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A B S T R A C T

The evolution of Forest Sector Models (FSMs) since the 1960s has marked a significant advancement in forest economics and policy analysis. However, this
development is limited to North America and Europe’s nations; tropical countries, crucial for biodiversity, carbon storage, and deforestation, face a notable scarcity
of FSMs, often attributed to the limited and fragmented nature of their forest sector data. The importance of unprocessed wood and sources of wood supply are also
distinct in tropical countries. We address these issues by introducing a comprehensive framework to build FSMs tailored for tropical countries whose national ac-
counts are aligned with United Nations standards. We demonstrate the applicability of our framework by constructing the Colombian Forest Sector Model (CFSM), a
structural econometric partial equilibrium model. The CFSM includes five markets grouped in two market sub-models: one for unprocessed wood (firewood and
industrial wood) linked to a forest plantations simulator, and other for manufactured wood products (wood, furniture, and pulp & paper). The model consists of 32
behavioral equations, explaining supply, consumption, exports and imports, and prices for consumption and trade for each market, plus 18 summation and market-
clearing identities. Model estimation is based on 41 years (1975–2015) of data collected, organized, and transformed through a meticulous process. Rigorous
validation confirms the CFSM’s robustness and reliability. The model’s application is demonstrated by estimating wood availability and impacts under several
plantation expansion scenarios, and the monetary effects of expanding Colombia’s wood products industry. The paper opens new frontiers of research in FSMs.

1. Introduction

Forest Sector Models (FSMs), a critical branch in the fields of forest
economics and policy analysis, has one major gap—the lack of forest
sector models for tropical countries; this paper makes the first funda-
mental contribution to this gap that persisted for more than 55 years.
Rivière and Caurla (2021), who define FSMs as “large-scale partial
equilibrium models of the forest sector that represent natural, techno-
logical, and economic facts together with their interactions that enable
the determination of product prices and supply and demand quantities”,
trace their origins to the mid-1960s with the pioneering work of W.L.M.
McKillop. McKillop (1967) built a partial equilibrium model of the
United States forest sector, whose specification consisted of linear sup-
ply and demand equations that aimed to unravel the intricate dynamics
of price formation and consumption levels across various timber
products.

Building on McKillop’s initial efforts, several other FSMs emerged in
the United States (U.S.) before the mid-1970s, each focusing on specific
aspects of the forest sector. Notable among these were Adams (1974)
timber market model in Douglas fir regions, Robinson (1974) econo-
metric model of softwood lumber and stumpage markets, and Haynes

(1975) dynamic spatial equilibrium model for softwood timber, all of
which played pivotal roles in shaping the theoretical approaches and
methodologies fundamental to FSM development (Buongiorno, 1996).
The 1980s then saw a significant shift towards the integration of these
efforts, culminating in the development of comprehensive FSMs like the
Timber Assessment Market Model (TAMM) by Adams and Haynes
(1980), which became a widely used tool for policy analysis in U.S.
forest markets, allowing for long-term projections of prices, consump-
tion, and production in stumpage markets (Adams and Haynes, 1980;
1993). Recognizing the focus of TAMM on the solid wood sector, the
PAPYRUS model was developed to complement it, focusing on the U.S.
pulp and paper industry, later evolving into the North American pulp
and paper model (NAPAP) (Gilless and Buongiorno, 1987). Concur-
rently, the scope of FSM development extended beyond the U.S. with the
introduction of the IIASA Forest Sector Model or Global Trade Model
(GTM) by Kallio et al. (1987), representing 16 forest products traded
across 18 global regions, considering bilateral trade linkages, trans-
portation costs, tariffs, and trade barriers. The GTM later evolved into
the CINTRAFOR GTM, expanding its scope to more products and regions
(Buongiorno et al., 2003a; Turner and Buongiorno, 2003). By the late
1990s, global models like the Global Forest Products Model (GFPM)
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(Zhang et al., 1997; Buongiorno et al., 2003b) and the Timber Supply
Model (TSM) by Sedjo and Lyon (1996) had emerged, projecting future
prices and quantities for forest products across multiple regions. During
the 1990s and the 2000–2013 period, additional recursive dynamic
models such as the Finnish SF-GTM (Ronnila, 1995), the Norwegian
NTM (Trømborg and Solberg, 1995), the US South sub-regional timber
supply model STSM (Abt et al., 2000), the European Forest Institute
Global Trade Model EFI-GTM (Kallio et al., 2004), NTM II (Folsland
Bolkesjø et al., 2006), the French forest sector model FFSM (Caurla et al.,
2009; Caurla et al., 2010), and the United States Forest Product Module
USFPM of the GTM (Ince et al., 2011) contributed to the landscape,
alongside inter-temporal optimization models like the Forest and Agri-
culture Optimization Model FASOM (Adams and Haynes, 1996), the US
Pacific Northwestern Regional Models PNW-RM (Schillinger et al.,
2003), the Norwegian Nor-For (Sjølie et al., 2011), and the European
FASOM (Schneider et al., 2008; Lauri et al., 2012). The forward-looking
dynamic Model of Global Timber Markets (Sohngen et al., 1999; Sohn-
gen and Mendelsohn, 2003) also emerged during this time. Between
2013 and 2020, new FSMs were introduced, including the Alberta FSM
(Niquidet and Friesen, 2014), the global REPA-PFC Forest Trade Model
RPFTM (Van Kooten and Johnston, 2014), the Nordic FSM (Mustapha,
2016), and the updated French FFSM++ (2016), further expanding the
field. The evolution of FSMs since the 1960s is comprehensively docu-
mented in the works of Solberg (1986), Haynes (1993), Buongiorno
(1996), Adams and Haynes (2007a, 2007b), Latta et al. (2013), Sjølie
et al. (2015), Rivière and Caurla (2021), and Martínez-Cortés (2023),
with the foundational models like TAMM, PAPYRUS, and GTM credited
with shaping the current generation of FSMs (Latta et al., 2013; Rivière
and Caurla, 2021).

Shortly after their introduction, FSMs quickly became essential for
analysis and policy deliberation in the forest sector (Latta et al., 2013;
Sjølie et al., 2015). The evolution in FSM usage, as Rivière and Caurla
(2021) observe, extends beyond their original scope of timber markets
and forest resource management, now increasingly addressing broader
concerns such as climate change mitigation and energy production. In
policy analysis, the central role of FSMs echoes the principles set forth by
Hawkesworth (1988), strategically dissecting complex policy issues,
elucidating policy debate intricacies, pinpointing argumentative weak-
nesses, and clarifying the ramifications of various policy options. A
pivotal paper by Sedjo and Goetzel (1997), titled “Workshop to Examine
Models Needed to Assist in the Development of a National Fiber Supply
Strategy for the 21st Century”, offers compelling instances that under-
score the versatility of FSMs, extending beyond the initial commodity-
focused policies to encompass environmental considerations. Adams
and Haynes (2007b) provide an extensive overview of the diverse ap-
plications of FSMs in forest policy analysis up to the mid-2000s, cate-
gorizing them into themes such as balancing commodity and non-
market resource values, detailed resource planning, and exploring the
interplay of forest policy with other sectors. Recent advancements in
FSMs, tackling a diverse array of policy issues such as forest conserva-
tion, bioenergy, environmental challenges, renewable energy, and
climate change at various geographical levels, have been comprehen-
sively reviewed by Toppinen and Kuuluvainen (2010), Latta et al.
(2013), Guo et al. (2019), Rivière and Caurla (2021), and Martínez-
Cortés (2023). Noteworthy examples include the integration of FSMs
into the Timber Assessment Projection System (TAPS) in the United
States since 1980 (Adams and Haynes, 2007a). Additionally, the appli-
cation of FSMs in analyzing trade impacts and climate change has also
been significant, with studies by Bishop (1997) on tropical timber,
Perez-Garcia et al. (1997) on climate change, and Kallio et al. (2006) on
forest conservation in Europe. Buongiorno et al. (2011) examined the
impact of bioenergy demand on the global forest sector, while Guo et al.
(2019) provided insights into the regional implications of increased
bioenergy production, and Favero et al. (2018) and Favero et al. (2021)
further explored climate change impacts on forest ecosystems and
markets. These examples underscore FSMs’ adaptability and their

critical role in shaping contemporary forest policy and management
strategies.

Both the evolution of FSMs and their usage in forest policy analysis
have been reported at national, regional, and global scales (Toppinen
and Kuuluvainen, 2010). At country-scale, however, the development
and use of FSMs have predominantly centered on temperate nations,
particularly North America and Europe. Tropical countries, which are
global centers of biodiversity richness, carbon storage, and deforesta-
tion, experience a notable scarcity in both the building and application
of national-scale FSMs (Martínez-Cortés, 2023).1 This issue of a signif-
icant divide in forest sector modeling between developed and tropical
nations was first highlighted by Haynes (1993) after the 10th Forestry
World Congress. Haynes (1993) observed that in tropical countries
forest data is restricted to international trade records or limited to select
wholesalers; and the data from local sources and from the World Bank
and FAO are insufficient in providing specific statistics crucial for FSMs,
such as local market data on forest product prices and quantities.

To address the data challenges highlighted by Haynes, the use of
National Accounts as data source for developing national-level FSMs
presents a promising solution but remains underexplored. A notable and
only example reported in scientific literature of this approach is the
Canadian Forest Product Sector Model (CFPSM) (Kant et al., 1996),
which effectively integrates National Accounts into its conceptual
framework. The CFPSM leverages comprehensive data on forest sector
production, consumption, international trade, and pricing at the na-
tional level. It is also integrated within the broader FOCUS Canada
macroeconomic model (Dungan et al., 1995), demonstrating a syner-
gistic interaction between sector-specific and national economic data.
While the CFPSM primarily examines the influence of national economic
variables on the forest sector, it also highlights the sector’s potential
impact on the broader economy. Although developed in a temperate
country, the innovative methodology used in the CFPSM offers valuable
insights that could be adapted to overcome data scarcity and develop-
ment challenges in FSMs for tropical countries.

In this paper, we build upon the approach of Kant et al. (1996) to
address the challenges of developing national-scale FSMs for tropical
countries. We propose a comprehensive framework, developed as part of
the first author’s doctoral thesis, that encompasses theoretical, con-
ceptual, methodological, and empirical aspects of building national-
scale FSMs tailored for tropical countries. This framework is particu-
larly suited for countries with national accounting systems aligned with
the United Nations standards and is designed to accommodate all forest
products—including wood and non-wood forest products, as well as
forest ecosystem services—with existing or foreseeable markets. Using
Colombia as a case study, we demonstrate the effectiveness and adapt-
ability of our framework through the development of the first phase of
the Colombian Forest Sector Model (CFSM), which focuses on wood
forest products. The CFSM has been employed to analyze the country’s
current forest policy, a topic that is explored in several other papers.

