and hence lower stocks. Lower U.S. round-
wood prices (Table 7) lead to higher production 
of other products with the export ban, especially 
for sawnwood and particleboard (Table 5). Sawn-
wood production and net trade increase by more 
than 6 million m3 per year, and particleboard pro-
duction and net trade increase by 3.5 million m3 

per year. The net trade of most U.S. forest prod-
ucts improves, but it worsens significantly for in-
dustrial roundwood (Table 2). 
 The inability of the United States to export logs 
in Scenario 4 leads to an increase in the world 
industrial roundwood price relative to Scenario 3, 
while the U.S. domestic roundwood price de-
creases. This causes world prices to increase but 
U.S. prices to decrease for most forest products 
(Tables 6 and 7). These price changes induce a 
U.S. gain in competitive advantage and an im-
provement in U.S. net trade for processed prod-
ucts. U.S. consumer expenditures decrease by 
$136 million annually, due to the domestic price 
drop, while world consumer expenditures increase 
by $138 million. U.S. aggregate producer revenue 

increases by $781 million each year (due to proc-
essed product revenue gains in excess of indus-
trial roundwood revenue losses), because of the 
increase in domestic production parallel with im-
proved net trade. Meanwhile, world producer 
revenues increase only by $315 million each year 
(Table 3). Taking out the U.S. producer revenue 
gain, the producer revenue change in the rest of 
the world is negative. 
 To check the robustness of these results, we 
tested the effects of variations of the trade inertia 
parameters on projected net trade, production, 
and prices in Scenario 4, a ban on U.S. log ex-
ports (Table 8). The trade inertia parameters are 
critical because they control the range of possible 
trade changes in GFPM projections. The trade 
inertia parameters are based on historical annual 
changes in trade (see Table B.5). The results in 
Table 8 show that a 10 percent variation in the 
trade inertia parameters leads to changes in the 
net trade impact of a pest and a log ban of up to 8 
percent. The effect on production and prices is 
much smaller, except for the effect on waste pa-
per price, which could reach 7 percent. Thus, the 
results in Scenario 4 are sufficiently robust to sup-
port the conclusions, although the error on a par-
ticular prediction could be substantial. 
 

Conclusions 
 
We have outlined an empirical approach to evalu-
ating some of the economic effects of a successful 
pest infestation in the forest sector of the United 
States and policies to try to prevent it. With the 
example of an invasion by Asian gypsy and nun 
moths, we have shown that banning imports of 
softwood logs from Siberia would have negligible 
effects on the economy of the U.S. forest sector. 
This contrasts with the situation in the late 1980s 
and early 1990s, when there was pressure to in-
crease those imports (Tkacz et al. 1991). At that 
time, harvests had been much reduced on federal 
lands in the western United States (Murray and 
Wear 1998). Mills on the West Coast may have 
seen Siberian logs as a way to compensate for the 
lost federal timber. Our modeling shows that, 
with current markets, there is little economic rea-
son to import Siberian logs. Consequently, cur-
rent policies that limit such trade seem redundant. 
 Given the small imports of Siberian logs even 
under free trade, there seems to be a greater risk 
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Table 8. Effects of Variations in Trade Inertia Parameters on U.S. Forest Products Net Trade, 
Production, and Prices, for Scenario of Pest Invasion with Export Ban, 2002 to 2030 a 

 
Pest Invasion with 

Export Ban Scenario 
Average Annual Percentage Change in Export Ban 
Scenario Due to Setting Trade Inertia Parameters 