In proposing our framework and developing the CFSM, we also
illustrate how to address five key considerations specific to national-
scale FSMs for tropical countries—areas that have received limited
attention in previous FSM research. First, building FSMs requires a
considerable amount of both forest sector and socioeconomic data,
which is often consolidated, centralized, and accessible in temperate

1 Tropical countries have been included in global FSMs, such as the GTM and
the GFPM. Additionally, the forest sectors of several tropical countries have
been analyzed using Multisectoral Input-Output and General Equilibrium (GE)
models, including Computable General Equilibrium (CGE) models, as well as
descriptive and GAP models (commissioned by FAO, and UNECE), and forest
carbon models (e.g., FORCARB, and HARVCARB). However, the capabilities of
these models and the analyses they enable differ from those of FSMs. For dis-
tinctions of these models from FSMs, refer to Haynes (1993), Banerjee & Ala-
valapati (2014), and Martínez-Cortés (2023).
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regions but tends to be fragmented in tropical regions. While much of
this key data resides within the national accounts system, it may not
always be fully accessible or consolidated. Additionally, forest sector
data not included in national accounts is often collected by various
government and non-government agencies, and socioeconomic data
faces similar challenges due to multiple sources and inconsistent
reporting. This fragmentation complicates the collection, compilation,
and consolidation of data required for FSM development. We overcome
this by developing a comprehensive data consolidation process that
meticulously collects, organizes, and transforms both historical and
current data.

Second, while FSMs have generally focused on manufactured wood
product markets, unprocessed (raw) wood markets have received less
attention, particularly due to their relatively minor role in developed
economies. However, in tropical countries, markets of unprocessed
wood—used for firewood and for the manufactured wood products in-
dustry and final consumption other than firewood—play a crucial role
and significantly contribute to the economy. For example, the impor-
tance of the firewood market is substantial; in 2022, 74 % of the 1.97
billion cubic meters of global production wood fuel was produced in
tropical countries (FAO, 2024). In Colombia, the production of firewood
alone amounted to 4.7 million tons, while industrial wood production
totaled 4.58 million cubic meters of underbark roundwood in 2021
(Martínez-Cortés, 2023; MADR, 2023; MADS, 2023; DANE, 2023; FAO,
2023). We manage this by including two distinct markets of raw wood:
one for unprocessed wood for firewood and another for raw wood used
in the manufactured wood products industry and final consumption
other than firewood, in addition to the traditional focus on manufac-
tured wood products.

Third, in tropical countries, wood supply is not limited to natural
forests and commercial plantations, as it often is in temperate/devel-
oped economies, and agroforestry and trees outside forests are two
important sources of wood supply. In Colombia, for instance, the area of
agroforestry systems (including those with coffee, cocoa, and livestock)
is considerable and can surpass the country’s area of commercial forest
plantations, which was 0.54 million hectares in 2022 (MADR, 2023).
Additionally, trees outside forests (planted and naturally regenerated)
have become increasingly relevant in Colombia and are growing (ICA,
2021). Although the exact volume of unprocessed wood supplied from
these sources is currently unclear, this trend is expected to grow in the
future. We incorporate all four sources of wood supply —natural forests,
commercial plantations, agroforestry systems, and trees outside forest-
s—to provide a comprehensive analysis.

Fourth, many existing FSMs for temperate countries are purely
economic models that lack integration with biophysical models of for-
ests. These linkages are essential, particularly for policy analysis related
to wood supply from different sources, such as commercial plantations.
We handle this by linking forest ecosystem simulators (forest growth and
yield models) to market models. This integration allows us to incorpo-
rate physical wood supply as a key the explanatory variables in the wood
supply equations. Specifically in the phase I of the CFSM we thoroughly
developed the simulator for forest plantations and linked it to the market
model of the unprocessed wood for industrial uses.

Fifth, transparency is a critical challenge for FSMs, impacting their
accuracy and reliability. As highlighted by Toppinen and Kuuluvainen
(2010), the complexity of FSMs often results in a lack of transparency,
making it difficult to assess their underlying assumptions and mecha-
nisms. This opacity can undermine confidence in the model’s pre-
dictions and hinder effective policy analysis. To address these issues, we
developed a comprehensive and detailed documentation on the CFSM’s
assumptions, mechanisms, and validation process. We also created an
Excel® App to perform an extensive model’s validation which retains all
the original time series used for model estimation. The App also executes
(solves) the CFSM and keeps all the inputs and the output of the
execution. This App, together with our thorough explanation of the
model’s assumptions and mechanisms, and our extensive data

consolidation process, effectively addresses potential transparency
challenges. This approach not only ensures the CFSM’s accuracy and
reliability but also sets a standard for modeling practices in tropical
regions.

Next, we present our comprehensive framework for building FSMs
for tropical countries, which is detailed in Sections 2 to 5. Section 2
introduces the general structure and specification approach for any FSM,
designed to accommodate all forest products—including wood and non-
wood forest products, as well as forest ecosystem services—along with
all sources of these products, such as forest plantations, natural forests,
and trees outside forests. In Section 3, we provide a detailed specifica-
tion of an FSM focused exclusively on wood forest products, exemplified
by the Colombian Forest Sector Model (CFSM). Section 4 discusses the
methods and data used for the CFSM estimation, while Section 5 pre-
sents the results of the estimation and validation of the model. Model
applications are outlined in Section 6. Section 7 ends the paper with the
main conclusions, limitations, and future research directions.

2. Structure and specification of a general forest sector model –
FSM

2.1. The forest sector modeled

Generally, the forest sector is considered as an integration of forest-
related activities, and different authors have emphasized different ac-
tivities in their forest sector modeling. For example, Solberg (1986,
p.420) considered forestry and forest industries and interactions be-
tween them, while Buongiorno (2014, p. 291) focused on activities
related to the growing, harvesting, transportation, and transformation of
wood into wood products, and the use of wood products. Rivière and
Caurla (2021) reviewed several approaches for modeling the forest
sector and concluded that in modeling the forest sector it should be
considered that the forest sector is “extensive and intricate, character-
ized by the inclusion of horizontally and vertically integrated structures
and processes (Johnston & van Kooten 2014) but also of different na-
tures: biological dynamics, economic behaviours, and industrial pro-
cesses” and more.

For the development of our FSM, we adopted the comprehensive
approach of Gane (2007, p. 32), illustrated in Fig. 1. His forest sector
concept encompasses three components: resources, activities, and out-
puts, all of which are intertwined in both space and time. It is important
to note that Fig. 1 implies that anything not intrinsically related to
forests falls outside the forest sector. In the forest sector, the resource
component is made up of natural, human, and capital assets. Natural
resources correspond to the forest ecosystems, with natural forests,
commercial and other types of forest plantations, agroforestry systems,
trees outside forest, and other forest lands representing variations of
these ecosystems. The component of activities comprises the primary
production, arising from silviculture, i.e., the management of forest
ecosystems to obtain one or more forest products (initially with minimal
or no processing), transformation (aka manufacturing), trade (aka
commercialization), distribution, and consumption. The output
component of the forest sector is jointly known as forest products, which
are either goods (i.e., tangible things) or services (non-tangible things).
Goods are classified into two main groups: wood forest products (WFP)
and non-wood forest products (NWFP). Services are usually referred to
as forest ecosystem services (FES).

The WFP include unprocessed wood (e.g., logs and roughly squared
wood -blocks- sometimes obtained from forests by using chainsaws or
other means), and manufactured wood products (e.g., sawn wood, wood
furniture, wood-based panels, pulp, paper, and paperboard). Unpro-
cessed wood comprises not only firewood and logs & blocks for indus-
trial use and for final consumption other than firewood, but also “forest
biomass” which, in some cases, is used to feed power plants. The NWFP
includes tree exudates such as rubber and rosin, barks, and leaves,
among others. The FES comprises carbon capture and storage,
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biodiversity conservation, water protection, and nature tourism, to
name a few.

All WFP, and many NWFP and FES could be traded in a market.
Currently, these markets are at different stages of development. In
general, there exist markets for most of the WFP and many NWFP which
can be either formal or informal. In contrast, there are only a few
markets for FES (e.g., those related to carbon capture and storage,
biodiversity conservation, and water protection and regulation) and
these are usually formal. Given the characteristic that many forest
products can be traded in a market, our way of thinking about the forest
sector for modeling purposes in the context of this paper is as the
aggregate of all existing markets of WFP, NWFP, and FES.

2.2. General structure of a forest sector model (modeling approach,
markets, products, components, and phases)

To represent a country’s forest sector, we use a structural econo-
metric partial equilibriummodel based on the framework of neoclassical
competitive market theory. This market model is connected to a series of
simulators that emulate the biological behavior of forest ecosystems,
including natural forests, forest plantations, agroforestry systems, and
trees outside the forest.

The FSM captures the total existing market for all forest products,
which are divided into three aggregated markets: the WFP market, the
NWFP market, and the FES market. Aggregation in these markets refers
to the sum of the individual markets of every product (good or service)
within each category of forest products. Each individual market of a
product within the WFP and NWFP categories consists of the addition of
two markets related to the level of processing of the product: unpro-
cessed or manufactured (processed). We consider unprocessed WFP and
NWFP as those forest products at the state they are in when harvested (i.
e., without any or with minimal transformation process) from forest
ecosystems. In addition, we think of manufactured WFP and NWFP as
those produced by the manufacturing industry. This common division of

forest products based on their degree of processing allows us to also
group the markets captured in the FSM as two aggregated markets: one
for the unprocessed forest products and one for the manufactured forest
products. Since FES do not go through anymanufacturing process before
human’s consumption, we place their aggregate market under the un-
processed forest products market.

A complete conceptual map for the development of the FSM is pre-
sented in Fig. 2. The model features two types of components: market
sub-models (in yellow boxes at the center of the figure), and forest
ecosystems simulators (in blue boxes on the left). The Unprocessed
forest products market sub-model (UFM) and Manufactured forest
products market sub-model (MFM) comprise the partial equilibrium
models (PEMs) that mimic the behavior of the markets mentioned in the
preceding paragraph. In addition to the PEMs, in the yellow box of the
UFM we have included one of the most important variable inputs into
the PEMs, named Available Stock for Supplying (AS), which is derived
from the area change and biological behavior of the forest ecosystems
for each category of forest products: WFP, NWFP, and FES. The AS
variable is a key policy variable into themodel which allows the modeler
to run policy experiments, and in the FSM it is the combined output of
the simulators for natural forest, forest plantations, agroforestry sys-
tems, and trees outside forest.