Product 2002 2030 10% lower 5% lower 5% higher 10% higher 

Net Trade       
 Fuelwood 66 248 -8.5 -4.9 3.2 5.6 
 Industrial roundwood 8,582 0 N/A N/A N/A N/A 
 Sawnwood -32,896 -34,833 2.6 1.2 -1.0 -1.8 
 Veneer and plywood -3,461 -778 8.1 3.9 -3.7 -7.3 
 Particleboard -8,296 -16,960 -0.4 -0.1 -0.1 0.0 
 Fiberboard -3,815 -6,814 -1.2 -0.6 0.5 0.8 
 Mechanical pulp -67 -110 -1.4 0.3 3.8 2.4 
 Chemical pulp -1,179 -328 7.0 3.4 -3.3 -6.2 
 Other fiber pulp 144 317 -3.2 -1.6 1.1 1.8 
 Wastepaper 9,970 29,840 -4.6 -2.0 1.7 3.0 
 Newsprint -5,601 -2,398 4.4 2.2 -1.7 -3.2 
 Printing paper -5,259 -1,807 1.3 0.5 -0.9 -1.8 
 Other paper 3,143 12,992 -6.6 -3.4 3.5 7.2 

Production       
 Fuelwood 73,085  32,847  0.0 0.0 0.0 0.0 
 Industrial roundwood 404,735  638,347  -0.5 -0.2 0.2 0.4 
 Sawnwood 89,151  124,668  -0.7 -0.3 0.3 0.5 
 Veneer and plywood 15,594  20,076  -0.6 -0.3 0.3 0.5 
 Particleboard 18,948  58,881  0.3 0.1 -0.1 -0.1 
 Fiberboard 5,975  12,300  0.8 0.5 -0.3 -0.6 
 Mechanical pulp 4,245  7,489  0.0 0.0 0.0 0.1 
 Chemical pulp 48,424  78,818  -0.6 -0.3 0.3 0.7 
 Other fiber pulp 245  498  -1.9 -1.0 0.7 1.1 
 Wastepaper 38,674  76,631  -2.1 -0.9 0.8 1.5 
 Newsprint 5,248  9,396  -1.7 -0.9 0.7 1.3 
 Printing paper 20,964  37,648  0.1 0.1 0.0 0.0 
 Other paper 55,580  85,442  -0.7 -0.4 0.4 0.8 

Prices       
 Fuelwood 30 15 0.0 0.0 0.0 0.0 
 Industrial roundwood 66 55 -0.6 -0.3 0.3 0.6 
 Sawnwood 192 202 -0.3 -0.2 0.2 0.3 
 Veneer and plywood 396 401 -0.2 -0.1 0.1 0.2 
 Particleboard 169 167 -0.3 -0.2 0.2 0.3 
 Fiberboard 262 271 -0.1 0.0 0.0 0.1 
 Mechanical pulp 280 286 -0.3 -0.1 0.1 0.3 
 Chemical pulp 395 397 -0.4 -0.2 0.2 0.4 
 Other fiber pulp 741 656 -2.4 -1.2 0.8 1.4 
 Wastepaper 99 128 -7.1 -3.1 3.2 5.9 
 Newsprint 472 476 -1.0 -0.5 0.4 0.8 
 Printing paper 766 793 -0.3 -0.1 0.1 0.2 
 Other paper 669 665 -0.7 -0.3 0.3 0.5 
a The unit of measure of net trade and production is thousand m3 (fuelwood, industrial roundwood, sawnwood, veneer and ply-
wood, particleboard, fiberboard) or thousand metric tons (all pulp and paper products); the corresponding prices are in US$/m3 or 
US$/metric tons. 
 
of introduction by other means. Recent history 
shows that Asian gypsy moths may enter the 
United States aboard any ship. Those risks are sig-
nificant today, with three successful introductions 