As the range of forest products is vast, the FSM can be developed in
phases, each adding incremental complexity to the model while intro-
ducing new features and capabilities for more advanced forest sector
studies and policy analysis. At its simplest, the model may consist of a
single partial PEM representing just one individual market at a specific
degree of processing, such as the market for manufactured rubber, CO2
offsets, or unprocessed wood for firewood. Alternatively, it can incor-
porate two PEMs to represent aggregated markets by degree of pro-
cessing, such as the unprocessed wood market and the manufactured
wood products market, without delving into specific product sub-
divisions—for instance, distinguishing between firewood and industrial
wood within the unprocessed wood market, or manufactured wood

Fig. 1. The Forest Sector Concept.
Source: Martínez-Cortés (2023)
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products from the wood, furniture, and pulp and paper industries within
the latter. For more detailed analysis, multiple PEMs can be employed to
represent various individual markets within the forest sector, as further
explained. In Fig. 2, we highlight two phases (in magenta boxes), though
other configurations with more aggregated or disaggregated phases are
also possible. In the example shown, Phase I focuses solely on wood
forest products (WFP), enabling the model to conduct experiments
related to the development of WFP markets and the expansion of the
manufactured wood industry, mainly. Phase II, which includes non-
wood forest products (NWFP) and forest ecosystem services (FES), en-
hances the model’s capacity to perform more complex experiments
related to the development of NWFP and FES markets and the broader
role of forests in addressing climate crises, beyond what is possible with
just Phase I.

The lower left corner of Fig. 2, bordered by a black box, identifies the
sources of economic data essential for estimating the model. These
include the Supply and Use tables from a country’s National Accounts
System, as well as other data typically collected under what can be
broadly categorized as the country’s National Statistics System. More
detailed information on these sources and the data used for model
estimation is provided in subsequent sections of this paper.

2.3. General specification a forest sector model

Based on the mapping illustrated in Fig. 2 and explained in the
preceding section, the general form of the theoretical structure of the

proposed FSM, summarized in terms of identities and behavioral equa-
tions, is as follows.

2.3.1. Identities
Each partial equilibrium model for any and all aggregated markets

and its individual markets captured by the FSM is centered around the
Market Clearing Condition (MCC) concept, which assumes that markets
are in equilibrium. In other words, we assume that, at any point in time,
total supply (ST) equals total demand (ST).

STt = DTt (Identity 1)

Identity 1 is used to determine the prevailing price if MCC holds; if
not, price is factored in as an exogenous variable. In general form, the
Supply side (ST) of the identity 1 captures the sum of the supplies (S) of
all three aggregated forest sector markets defined at the start of Section
2.2 — i.e., the markets of WFP, NWFP, and FES.

STt =
∑

St (Identity 2)

By extension, the supply of each aggregated market (S) is in itself the
sum of the supplies from all its individual markets. As an example, the
total supply for the WFP market is the addition of the supplies of the
unprocessed woodmarket and the manufactured wood products market,
and this latter is in turn the sum of the supplies of its industries (i.e.,
wood, furniture, pulp & paper).

As defined by economic theory, the Demand side (DT) of the identity
1, which represents the total Demand for all products of the forest sector,

Fig. 2. Conceptual map for a forest sector model (FSM).
Source: Modified from Martínez-Cortés (2023). PhyV: Physical Values, MV: Monetary Values, P*: Equilibrium prices, Q*: Equilibrium quantities. The Module UFM to
MFM (UMM) facilitates communication between the two submodels by converting monetary values into physical values using physical conversion factors (quantities
of unprocessed product needed to obtain a manufactured product) and monetary conversion factors (monetary volume quantities/price of a product to obtain
physical quantities). For further explanation of these conversion factors, see Martínez-Cortés (2023).
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is defined as the sum of total public and private domestic consumption
(CT) plus total exports (XT), minus total imports (MT).

DTt = CTt +XTt − MTt (Identity 3)

Modeled this way, it facilitates the analysis of the effects of different
policies on specific components of a country’s economy, such as GDP
and trade balances. At the aggregate market level, each Demand
component is the sum of all the individual markets it represents.

CTt =
∑

Ct (Identity 4)

XTt =
∑

Xt (Identity 5)

MTt =
∑

Mt (Identity 6)

2.3.2. Supply, consumption, exports, and imports behavioral equations
At the individual market level, according to economic theory, the

supply (right-hand side of Identity 2) of a good (or service) depends
upon its price and production costs, which are, in turn, affected by the
price and availability of the input factors, such as labor, capital, mate-
rials, and energy. Both the prices of the good (or service) and of the input
factors, as well as the availability of the latter are considered by eco-
nomic theory as the key determinants of supply. Supply is also affected
by changes in natural conditions (e.g., weather), shifts in production
technology, and government policies (e.g., taxes and subsidies).

Similarly, the behavior of consumption, exports, and imports in in-
dividual markets (right-hand side of Identities 4, 5, and 6) is shaped by a
combination of domestic and global variables. According to economic
theory, consumption of a good (or service) is influenced by key factors
such as its price, consumer income, and wealth. It is also affected by the
prices and availability of related goods (whether substitutes or com-
plements), changes in consumer preferences and tastes, government
policies, expectations about future prices and income, and interest rates.
Exports of a good (or service) depend on its price, exchange rates, and
global demand, and are also influenced by trade policies and the
competitiveness and productivity of the domestic industry. Imports are
similarly influenced by exchange rates, global prices of the good (or
service), and domestic consumption levels of it. Additionally, imports
are affected by domestic income levels, trade policies, and the produc-
tion costs and competitiveness of the importing country’s industry that
produces the good (or service) under consideration.

The relationship between supply, consumption, exports, and im-
ports, and the corresponding variables on which they depend, forms the
basis of the behavioral equations in our general FSM. For brevity, we do
not present these equations for each individual market within the
aggregated WFP, NWFP, and FES markets that can be included in a FSM.
Instead, in the next section, we illustrate the theoretical formulation of
these equations for one specific market—the WFP market—within the
context of a case study for Colombia. This case study uses a national-
scale FSM, named the Colombian Forest Sector Model (CFSM), which
corresponds to Phase I shown in Fig. 2, and was designed using the
framework presented thus far and estimated as part of the first author’s
doctoral thesis.

3. Structure and specification of a country-specific forest sector
model: a case study of Colombia

3.1. Structure of the Colombian forest sector model (CFSM)

The general outline of the CFSM is presented in Fig. 3, which pro-
vides a zoomed-in view of the components of our general FSM (Fig. 2)
that were fully developed for the model discussed in this section. There
are three main components for the CFSM: two market models —the
manufactured wood products market sub-model (MWM) and the un-
processed wood market sub-model (UWM)—, and the Colombian Forest

Plantation Growth and Yield Simulator (SCRPFC). The structures of the
MWM and UWM are explained in the following subsections. The
SCRPFC, which utilizes a biological model to project the volume avail-
ability of unprocessed wood from Colombia’s forest plantations, is used
in the CFSM to provide the volumes available for the supply of unpro-
cessed wood (a variable in the behavioral equations of the UWM named
VAST). This volume is an input for the manufactured wood product
industry. Note that, for the current version of the CFSM, it is assumed
that wood from forest plantations is not used for final consumption, such
as firewood or other uses. The simulator, together with an empirical
exercise outlining the availability of unprocessed wood from forest
plantations for the period 2015–2047 under various commercial plan-
tation expansion scenarios for Colombia, is detailed in Martínez-Cortés
et al. (2022).

Fig. 3 does not include the simulators for agroforestry systems, nat-
ural forests, and trees outside forests that are depicted in Fig. 2, as these
components were not developed for the current version of the CFSM due
to data restrictions. However, since these three sources of wood are
crucial for Colombia’s WFP market, we employ an alternative approach
to integrate them into the current version of the CFSM, which will be
explained later. Additionally, the forest bioenergy industries and other
innovative manufactured wood products industries, indicated by the
dashed box within the MWM in Fig. 3, were also not included in the
current version of the CFSM due to similar data limitations. These in-
dustries are included in the Fig. 3 to highlight their importance and to
remind readers that any other country considering a FSM with a MWM
should not neglect the individual markets for products of these
industries.

In the CFSM, the UWM and MWM together represent the aggregated
market for wood forest products (WFP). The UWM reflects the behavior
of the unprocessed wood (UW) or raw wood (rw) market, which is in
itself an aggregate of two individual smaller-scale markets: Unprocessed
wood for manufactured wood products industry and final consumption
other than firewood (MWrw), and Unprocessed wood for firewood
(FWrw). On the other hand, the MWM accounts for the behavior of the
manufactured wood products (MW) market, which is the aggregate of
the three individual smaller-scale markets for the manufactured prod-
ucts of the: wood industry (w), furniture industry (f), and pulp and paper
industry (z). Additional details of the markets and products considered
under the CFSM are presented in Appendix A.

In the MWM and UWM each of the two markets making up the WFP
market — the rw market and the MWmarket— is represented by several
partial equilibrium models (PEMs), as shown in Fig. 3. The MWM in-
cludes three PEMs, for w, f, and z individual markets respectively. The
UWM comprises two PEMs, one for FWrw market and one for MWrw
market. Every PEM is a system of simultaneous linear equations which
includes several behavioral equations and one identity for the market
clearing condition (MCC). In each PEM, behavioral equations explain
the total supply (national production), consumption, trade (exports &
imports), and prices for consumption and trade. The specifications for
the identities and theoretical behavioral equations of the CFSM are
summarized in Table 1, with detailed explanations provided in the
following subsections. For the sake of parsimony, both the identities and
equations in this section are presented in their general form and apply to
both sub-models of the CFSM (MWM and UWM), unless otherwise
specified. Readers interested in the specific theoretical behavioral
equations for each market considered in the CFSM can consult Martínez-
Cortés (2023). This reference also includes the corresponding market
identities that complete each PEM within both sub-models (UWM and
MWM) and the overall CFSM.