(and three successful eradications) documented 
since 1990, the advent of the log import ban. 
Obviously, the risk exists even without imports of 
unprocessed softwood logs from that region. 
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 If an invasion were to occur by whatever 
means, we have shown that it would cause high 
losses in the U.S. forest product sector, although 
those impacts would be dampened by the effects 
of trade and product substitutions. The effects of 
losses would be especially large on U.S. net trade 
in roundwood, sawnwood, and particleboard, but 
relatively smaller in percentage terms on other 
measures. We estimate that the lost revenues of 
producers and additional expenditures of con-
sumers would average about $60 million per year, 
over the period considered. If this average annual 
loss were to continue for the full 40 years pro-
jected by Tkacz et al. (1991), it would be much 
smaller than the welfare loss projected by that 
study but far greater than the estimated current 
annual expenditures on monitoring and eradica-
tion. This difference from Tkacz et al. (1991) can 
be traced to three central reasons. First, GFPM 
contains different assumptions about market 
functions (e.g., elasticity assumptions). Second, 
revenues and expenditures are not the same as 
welfare. Producer and consumer surplus changes 
can be larger than simple expenditure and reve-
nue changes when market supply shifts back. 
Third, GFPM models the global forest sector, not 
simply the domestic U.S. sector.11 Therefore, ad-
justments in trade flows captured by GFPM serve 
to dampen the domestic economic losses. Trade 
effects also lead to the terms of trade improve-
ments for the United States in the export ban sce-
nario, which helps to explain why imposition of a 
log export ban against the United States results in 
net benefits for the U.S. forest product sector as a 
whole. 
 The expected economic losses in the U.S. forest 
sector due to inventory destruction alone would be 
in addition to effects of an infestation on ecologi-
cal and non-timber values of forests. Payne and 
Strom (1975), Jakus and Smith (1991), and Miller 
and Lindsey (1993) have described how some of 
those other costs are manifested for the European 
variety of the gypsy moth. A worthy additional step 
in this line of research would be to determine 
some of those costs for Asian moth infestations. 
 Likewise, our analysis has ignored the risk of 
infestation in Canada. A successful, uncontrolled 

 
11 Indeed, Tkacz et al. (1991, p. 5-4) assumed independence of events 
among U.S. wood supply regions, thereby ignoring shifts in production 
to unaffected regions due to stumpage price increases arising from 
forest loss. 

infestation of U.S. forests would raise the risks of 
similarly large losses of inventory in Canada, the 
world’s second-largest forest product producer 
and largest exporter to the United States and the 
world. An important next step in modeling the 
full impact of an Asian moth invasion would be 
to recognize its effects on Canadian timber sup-
ply. 
 The analysis done in this paper was determinis-
tic. For a complete probabilistic analysis, more 
information is needed on the probability of suc-
cessful invasion by Asian gypsy and nun moths, 
and about the likely rate of spread following in-
vasion, with or without a barrier zone manage-
ment program (Sharov and Liebhold 1998, and 
Sharov, Liebhold, and Roberts 1998). 
 Although the empirical probability of an un-
controlled invasion in North America, given cur-
rent monitoring and control approaches, is zero 
based on recent experience with incipient estab-
lishment of the Asian gypsy moth in some states 
of the United States and Canada, it seems un-
likely that the probability of an uncontrolled 
invasion is zero under the current regime. More-
over, we are facing increasing trade, international 
and domestic, and travel between eastern Asia 
and the United States. Land uses are also chang-
ing rapidly. It is therefore prudent to accept that 
the expected losses in the U.S. forest sector are 
not zero and instead are large. The reality of our 
current knowledge is that we do not fully under-
stand how the probability of introduction varies 
with multisectoral trade levels or how the prob-
ability of uncontrolled escape varies with pest 
monitoring and control efforts. Understanding how 
each of these forces may affect the risk of pest 
introduction and spread is an important area of 
future research, which could well result in dif-
ferent conclusions about the efficacy of interven-
tions and hence the net benefits of continuing 
commodity shipments and any contemplated free-
ing of log imports from Russia. 
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APPENDIX A: GFPM Mathematical 
Formulation 
 
Spatial Global Equilibrium12

 
Objective Function 
 
The objective function of the Global Forest Prod-
ucts Model follows Samuelson (1952), identify-
ing production, consumption, and trade flows so 
that producer plus consumer surplus minus trans-
fer costs is a maximum: 
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where i, j = country, k = product, P = price in U.S. 
dollars of constant value, D = final product de-
mand, S = raw material supply, Y = quantity manu-
factured, m = cost of manufacture, T = quantity 
transported, and c = cost of transportation. 
 
End Product Demand 
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where D*

 = current demand at last year’s price 
P-1, and δ = price elasticity of demand (Table B.1). 
D* depends on last year’s demand, and country 
GDP growth [equation (A.7)]. 
 