3.2. Specification for the CFSM: identities and behavioral equations of the
sub-models MWM and UWM

3.2.1. Market-specific identities
Following the general form presented in Section 2, the CFSM
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incorporates a general market clearing identity (Identity 1 in Table 1)
applicable to all aggregated and individual markets considered: WFP,
MW, and rw (aka UW). For these markets, total supply (ST) is a com-
posite of the supply (S) of each smaller-scale market within them
(Identity 2 in Table 1). Specifically, ST for the WFP market is the sum of
the supplies from the MW and rw markets. Within the MW market,
supply is the sum of the supplies from the w, f, and z industries. In the
case of the rw market, supply is the sum of supply from Colombia’s
commercial forest plantations (fp), natural forest (nf), agroforestry
systems (as), and trees outside forests (to). Therefore, ST for the rw
market is the aggregate of the supplies of unprocessed wood from these
four sources.

However, due to an increasing interest in forest plantation devel-
opment by Colombia’s government (Martínez-Cortés et al., 2022) and
the data constraints mentioned earlier in this section, the current version
of the CFSM provides a detailed specification only for wood supply from
commercial forest plantations, through the calculations of VAST from
this source with the help of the SCRPFC. Wood supply from natural
forests is included in the CFSM through a basic equation that does not
rely on VAST from this source, as we will discuss later. The current
version of the CFSM also has an alternative way to include the wood
supply from natural forest which is a lump-sum estimation based on
trends in the historical supply, as per the national wood consumption
balances. Additionally, wood supply from agroforestry systems is
currently accounted for within the volumes supplied from commercial
forest plantations, while wood supply from trees outside forest is
included within the volumes of both commercial forest plantations and
from natural forests. However, no separate specification exists for
agroforestry systems and trees outside forests in the current version of
the CFSM. The complete specification for the supply from the sources
outside of commercial forest plantations will be addressed in future
versions of the CFSM. A more detailed breakdown of the supply

determinants for the rw market considered under the sub-model named
UWM, with a special focus on how the VAST variable is calculated, is
provided in Appendix B.

A similar explanation applies to the Total Demand (DT) for the
markets of WFP, rw, and MW, as outlined for ST. This total demand is
detailed in Identity 3 of Table 1, and is similarly broken down into its
components: Total Consumption (CT), Total Exports (XT), and Total
Imports (MT), as expressed in Identities 4, 5, and 6 of the same table. At
the most basic level of the smaller-scale markets—identified as sub-
market k in Table 1, which includes the markets for MWrw, FWrw, w, f,
and z—the market clearing condition also applies (Identity 7)., The
behavioral equations for Supply (S) and the components of Demand (D)
at these basic levels within the MWM and UWM sub-models of the CFSM
are detailed below.

3.2.2. Supply-specific behavioral equations
The supply (S) equations of the three individual markets under MWM

(Eq. 8 in Table 1) include four explanatory variables: labor (L) and
capital (K) specific to the domestic industries producing w, f, and z,
respectively; the prices of supply (PS) for the w, f, and z products pro-
duced by these industries, correspondingly; and the price of consump-
tion, PC, of the unprocessed wood for the manufactured wood products
industry and final consumption other than firewood, MWrw (PCtMWrw).

In these three supply equations, we have not included any explana-
tory variables for changes in natural conditions and technology, gov-
ernment policies, energy, and most of the materials but MWrw, for three
reasons: 1) they have had null or negligible effects on the Colombian
wood forest products industry in the past seven decades, and/or 2) it was
already known (at the time of formulating the theoretical equations)
that their data was scarce, and/or 3) to comply with Occam’s razor
principle. Note that we equate supply with national production.

In the supply equations of the two individual markets within UWM,

Fig. 3. Conceptual map of the Colombian forest sector model (CFSM).
Source: Modified from Martínez-Cortés (2023). PhyV: Physical Values, MV: Monetary Values, P*: Equilibrium prices, Q*: Equilibrium quantities, PEMS: secondary
processed wood products (productos madereros de elaboración secundaria, in Spanish). In green: data, inputs, and sources available up to 2021 and parts of the UWM
and MWM fully developed under the CFSM. In yellow: data that need improvement (e.g., the UWM sub-model currently includes a detailed specification only for
calculating the wood supplied by commercial forest plantations. Unprocessed wood from natural forests is incorporated as a lump sum, i.e., without a simulator for
natural forests. When data from the national forest inventory become available, a simulator for the dynamics of natural forests can be developed and incorporated).
The forest bioenergy industry and other innovative manufactured wood products (right bottom corner) are to be developed in the future as these industries evolve.
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labor (L), capital (K) are specific to the domestic logging industry for
forest plantations (i.e., for MWfprw) and natural forests (i.e., for
MWnfrw) in the MWrw market, as well as for the natural forests in the
FWrw market (i.e, for FWnfrw). Additionally, two other variables, VAST
and GEN are included. VAST, representing the stock of wood available
for supply at the beginning of year t, is only relevant in the MWfprw
equation. GEN captures other costs of harvesting and those not captured
by the L and K across the MWfprw, MWnfrw, and FWnfrw markets.
Notably, FWrw is equivalent to FWnfrw due to the assumption that
wood from forest plantations is used exclusively for industrial wood.
Detailed explanations of VAST can be found in Appendix B.2

3.2.3. Demand-specific behavioral equations

3.2.3.1. Consumption (C). In the MWM, the Consumption (C) equations
of its three individual markets (Eq. 9), incorporate not only the usual
variables of price of consumption (PC) for the products w, f, and z,
respectively, and income (Y), but also three additional macroeconomic
variables: unemployment (U), inflation (i), and wealth (W). Consump-
tion for specific manufactured wood products also depends on other

explanatory variables based on their use: products from the wood and
furniture industries are durable goods, while products from the pulp and
paper industry are non-durable goods (Kant et al., 1996). Consequently,
the consumption for products manufactured by the wood industry for
Colombia is mainly driven by the housing construction (HCS), which
also influences demand for furniture; while population (N) impacts the
demand for the non-durable goods produced by the pulp and paper
industry.

For the UWM, equation consumption of the MWrwmarket (Eq. 10) is
derived from the supply (production) of w, f, and z, (as determined by
Eq. 8), along with the price of consumption for MWrw (PCMWrw). For the
individual market of FWrw, i.e., unprocessed wood for firewood, due to
the informality of this market, we use a similar approach as in the
literature on consumption patterns for firewood in other developing
countries (FAO, 1994 and Fox, 1984), and model the consumption of
FWrw (CFWrw) as dependent on levels of income (Y), wealth W (as a
determinant of substituting firewood with other sources of energy),
geographic location (GEO), and population (in this research rural pop-
ulation NR is instead used as unprocessed wood for firewood is almost
entirely used in rural areas in Colombia). Other independent variables,
such as inflation (i) and unemployment (U) were also added to the
consumption equation of the FWrwmarket (Eq. 10) for consistency with
the explanatory variables used to explain consumption in the markets
included in the MWM.

In the near future, current efforts from different Colombian gov-
ernment agencies are expected to provide more detailed information on
the patterns of consumption of firewood in Colombia which might in
turn require a future adjustment to the variables of the consumption
equation of FWrw (Eq. 10).

Table 1
Theoretical Behavioral Equations and Identities for the CFSM.

Identity or
Equation Number

Identity or Equation name Identity or Equation

1 Clearing Condition for market j, where j = {MW, rw (aka UW), WFP} STtj = DTtj

2
Total Supply (Production) in market j over all markets k (of j), where k = {w,
f,and z for MW and MWrw and FWrw for rw whit MWrw = MWfprw +

MWnfrw and FWrw = FWnfrw}
STtj =

∑
k Stkj

3 Total Demand for market j DTtj = CTtj + XTtj - MTtj

4 Total Consumption in market j over all markets k CTtj =
∑

kCtjk

5 Total Exports in market j over all markets k XTtj =
∑

kXtjk

6 Total Imports in market j over all markets k MTtj =
∑

kMt
jk

7 Clearing condition for each market k Stk = Ctk + Xtk - Mt
k (i.e. Stk = Dtk)

8
Supply for eachmarket k where β5sk= 0 for k= {MWfprw, MWnfrw, FWnfrw},
β6sk = 0 for k = {MWnfrw, FWnfrw}, and β6sk = β7sk = 0 for
k = {w,f,z}

Stk= β1sk+ β2sk PStk+ β3sk Ltk+ β4sk Ktk+ β5sk PCtMWrw+ β6sk VASTtk+ β7sk GEN k+ εtsk

9
Consumption in each market k of the manufactured wood products market
where β6ck = 0 for k = z and β8ck = 0 for k = {w,f}

Ctk = β1ck + β2ck PCtk + β3ck Ut + β4ck it + β5ck Wt + β6ck HCSt + β7ck Yt + β8ck Nt + εtck

10
Consumption in each market k of the unprocessed wood market where β2ck =
β4ck = β5ck = β6ck = β7ck = β8ck = 0 for k = FWrw and β9ck = β10ck = β11ck = 0 for k =

MWrw

Ctk= β1ck+ β2ck Ut+ β3ck PCtk+ β4ck NRt+ β5ck Wt+ β6ck Yt+ β7ck it+ β8ck GEOt+ β9ck

Stw + β10ck Stf + β11ck Stz + εtck

11 Exports in each market k Xtk = β1xk + β2xk IPIt + β3xk PXtk/RXt + εtxk

12 Imports in each market k, where β4mk = β5mk = 0 for k = FWrw Mt
k = β1mk + β2mk Ctk + β3mk PCtk/PMt

k + β4mk CURtk + β5mk VASTtk + εtmk

13 Consumption price in each market k PCtk = β1pck + β2pck Stk + β3pck PCt-1k + εtpck

14 Export price in each market k PXtk = β1pxk + β2pxk PXt-1k + β3pxk RXt + β4pxk WEPItk + εtpxk

15 Import price in each market k PMt
k = β1pmk + β2pmk PMt-1

k + β3pmk PCtk/PCt-1k + β4pmk RXt + εtpmk

Variables, and
parameters, are
to be read as
follows:

PCtz ¼ β1pcz þ β2pcz Stz þ β3pcz PCt-1z þ εtpcz (Eq. 13 for k ¼ z)
PCtz: Consumption price of the manufactured wood products of the pulp and paper
industry at time t
β1pcz, β2pcz, β3pcz: First (Independent), second and third population parameter of the equation of
price of consumption for the manufactured wood products of the pulp and paper industry, respectively.
Stz: Supply (production) of manufactured wood products of the pulp and paper industry at time t
PCt-1z : Consumption price of the manufactured wood products of the pulp and paper industry at time t-1 (i.e. lagged 1 period)
εtpcz: Disturbance stochastic term of the equation of price of consumption for the manufactured wood products of the pulp and paper industry at time t

Source: Based on Martínez-Cortés (2023). The name of the variables and abbreviations of this table is found in the text. For a quick reference on them see Table 2.
Notice that in Eq. 8, the MWfprw and MWnfrwmarkets are just a subdivision of the MWrwmarket by source of wood, and that the FWnfrw= FWrwmarket, as the only
source of firewood considered in the current version of the CFSM is the natural forest.
MWrw: unprocessed wood for the manufactured wood products industry & final consumption other than firewood, FWrw: unprocessed wood for firewood, w: wood
industry, f: furniture industry, z: pulp (Zellstoff in German) and paper industry, rw: unprocessed wood (or raw wood), MW: Manufactured wood products, WFP: Wood
Forest Products, MWfprw: MWrw from forest plantations, MWnfrw: MWrw from natural forest, FWnfrw: FWrw from natural forest.

2 It’s important to note that in the current version of the CFSM, VAST in
Equation 8 of Table 1 (and in Equation 12, which is discussed later) refers
exclusively to forest plantations, as this is the only wood source specified in
detail in the version of the model presented here. Without changes in equation
8 (and in Eq. 12), this variable could be extended to include other sources of
wood—such as natural forests, agroforestry systems, and trees outside forest-
s—if historical data on changes in the areas and volumes, as well as growth and
yield models for these sources become available.
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3.2.3.2. Exports (X). In each of the five markets included in both (sub)
models of the CSFM (i.e. MWM and UWM) — namely, w, f, z, MWrw,
and FWrw markets — the main determinants of exports of the corre-
sponding products are the prices of exported products, the Industrial
Production Index (IPI) for each of the main importers of the exported
products, country-specific exchange rates (RX) for importing countries,
as well as any other variables that influence the consumption of the
exported product, such as population and housing construction activity
in the importing countries.

All exports in Colombia are traded in American Dollar (USD), and the
pool of countries receiving Colombian exports, which include U.S., has
evolved and could continue to change. Therefore, rather than relying on
country-specific indexes, better explanatory variables of exports (X)
equations in the individual markets of w, f, z, MWrw, and FWrw (Eq. 11)
are the respective prices of exports (PX) for each product object of these
markets relative to Colombia’s USD exchange rate (RX), as well as the
World’s Industrial Production Index (IPI).

3.2.3.3. Imports (M). Colombia has a significant untapped capacity to
produce unprocessed wood and manufactured wood products at
competitive prices (Martínez-Cortés et al., 2022). As such, one of the
motivations for developing the CFSM is to provide analytical advice on a
sustainable development plan for capacity expansion, which, in turn,
will lower imports and meet the increase demand of wood forest prod-
ucts stemming from a growing population and higher income levels. The
Import (M) equations of w, f, z, MWrw, and FWrw markets (Eq. 12)
include the usual explanatory variables that determine imports for the
products object of these markets: the consumption expenditure (C),
together with the relative price of consumption (PC) with respect to the
price of imports (PM). For the MWM, imports equations of the w, f, and z
markets, Colombia’s capacity utilization rate for each industry produc-
ing w, f, and z is also included, respectively. In the UWM, the import
equation for the MWrw market (Eq. 12) incorporates the CUR for
Colombia’s manufactured wood product industry as a whole, rather
than for each specific industry, along with the volume available for
supply (VAST) from forest plantations as an explanatory variable, the
latter serving as a possible indicator of shortages in the national supply
of national unprocessed wood for the manufactured wood products
industry.3

Finally, it is worth noting that for the components of Demand in the
CFSM, several factors affecting Consumption, Exports, and Imports of
wood forest products, as mentioned in Section 2.3.2, were not included.
This exclusion follows the same rationale explained at the beginning of
Section 3.2.2 regarding the behavioral equations of Supply (Eq. 8).

3.2.4. Behavioral equations for prices of consumption (PC), of exports
(PX), and of imports (PM)

The CFSM does not calculate a single prevailing price for supply and
all demand components (consumption, exports, and imports). Instead, it
computes the price of supply (PS) using the market clearing identities
and includes separate price equations for each demand component (i.e.,
PC, PX, and PM) within the w, f, z, MWrw, and FWrw markets. This
approach is supported by literature indicating that cross-border prices
often deviate from the Law of One Price economic principle due to trade
frictions (e.g., tariffs), differences in quality between domestic and
foreign products, and imperfect substitution among aggregated items
(Shahi et al., 2006; Olsson and Hillring, 2014). Consequently, the prices
in both UWM and MWM are calculated with the assumption that do-
mestic goods and foreign goods are not perfect substitutes, and as such,

resulting in different prices (i.e., PS, PC, PX, and PM) for different
markets of the same products. In addition to the above assumption, the
equations for calculating the demand component prices also consider
the rigidity of prices, acknowledging that in the short run, industry
prices are reluctant to adjust to changes in other economic factors such
as output and demand, among others (Nakamura and Steinsson, 2013;
Kant et al., 1996). To account for the reality of price responsiveness, the
explanatory variables for each price equation also include lagged prices,
a method widely established in forecast models of central banks, and
also applied in Kant et al. (1996).

Therefore, the equations for the current price of consumption for
each period t (PCt) in the markets of w, f, z, MWrw, and FWrw (Eq. 13)
include their corresponding closing price of the preceding time period
(PCt-1), along with the available supply (S) in each market, as deter-
mined by Eq. 8.

The price of exports (PXt) equations in the markets w, f, z, MWrw,
and FWrw markets incorporates the respective lagged price of exports
(PXt-1) for each product; the World Export Price Index (WEPI) for w, f, z,
MWrw, and FWrw, correspondingly; and Colombia’s USD exchange
rate, as shown in Eq. 14.

Similar to the variables used by Kant et al. (1996), the price of im-
ports (PMt) for each of the five markets include as explanatory variables
the previous period’s import price (PMt-1) for w, f, z, MWrw, and FWrw,
respectively, the USD exchange rate for Colombia (RX), and the corre-
sponding competing domestic consumption price (PCt), derived in Eq.
13. Eq. 15 in Table 1 presents this relationship, concluding the theo-
retical structure and specification of the CFSM.

4. Methods and data for estimating and validating the
Colombian forest sector model (CFSM)

4.1. Data collection and consolidation

To estimate the CFSM’s theoretical behavioral equations presented
in section 3, a comprehensive data collection and consolidation process
was essential due to the decentralized nature of forest sector data (and
certain economic data), a common challenge in tropical countries,
including Colombia. This crucial step involved meticulously gathering,
collecting, organizing, and transforming both historical and current
data, which underpins the estimations and assumptions within the
CFSM. This extensive effort led to the creation of Raw Data Tables,
Transformation Tables, and Consolidated Data Tables for each equation
of the CFSM, all carefully linked to their original sources. This approach
ensures a transparent and systematic progression from raw data to the
final model inputs, effectively addressing the transparency issues often
associated with the complexity of FSMs, as highlighted by Toppinen and
Kuuluvainen (2010).

Forest sector data scarcity in tropical countries, as noted by Haynes
(1993), was mitigated by utilizing extensive data from the Supply and
Use Tables (SUT) of Colombia’s National Accounts, covering the period
from 1970 to 2020. The quantities of supply (S), consumption (C), ex-
ports (X), and imports (M) for the five markets considered in the CFSM
(w, f, z, MWrw, and FWrw), which are needed to represent the depen-
dent variables, in the model’s theoretical behavioral equations, were
derived directly from the SUT. As is typical in tropical regions, Colombia
lacks detailed price information for the markets considered in the FSM.
To address this, we employed the methodology of Kant et al. (1996) to
generate price deflators for these variables (i.e., PS, PC, PX, and PM)
over the period 1970–2020. This was done by dividing the current
monetary values of S, C, X, and M by their corresponding and constant
monetary quantity for each market, providing a reliable measure of real
price changes over time. For the independent variables in the model’s
theoretical equations, we utilized a diverse range of data sources
including digital and paper-format publications from Colombia’s Na-
tional Statistics System and other public and private sources (e.g.,
DANE’s Manufacturing Annual Survey, Colombia’s Central Bank data

3 For the behavioral equation of imports of the unprocessed wood for fire-
wood market (MFwrw), the Capacity Utilization Rate (CUR) of the wood prod-
ucts industry and VAST are not considered main drivers and hence are
excluded. This exclusion is represented by the case of β4mk = β5mk = 0 for k =

FWrw, in equation 12 of Table 1.
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repositories, Fedesarrollo’s Enterprise/Industrial Opinion Survey) as
well as international databases like FAO, World Bank, and FRED, sup-
plemented by relevant forest sector literature.

For the variables in the CFSM’s theoretical equations where raw data
were either unavailable or not directly accessible, comprehensive data
estimations were undertaken. This included estimating S, C, X, andM for
MWrw and FWrw markets from 1970 to 1993, as well as 1970–2018
estimations for S at purchaser prices, Colombia’s wealth (W), and asset
values (i.e., the Capital (K) variable) for the w, f, and z industries, as well
as the Capacity Utilization Rate (CUR) of these industries for specific
years. A detailed approach was used for each estimation, such as
segregating data from aggregated forestry sources and adjusting values
based on different economic models. This comprehensive estimation
process also included generating data for the Total Volume of Available
Stock (VAST) of unprocessed wood from forest plantations which
extended to the period 1954 to 2019 using various sources and methods,
and the annual volume harvested (VH, see Appendix B), legal and
illegal, from all national sources of wood.

Despite these efforts, obtaining complete data for all variables of the
CFSM’s theoretical equations presented in section 3 and summarized in
Table 1 was not always possible. Where data was missing, proxy vari-
ables were utilized as substitutes. Consequently, some variables, such as
labor (L) and capital (K) for the logging industry of commercial forest
plantations for the MWfprw market, and K for the logging industry of
natural forest in the MWnfrw and FWnfrw markets, as well as others
capturing various costs (GEN) and geographical locations (GEO), all
them part of Equations of Supply (Eq. 8) in the sub-model named UWM,
had to be omitted due to the lack of direct data or suitable proxies.
Additionally, between 1970 and 2018, Colombia’s export and import of
unprocessed wood for firewood (FWrw) were either nonexistent or so
negligible that they were not recorded as nonzero values in the SUT.
Hence, this led to the exclusion of the FWrw market from the CFSM’s
import and export equations, as well as from their corresponding price
equations.

Following the detailed data estimation efforts for the CFSM, the next
phase involved selecting the most representative time series for each
theoretical equation from the raw data tables and then applying
necessary transformations to complete the data consolidation process.
These transformations included standardizing units, adjusting base
years, scaling, normalizing variables to ensure time series stationarity.
Additionally, they included converting absolute prices to relative prices
to address the common issue of incorrect coefficient signs for absolute
prices during the estimation process.