Primary Product Supply 
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where S*

 = current supply at last year’s price, and 
λ = price elasticity of supply (Table B.2). S*

 de-
pends on last year’s supply, and on exogenous or 
endogenous supply shifters [equations (A.8) and 
(A.9)]. 

                                                                                    

i

12 All variables refer to a specific year. The software and documenta-
tion for the GFPM can be downloaded from http://www.forest.wisc. 
edu/facstaff/buongiorno/book/GFPM.htm. 

 For recycled paper, , where SU
ik ikS S≤ U = upper 

bound on supply, which depends on domestic pa-
per consumption in the previous year [equation 
(A.10)]. 
 Country total wood supply is Si = Sir + Sin + 
θiSif, where r = industrial roundwood, n = other 
industrial roundwood, f = fuelwood, and θ = frac-
tion of fuelwood that comes from the forest (Ta-
ble B.3). iS I≤ , where Ii = forest stock. 
 
Material Balance 
 
(A.4) 0jik ik ik ik ikn in ijk

j n
T S Y D a Y T

j
+ + − − − =∑ ∑ ∑  

, ,i k∀  
 
where aikn = input of product k per unit of product 
n (Table B.4). The shadow prices of the material 
balance constraints give the market clearing prices, 
P. 
 
Trade Inertia 
 
(A.5) L U

ijk ijk ijkT T T≤ ≤ , 

 
where the superscripts L and U refer to lower and 
upper bounds [see equation (A.12)], respectively. 
 
Manufacturing Cost 
 
Manufacturing is represented by input-output co-
efficients and a manufacturing cost (Table B.4). 
The latter is the cost of the inputs not recognized 
explicitly by the model (labor, energy, capital, 
etc.): 
 

(A.6) *

, 1

( ) iksik
ik

ik

Y
m m

Y −

= , 

 
where m* = current manufacturing cost at last 
year’s output, and s = elasticity of manufacturing 
cost with respect to output (Table B.4). m* de-
pends on last year’s manufacturing cost. 
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Shifts of Demand 

(A.7) , *
1(1 )y yD D g−= + α

where gy = GDP annual growth rate, and α = elas-
ticity (Table B.1). 

Shifts of Supply 

Industrial roundwood and fuelwood: 

(A.8)    *
1(1 )I I y yS S g g−= +β +β   for k = r, n, f, 

where gI = rate of change of forest stock [equa-
tion (2)], gy′ = GDP per capita annual growth rate, 
and β = elasticity (Table B.2). 
 Waste paper and other fiber pulp (Table B.2): 

(A.9) . *
1(1 )y yS S g−= +β

The upper bound on waste paper supply shifts ac-
cording to 

(A.10) , , 1
U

k k
k

S r D −= ∑

where rk is the maximum possible recovery rate 
for paper of grade k, which may change exoge-
nously over time. 

Changes in Manufacturing Coefficients 

The input-output coefficients, the aikn’s in equa-
tion (A.4), may change exogenously over time, in 
particular to reflect increasing use of recycled pa-
per in paper manufacturing (Table B.4). 

Changes in Freight Cost and Tariff 

The transport cost for commodity k from country 
i to country j in any given year is 

(A.11) , ( ), 1
I

ijk ijk jk ijk ikc f t f P −= + +

where c = transport cost, per unit of volume, f = 
freight cost, per unit of volume, tI = import ad-
valorem tariff (Table B.5), and P-1 = last year’s 
equilibrium export price. The import tariffs may 
change exogenously over time (Table B.5). 

                                                                                    
13 Unless otherwise indicated, variables and parameters refer to one 
country, one commodity, and one year. 

Changes in Trade Inertia Bounds 

(A.12)  1

1

(1 )

(1 ) ,

L

U

T T

T T
−

−

= − ε

= + ε
 
where ε equals the upper or lower bound on rela-
tive change in trade flow (Table B.5). 