Monetary values were converted to thousands of millions of
Colombian Pesos (COP) and standardized to the 2015 base year. Addi-
tionally, constant prices for 2015 were applied where necessary. The
method of geometric interpolation in reverse for current prices and
variation rate method for constant values was used to link time series
across different base years, ensuring the values’ integrity and consis-
tency (DANE, 2013, 2020). Indexes and deflators were also rescaled to
the 2015 base year. Specific variables, such as Consumption (C) and
Wealth (W), were normalized against Colombia’s total income (Y),
while variables like Housing Construction (HCS), Population (N), and
Rural Population (NR) were normalized using Colombia’s Number of
Households (NHH). The absolute consumption price (PC) for w, f, z,
MWrw, and FWrw was converted to relative price using several vari-
ables, including the contemporary and lagged Consumer Price Index of
Colombia (PCColt and PCColt-1 ), the Price of Housing (Ph), and the Price of
Housing Construction Materials (Phcm), as well as the imports price (PM)
and its own lagged price (PCt-1). Finally, the absolute price of exports
(PX) was converted to a relative price by dividing it by Colombia’s USD
exchange rate (RX).

These transformations, crucial for the accuracy and relevance of the
model, were comprehensively organized, along with the consolidated
data (time series) used for estimation, for each variable in the Trans-
formation and Consolidated Tables of every equation of the CFSM. For

the most part, consolidated data covered the period 1970–2018 (49
years), but the time series used for estimating the theoretical equation
parameters in both sub-models (MWM and UWM) of the CFSM only
covered 1975–2015 (41 years). Data from the years after 2015 was
reserved for the out-of-sample validation process.

Table 2 summarizes all variables from the CFSM’s theoretical
behavioral equations (Table 1) for which at least one complete
1970–2018 time series could be consolidated for parameter estimation
and model validation. It also includes the price variables used to convert
the absolute prices to relative prices, some of which were not included in
Table 1. For each of these variables, the table provides their superscripts,
a description of the available consolidated time series representing the
variable, their sources, and the corresponding units.

Note that for several CFSM variables, the notation consists of the
variable abbreviation (column 1 of Table 2) and its superscript (column
3 of Table 2). A general form of this notation was previously used in
Table 1, while its specific form will be used throughout the remainder of
the paper, starting in the following subsection. For clarification,
consider the Supply (S) equation (Eq. 8 in Table 1), where the dependent
variables are defined as Sk applicable to all individual smallest-scale
markets included in the CFSM, namely w, f, z, MWrw (and its sub-
divisions MWfprw and MWnfrw) and FWrw (equal to FWnfrw). The
equivalent variable in Table 2 appears in rows where S is listed in the
first column. This abbreviation applies to the same markets, as indicated
in column 3. Hence, the first row for S represents five variables: Sw, Sf,
Sz, SMWrw, and SFWrw, while the second row accounts for three variables:
SMWfprw, SMWnfrw, and SFWfprw. We chose to present the CFSM’s variables
in more mathematical notation in Table 1 and a more concise manner in
Table 2 to avoid repetition and save space in the paper.

4.2. Parameter estimation of behavioral equations of the CFSM

Ordinary Least Square (OLS) was used for the parameter estimation
of the theoretical behavioral equations in Table 1 for the three indi-
vidual markets under the MWM submodel (w, f, and z) and the two
individual markets under the UWM submodel (MWrw, including its
subdivisions MWfprw and MWnfrw, and FWrw, which is equal to
FWnfrw). In total, 32 behavioral equations were estimated for the CFSM
— 21 for the MWM and 11 equations for UWM. The estimated equations
included the Supply equations for MWfprw and MWnfrw (as only supply
equations were considered for these divisions of the MWrw market) and
excluded the Imports and Exports equations for FWrw, along with their
corresponding prices, due to the unavailability of consolidated time
series data, as discussed in the previous subsection. The estimations
were conducted using IBM SPSS Statistics® 26.

The parameter estimation and selection of the final estimated
equations process closely followed the methodology described by Kant
et al. (1996, p. 1123), and included: 1) testing the set of the variables of
choice for each theoretical behavioral equation to achieve final esti-
mated equations in compliance with the statistical and economic re-
quirements for the model; 2) reviewing the assumptions underlying the
OLS estimate, for statistical inferences about the estimated parameters,
such as their precision and validity, as well as detecting and, when
possible, correcting any issues related to the non-normality, hetero-
scedasticity, multicollinearity, and serial correlation of the disturbance
term; 3) finally, checking for first-order autocorrelation by using the
Durbin Watson d (DW d) statistic. For equations with lagged variables,
Durbin h (Dh) statistic was applied, instead of DW d. In cases where the
estimated DW d fell in the inconclusive zone of evidence of autocorre-
lation or Dh was not computable, Graph methods (partial auto-
correlogram), the Run test, and the Breusch–Godfrey were used.4 If
subject to first-order autocorrelation, it was addressed by using Prais-

4 For a heuristic explanation on how tests for detecting first-order serial
correlation work, see Gujarati and Dawn (2009).
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Table 2
List of variables, available time series, sources and units used for the CFSM.

Variable
abbreviation

Name of original (or proxy) variable Variable superscript (group of
products or market)

Consolidated annual time series that could represent the variable (1970–2018) Units of the consolidated
data

Sources of
Data*

C Consumption
w, z, FWrw, MWrw Intermediate + Final consumption at purchaser’s prices

2015 Thousand million COP 1f Intermediate + Final consumption + Gross Fixed Capital Formation (GFKF) at
purchaser’s prices

CT Total consumption rw, MW, WFP Sum of the series of C for their corresponding individual/aggregated markets 2
CUR Capacity utilization rate w, z, f, MW Capacity utilization rate Percentage 3
D Demand w, z, f, MWrw, FWrw Demand at purchaser’s prices 2015 thousand of million

COP
1

DT Total demand rw, MW, WFP Sum of the series of D for their corresponding individual/aggregated markets 2

HCS
Housing construction starts (Approved area
for housing construction as proxy for HCS) Approved area for housing construction

Thousands of square meters
approved for construction 4

i Inflation Consumer price index Percentage 5

IPI Global Industrial Production Index (US IPI as
proxy for Global IPI)

US Industrial Production Index, Annual, Seasonally Adjusted
Unitless, 2015 = 1

6

IPP Producer price index. Total for Agriculture,
Forestry, livestock and fishing

Producer price index. Total for Agriculture, Forestry, livestock and fishing 7

K
Capital (of each industry in the Annual
Manufacturing Survey, MAS) w, f, z Value of Machinery and Equipment + Building and Structures, at 31st of December 2015 Thousand million COP 2, 8

L Labor (of each industry in the MAS) w, f, z Employment
Number (of people
employed)

8

L Labor (NR as proxy for Labor of the logging
industry for natural forest)

MWnfrw, FWnfrw Rural population as proxy for Employment Number (of people) 5

M Imports w, z, f, MWrw, FWrw Imports at purchaser’s prices
2015 Thousand million COP

1
MT Total imports MW, rw, WFP Sum of the series of M for their corresponding individual/aggregated markets 2
N Total Population Total population (midyear estimates)

Thousands
5

NHH Households Households 9
NR Rural population Rural population 5

PC Consumption price

w, z, FWrw, MWrw Consumption price deflator (Weighted average for Intermediate and Final
consumption) = Consumption in current values / Consumption in constant values

Unitless, 2015 = 1

10
f

Consumption price deflator (Weighted average for Intermediate, Final consumption
and Gross Fixed Capital Formation) = Consumption in current values / Consumption
in constant values

PCCol Consumer’s price index Consumer price index 11
Ph Price of housing Used housing price index

12
Phcm Price of housing construction materials Producer price index by economic destination or use: Construction materials
PM Import price w, f, z, MWrw, FWrw Import price deflator = Imports in current values / Imports in constant values

10PS Supply price w, f, z, MWrw, FWrw Supply price deflator = Supply in current values / Supply in constant values
PX Export price w, f, z, MWrw Export price deflator = Exports in current values / Exports in constant values

RX Exchange rate
Official exchange rate (UMN per US$, average for a period) or Exchange rate,
national currency (COP)/USD (market+estimated) COP/USD 6

S Supply w, f, z, MWrw, FWrw Gross production at purchaser’s prices
2015 Thousand million COP

1

S Supply MWfprw, MWnfrw
Gross production at purchaser’s prices for MWrw, weighted by the production
quantity (in physical volume) of unprocessed wood by source

2

S Supply* MWrw, FWrw Production quantity Million cubic meters of under
bark roundwood

13

ST Total supply MW, rw, WFP Sum of the series of S for their corresponding individual/aggregated markets 2015 Thousand million COP 2
U Unemployment Overall unemployment rate (average of each year) Percentage 14

(continued on next page)
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Winsten (PW) and Cochrane-Orcutt (CO) methods.
Lastly, obtaining signs of variables in accordance with economic

theory and no first-order autocorrelation were the main criteria for
selecting a final equation. For choosing among equations with alterna-
tive specifications (including those resulting from variables with more
than one time series available), the additional conditions used in
selecting the final equation were the adjusted-R2 and statistical signifi-
cance of individual variables. When first-order correlation was not
corrected by applying PW and CO methods, the OLS equation was
retained for the model. In our model, similar to other models (including
FSMs), the finally selected estimated equations are the result of
“considerable specification searching, and classical interpretations of
econometrics may not fully apply” (Kant et al., 1996, p. 1123). The
details of the process of estimation and the final inclusion of each
equation are available in Martínez-Cortés (2023).

4.3. Model validation

The CFSM validation involved the comparison between the values of
all endogenous variables predicted by CFSM and their actual values,
which allows for knowing “the magnitude of forecasting error that may
result from using the model” (Haitovisky et al., 1974). To assess the
forecasting error, we used Theil’s inequality coefficients U1 (Theil,
1958) and U2 (Theil, 1966), both relative measures of the root mean
squared error (rmse), as well as their decomposition into the proportions
of the bias (Um), variance (Us), and covariance (Uc). We also utilized the
correlation coefficient (R) between forecasted and actual values, as per
Kant et al. (1996).

For producing the predicted values needed to validate the model, we
developed a CFSM-I App, a software application built in Excel® using
Visual Basic for Applications to solve and use the CFSM. By running this
app, whose features allow easily to validate, use, and update one, several
or the total variables, equations, and markets of the CFSM, several
simulations were executed to validate every individual equation in three
contexts: each equation in isolation, in making part of each PEM rep-
resenting the w, f, z, MWrw, and FWrw when each of these market work
independently from the others, and in the same case but when those
markets work connected. This latter represents the wood forest product
market (WFP) as an aggregated.

For the last two simulations, a non-clearing and clearing situation of
the markets were tested. In this case, all PEMs representing the five
markets that make up the aggregated market of WFP have their con-
necting variables (Sw, Sf, Sz and PCMWrw and PSMWrw) “active”.5 This
means that interactions are allowed between PEMs, and as such, for any
particular year, solutions are simultaneously found in all five PEMs, the
sub-models UMW and MWM, and the aggregated model (CFSM, corre-
sponding to the WFP market). To allow that, model summation and
market clearing identities are used in addition to the behavioral esti-
mated equations for the CFSM for the MCC case, while STt = DTt as well
as the individual market clearing identities are absent in the Non-MCC
case. To find the MCC (i.e., to solve the model) the CFSM-I App uses
the primal Simplex6 and the Generalized Reduced Gradient (GRG Non-
linear)7 methods which are already part of the add-on modules in
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5 The reader can see the connecting variable among PEMs as follows: PCMWrw

as a normalized independent variable in the Supply Equations 8.1, 8.2, and 8.3
(Table 3); Sw, Sf, Sz as independent variables in the Consumption Equation of
MWrw (Eq. 10.1) and PSMWrw as normalizing variable in the Supply Equation of
FWrw (Eq. 8.6).
6 Based on the Simplex Method “originally developed by Dantzig in 1948”

(https://www.solver.com/linear-quadratic-programming accessed on August
19, 2022)
7 As implemented in an enhanced version of Lasdon and Waren’s GRG2 code

(https://www.solver.com/smooth-nonlinear-technology accessed on August
19, 2022)
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Microsoft Excel Solver®.
As Colombian market of unprocessed wood for firewood, FWrw, is in

general quite different to that of the Colombian market of unprocessed
wood for the manufactured wood products and final consumption other
than firewood (MWrw), and since the former is weakly linked to the
other four markets modeled, the validation for the CFSM was also done
without considering the FWrw market (i.e., “turning off” the partial
equilibrium model for FWrw).

In the last step of the validation process, as per Pindyck and Rubin-
feld (1998), the CFSM was simulated subject to both larger changes in
exogenous variables or policy parameters (stimuli), and changes in the
year the simulation starts. We tested the exogenous variables VAST, K,
and HCS, as well as the alternative starting years: 1982 and 2002.
Additional information on CFSM validation, as well as the other aspects
of the methods and data discussed in this section, is provided in Martí-
nez-Cortés (2023).

Finally, we aimed to extensively benchmark our CFSM estimation
and validation against existing literature. However, this paper is the first
to estimate parameters of behavioral equations for Colombia’s wood
forest products markets and to validate their reliability and stability
within a forest sector model, leaving us without direct prior studies for
direct comparison. Nonetheless, we incorporate published results from
other regions and methodologies to facilitate some indirect and limited
comparative analysis.

5. Results of the CFSM estimation and validation

5.1. Final estimated behavioral equations of the CFSM

The results from estimating the 32 behavioral equations included in
both sub-models of the CFSM—21 in the MWM and 11 in the UWM—are
presented in Tables 3 and 4. Table 3 covers all the equations for the
markets of manufactured wood products of the wood industry (w),
furniture industry (f), and pulp and paper industry (z). Table 4 contains
all the equations for the markets of unprocessed wood for the manu-
factured wood products industry and final consumption other than
firewood (MWrw) and of unprocessed wood for firewood (FWrw).

Note that these tables do not include the identities for five markets
mentioned above, nor the identities for the two aggregated market-
s—manufactured wood products (MW) and unprocessed wood (UW or
rw)—or the total market for wood forest products (WFP), numbered 1 to
7 in Table 1, as these do not undergo the estimation process.8 Conse-
quently, the numbering of the market-specific estimated behavioral
equations presented in Tables 3 and 4 starts from Eq. 8.1 and 8.4,
respectively, to maintain consistency with the general theoretical
behavioral equations presented in Table 1 from which they were
derived. For instance, the supply equations in Table 3 and Table 4 are
numbered 8.1, 8.2, 8.3 and 8.4, 8.5, 8.6, respectively, as they are derived
from Eq. 8 in Table 1, following the variable inclusion/exclusion rules
specified there. It is also worth noting that some variables appearing in
the general theoretical behavioral equations in Table 1 may be omitted
in the corresponding specific estimated equations of Tables 3 and 4,
while others may be presented in normalized or relative terms (e.g.,
CtMWrw/Yt in Eq. 10.1 of Table 4 and PCtMWrw/Pthcm in Eq. 8.1 of Table 3).
The use of normalized or relative terms as shown in Tables 3 and 4,
rather than the non-normalized and absolute forms presented in Table 1,
was intended to produce superior estimated equations—a common
practice in econometrics (Kallio et al., 1987; Buongiorno, 1996; Ferrer
Velasco et al., 2020).

For a better interpretation, in addition to the final estimated

behavioral (regression) equations, Tables 3 and 4 include the values of
the t statistic, t statistic with robust standard errors (for OLS estimation),
adjusted R2, DW d or Dh (acceptable values between − 1.64 and+ 1.64),
rho (ρ) coefficient of first-order autocorrelation with t statistic on the
right, and the standard error of the estimate divided by the mean of the
dependent variable (SEE/MDV).

5.1.1. Supply-side equations
During the estimation of Supply (S) equations, several challenges

were encountered and mostly resolved. Initial OLS regression equations
for supply for all products considered, with the exception of the SFWnfrw

which had an adjusted-R2 of 0.39, generally demonstrated a good fit
(adjusted-R2 ranging from 0.77 to 0.99). Despite this, the OLS estimation
produced some coefficients with signs contrary to economic theory, and,
except for the estimates of the Sf, all coefficients were subject to first-
order autocorrelation of the disturbances (autocorrelation hereafter).
Subsequent re-estimations using CO and PW methods corrected the
autocorrelation and most incorrect signs. However, some coefficients
continued to display incorrect signs even after these corrections. Spe-
cifically, wrong signs persisted for the coefficients of the consumption
price of MWrw (PCMWrw) in the equations for Sw, Sf and Sz, as well as for
the coefficients of the supply price of FWrw (PSFWrw) and the proxy
variable for Labor, rural population (NR), used in the equation of Supply
of FWrw from natural forest (SFWnfrw), as well as for the coefficient of
capital of w (Kw) in the equation of Sw.

The issue of obtaining incorrect signs for econometric estimations of
price parameters in forestry has been reported by several authors,
including Singh and Nautiyal (1986), Haynes (1993), Kant et al. (1996),
and Jeuck et al. (2014). To address the issue of incorrect signs for price
parameters, this research adopted an approach similar to that of Kant
et al. (1996) by using relative prices rather than absolute prices. Spe-
cifically, the ratio of PCMWrw to price of housing construction materials
(Phcm) was used in the equation of Sw (Eq. 8.1) while the ratio of PCMWrw

to price of housing (Ph) was applied in equations of Sf and Sz (Eq. 8.2 and
8.3). For the equation of SFWnfrw (Eq. 8.6) the ratio of PSFWrw to the price
of supply of MWrw (PSMWrw) was tried. These relative prices resulted in
price coefficients with the correct signs, without affecting the correct
signs of the other variable coefficients obtained by the first OLS (for Sf),
CO (for Sz, SMWnfrw and SFWnfrw) and PW (for SMWfprw) estimates.

However, these new estimations did not correct the incorrect signs
for the coefficients of both NR (in the equation of SFWnfrw) and Kw and
PCMWrw (in the equation of Sw). A new estimation for SFWnfrw was per-
formed using the variable NR normalized by total population (N),
resulting in an equation free of autocorrelation, with all the correct signs
and the normalized variable highly significant (as shown in Eq. 8.6 of
Table 4). None of the multiple tries of applying OLS, CO, and PW
methods, which included using other six times series available to
represent Kw (in addition to the one showed in Table 2 for this variable)
gave an equation for Sw with coefficient of Kw showing the expected sign
(positive). As a result, the Kw was dropped in that equation, as can be
seen in Eq. 8.1 of Table 3. In this equation we retain the variable
PCMWrw/ Phcm (whose coefficient had a correct sign but was non-
significant) because of matters of replicability of the variation and
good tracking of the actual data series.

All coefficients of the final estimated supply equations selected for
being part of both theMWM and UWM (Eq. 8.–1 to 8.6), have the correct
signs —consistent with economic theory—, and most of them are
significantly different from zero. The coefficient of the VAST (a key
policy variable of the CFSM) for SMWfprw (Eq. 8.–4) was statistically
significant and different from zero but at a 15 % level of significance.
The coefficient of the PS in all equations was also different from zero, at
levels of significance of 5 % in the equation of SMWfprw and in that of Sw,
and at 1 % in equations of Sf, Sz, and SMWnfrw. In the supply equations for
the f and z industries, the coefficients of capital (K) and labor (L) were
also statistically significant and different from zero at levels <7.5 %.
Finally, the coefficient for the proxy variable of labor (i.e., NR/N) used

8 Readers interested in the specific identities for each individual, aggregated,
and total markets, which, together with the behavioral estimated equations in
Tables 3 and 4, complete all the PEMs of the CFSM, can refer to Martínez-Cortés
(2023).
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in the equation of supply of unprocessed wood for firewood (SFWnfrw)
was different from zero at a level of significance of 0.1 %. The co-
efficients that were not different from zero even at 15 % significance
level included labor for the wood industry (Lw) and relative consump-
tion price of unprocessed wood (PCMWrw/Phcm) in the equation of Sw,
rural population (NR) in the equation of SMWnfrw, and the relative supply
price of unprocessed wood for firewood (PSFWnfrw/PSMWrw) in the

equation of SFWnfrw.
Similar results for the signs and significance of parameters in the

behavioral equations for Sf and Sz were found by Kant et al. (1996), the
most directly comparable study found in academic literature. This is
noteworthy given the warning from Turner and Buongiorno (2004)
about comparing econometric estimates: “results of previous studies are
difficult to compare because of differences in product definition, data

Table 3
Final Estimated Behavioral Equations for the MWM of the CFSM.

Source: Martínez-Cortés (2023).
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sources, period covered, model form, and estimation methods”. A de-
viation from Kant et al.’s findings is observed in our estimated equation
for the supply of manufactured wood products (Sw). While Kant et al.
(1996) found that all three variables they include as explanatories
—PSw, Lw, and Kw — were significant and had positive signs, our
equation has only the first variable, PSw, with the correct sign and sig-
nificance. The second variable, Lw has the correct sign but is
non-significant, and the third variable, Kw, was excluded due to an
incorrect sign.