 
APPENDIX B: GFPM Parameters for the 
United States 

Table B.1. Price and Income Elasticities of 
Demand 
Product Price Income 

Fuelwood -0.62 -1.50 

Other industrial roundwood -0.05 -0.58 

Sawnwood -0.16 0.32 

Veneer and plywood -0.13 0.10 

Particleboard -0.24 1.25 

Fiberboard -0.52 0.82 

Newsprint -0.05 0.10 

Printing and writing paper -0.15 0.50 

Other paper and paperboard -0.06 0.40 

 
Table B.2. Price, GDP per Capita, and Forest 
Stock Elasticities of Supply 

Product Price 
GDP per 
Capita 

Forest 
Stock 

Fuelwood 2.00 0.00 1.50 

Industrial roundwood 0.80 0.80 0.50 

Other industrial roundwood 0.80 0.80 0.50 

Other fiber pulp 0.80 1.00  

Waste paper 0.80 1.00  

 
Table B.3. Forest Resource Parameters 
Parameter Unit Value 

Forest stock (106 ha) 32,214 

Forest stock growth rate (% yr-1) 3.20 

Forest area (103 ha) 226,776 

Rate of forest area change (% yr-1) 0.19 

Effect of GDP per capita on forest 
area growth rate 

 0.1868 

Effect of (GDP per capita)2 on 
forest area growth rate 

 -0.0045 

Fraction of fuelwood from forest  1.00 
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Table B.4. Manufacturing Parameters 

Input Product Manufactured Product 
Coefficient 

(m3m-3, m3t-1, or tt-1) 
Change in 

Coefficient (tt-1) 
Manufacturing Cost 
(US$m-3 or US$t-1) 

Output Elasticity of 
Manufacture Cost 

Industrial roundwood Sawnwood 1.42  119.5 3.00 

Industrial roundwood Veneer and plywood 2.51  262.8 0.10 

Industrial roundwood Particleboard 1.57  74.1 2.00 

Industrial roundwood Fiberboard 1.45  179.0 2.00 

Industrial roundwood Mechanical pulp 2.15  160.1 3.00 

Industrial roundwood Chemical pulp 3.50  196.0 3.00 

Mechanical pulp Newsprint 0.03 0.000 177.7 0.40 

Chemical pulp  0.62 -0.002   

Other fiber pulp  0.00 0.000   

Waste paper  0.45 0.002   

Mechanical pulp Printing and writing 
paper 

0.17 0.000 468.3 0.10 

Chemical pulp  0.67 -0.001   

Other fiber pulp  0.00 0.000   

Waste paper  0.09 0.001   

Mechanical pulp Other paper and 
paperboard 

0.01 0.000 374.8 0.10 

Chemical pulp  0.58 0.000   

Other fiber pulp  0.00 0.000   

Waste paper   0.44 0.000     

 
 
Table B.5. Trade Parametersa

Product 
Ad-valorem 
Tariff (%) 

Tariff Reduction 
(%yr-1) 

Freight Cost 
(US$m-3 or US$t-1) Trade Bounds (ε) 

Fuelwood 0.0 0.0 6 0.045 

Industrial roundwood 0.0 0.0 12 0.051 

Sawnwood 0.0 0.0 21 0.050 

Veneer and plywood 4.0 0.0 16 0.052 

Particleboard 1.0 0.0 7 0.069 

Fiberboard 1.0 0.0 10 0.060 

Mechanical pulp 0.0 0.0 22 0.063 

Chemical pulp 0.0 0.0 32 0.045 

Other fiber pulp 0.0 0.0 59 0.100 

Waste paper 0.0 0.0 20 0.096 

Newsprint 0.0 0.0 24 0.030 

Printing and writing paper 1.0 -0.5 46 0.051 

Other paper and paperboard 1.0 -0.5 40 0.045 
a The trade bounds (or trade inertia) parameter, ε in equation (A.12) (Appendix A), is a bound on relative change in trade flow for 
a particular product, and is set at three times the standard error of the mean percentage change of world imports and exports of 
that product from 1970 to 1997 (Buongiorno et al. 2003). 
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