These contradictory results may be attributed to differences between
the Canadian forest industry (modeled by Kant et al.) and the Colombian
industry. In Colombia, there have been no significant new investment
initiatives to expand the installed production capacity of manufactured
wood products since the 1970s (Martínez-Cortés and Kant, 2024).
Consequently, the industry may have been operating close to the
maximum level of labor needed to utilize its existing capital-
—comprising machinery, equipment, and structures, much of which was
already depreciated decades ago—throughout most of the years be-
tween 1975 and 2015. This lack of variation in the time series data for
labor and capital used to estimate our Sw equation might have
contributed to the non-significant results for labor and the unexpected
sign for capital. Additionally, data quality and measurement errors,
particularly given the substantial number of small establishments in the
wood industry, could also have distorted the relationships between these
variables and their expected effects.

Finally, it is worth mentioning that the results of the coefficients for
the rest of the variables in the supply equations align with the findings
reported by McKillop (1967), Buongiorno et al. (2003b), Daigneault
et al. (2016), Borzykowski (2019), and Buongiorno and Zhu (2020) in
terms of signs and significance across different geographical contexts,
though direct comparisons for Colombia are inherently limited by the
aforementioned restrictions cited from Turner and Buongiorno (2004).

5.1.2. Demand-side equations

5.1.2.1. Consumption. To obtain the final estimated consumption
equations presented in Tables 3 and 4 (Eq. 9.1, 9.2, 9.3, 10.1, and 10.2),
normalized variables were necessary to ensure stationarity in time series
data, and relative prices were used to achieve correct coefficient signs. In
all five equations, the dependent variable of consumption (C) was
normalized by total gross disposable income (Y), as per Kant et al.
(1996). Y was also used to normalize supply variables (Sw, Sf, and Sz) in
the derived consumption equation for MWrw (CMWrw, Eq. 10.2). The
number of households (NHH) was selected to normalize housing con-
struction starts (HCS), total population (N), and rural population (NR) in
the equations for Cw, Cf, Cz, and CMWrw. Additionally, Phcm was used to
convert the absolute PC of the respective products to relative terms in
the equations for Cw, Cf, and CMWrw, while Colombia’s consumer price
index (PCCol) was employed in the equation for Cz. Problems with
incorrect signs of estimated coefficients for PC in consumption equations
were also found by Kant et al. (1996) and Singh and Nautiyal (1986),
with Kant et al. identifying PC as one of the most troublesome variables
in forest products consumption estimates. Initial OLS estimates for the
five consumption equations, using normalized and relative variables,
exhibited autocorrelation. Consequently, all estimates required auto-
correlation correction.

In all five consumption estimated equations presented in Tables 3
and 4, which are free of autocorrelation, the signs of the coefficients
agree with those expected by economic theory, though their significance
levels vary widely. Prices of consumption in equation of Cz (Eq. 9.3) and
CFWrw (Eq. 10.2) were different from zero at 7.5 % and 0.1 % levels of
significance, respectively, but for the remaining three equations (Cw, Cf,
and CMWrw, Eq. 9.1, 9.2, and 10.1, respectively), they were statistically
significant from zero only at more than 15 % significance levels. The
coefficients of HCS/NHH and U were different from zero at the 15 % and

10 % levels of significance in equations of Cf and Cw, respectively.
Interestingly, the coefficient of Sw/Y in the equation of CMWrw was sta-
tistically different from zero at a level of 0.3 % and is the only variable
that is statistically different from zero in this equation. This seems to
indicate that, in Colombia, the consumption of MWrw is mostly driven
by the performance of the Colombian wood industry, and that the per-
formance of the Colombian pulp and paper industry and the Colombian
furniture industry do not have much effect, if any (see the coefficients of
Eq. 10.1 in Table 4).

One likely reason for the limited significance of the furniture in-
dustry is the substantial shift in raw materials used in recent decades.
The furniture industry, which once relied heavily on MWrw, has
increasingly moved towards wood-based panels. Since these panels are
classified under the wood industry in our model, this shift may
contribute to the reduced impact of the furniture industry on MWrw
consumption. For the pulp and paper industry, its consumption of
MWrw constitutes only about 25 % of the total produced in Colombia.
This relatively smaller proportion may also limit its apparent effect on
the overall consumption of MWrw in the model. While these factors offer
some explanation, other reasons could also contribute to the non-
significant coefficients observed for these industries.

The coefficients for inflation (i) and wealth (W) variables included in
the theoretical equations consistently produced incorrect signs in all
estimation attempts. This anomaly likely arises from several factors:
inflation might not impact wood consumption as theoretically expected
due to price rigidity or market specifics in Colombia, while wealth may
not directly boost wood product consumption if consumers allocate re-
sources differently. Additionally, sector-specific dynamics, data aggre-
gation issues, and endogeneity problems could have distorted the
expected relationships. Consequently, to maintain the model’s robust-
ness and accuracy, these two variables were excluded from the final
consumption shown in Tables 3 and 4.

As with the restrictions noted for the supply equations, our estimated
consumption equations align with previous research regarding the signs
and significance of explanatory variable coefficients. Kant et al. (1996)
report similar negative effects of price and unemployment on w, f, and z
consumption. This is consistent with findings from Simangunsong and
Buongiorno (2001), Buongiorno and Zhu (2020), Schier et al. (2021),
and Buongiorno (2021), which also demonstrate significant negative
effects at levels below 5 % for most of the unprocessed and manufac-
tured wood forest products.

5.1.2.2. Exports. The CFSM only includes estimated behavioral regres-
sion equations for exports (X) of w, f, z, and MWrw (Xw, Xf, Xz, and
XMWrw; Eq. 11.1, 11.2, 11.3, and 11.4, respectively). The export equa-
tion for unprocessed wood for firewood (XFWrw) could not be estimated
due to negligible exports and unavailable full time series data. Initial
OLS estimates for all four export equations exhibited autocorrelation
and signs inconsistent with economic theory. These equations were re-
estimated using CO and PW methods, resolving the issues for all
except Xz (Eq. 11.3). For Xz, both the Global Industrial Production Index
(IPI) and the ratio of the export price of z to the exchange rate (PXz/RX)
consistently showed coefficients not significantly different from zero,
and PXz/RX consistently had incorrect signs. Given the high coefficient
of first-order autocorrelation (0.95) and the better fit for replicating
historical data variability, the equation obtained by the PWmethod (Eq.
11.3 in Table 3) was retained for Xz.

In equations of Xw, Xf, and XMWrw, the IPI coefficient was different
from zero at the 2% significance level. On the other hand, the coefficient
of PX/RX was only statistically different from zero in the equation of
exports of furniture (Xf), at the 1 % level. In the other three equations, it
was different from zero only at higher (>15 %) significance levels. In
equation of XMWrw, the sign of the coefficient for PX/RX was wrong,
though non-significant.

The relationships between X, IPI, PX/RX observed in this study are
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generally consistent with previous research. Kant et al. (1996) reported
similar signs and high significance for the impact of IPI on exports of w
and f. For exports of paper (z), however, contrary to our findings, Kant
et al. observed correct signs and high significance for the IPI coefficient.
The results from Nanang (2010) and Karikallio et al. (2011) provide a
basis for indirect comparison with our findings, revealing variations in
significance and direction depending on the product and model used.
Nanang (2010) observed mixed effects for different wood products,
while Karikallio et al. (2011) reported varying impacts for paper,
cardboard, and pulp exports. Details of the comparison with these two
benchmarks are provided in Martínez-Cortés (2023). Coefficients with
signs inconsistent with expectations and those not significantly different
from zero, discussed in the previous paragraphs, may be attributed to
Colombia’s relatively low export levels and the abrupt changes in his-
torical data from 1975 to 2015, particularly for w, z, and MWrw.

5.1.2.3. Imports. The CFSM does not include an import equation for
unprocessed wood for firewood (MFWrw) due to the lack of imports of
this category of wood. For the equations of imports of manufactured
wood products from w, f, and z industries (Mw, Mf, and Mz; Eq. 12.1,
12.2, and 12.3 in Table 3, correspondingly), the explanatory variable of
consumption (C) was different from zero at the 1.5 % significance level,
the coefficient of the relative price of consumption with respect to
import price (PC/PM) was statistically different from zero at equal or
less than 10 % significance levels, and the coefficient of capacity utili-
zation rate (CUR) of w, f, and z, respectively, was not different from zero
(at 15 % or lower levels) in any of the three equations. In the Mf equa-
tion, we excluded the CUR due to its inconsistent sign. Regarding the
import equation of MWrw (MMWrw, Eq. 12.4), the coefficient of the
variable PC/PM was not statistically different from zero. In this equa-
tion, a fourth variable was included, the volume of MWrw available for
supply from forest plantations (VASTMWfprw); the coefficient of this
variable and that of the CMWrw resulted different from zero at the 10 %
significance level. The significant coefficient for VASTMWfprw indicates
that this variable may be a useful indicator of potential shortages in the
national supply of unprocessed wood for the manufactured wood
products industry.

As in the case of exports, our findings for the import equations align
with some previous studies, though with notable variations. Kant et al.
(1996) found consistent signs and significance for the impact of con-
sumption on imports of w, f, and z, similar to our results. However, there
are differences in the relationship between imports and PC/PM, as well
as the effects of CUR, which exhibit varying significance in our study.
For example, in our study the coefficient of the former was only signif-
icant at the 10 % level and that of the latter was not only non-significant
but with wrong sign (then dropped) in the Mf equation. Both studies
found that CUR was not as significant as the other two variables in the
equations for z. This general pattern is supported by broader literature,
though with limited comparability, where the signs and significance of
variables affecting imports of forest products vary, as noted in studies by
Turner & Buongiorno (2004), Michinaka et al. (2011), Niquidet and
Tang (2013), Sun (2014, 2017), Zhang et al. (2017), Sun and Zhou
(2018), Muhammad and Jones (2021), Buongiorno (2018), Assogba and
Zhang (2021), Adewuyi et al. (2021), and Buongiorno (2021).

Similarly, for the import equations, coefficients with signs inconsis-
tent with expectations and those not significantly different from zero, as
discussed earlier for the export equations, may be attributed to Colom-
bia’s relatively low trade levels and the abrupt changes in historical data
from 1975 to 2015, particularly for MWrw. The incorrect sign of the
CUR in the import equation for f, along with the low significance in the
import equations for w and z, are more challenging to explain and
warrant further research.

5.1.2.4. Consumption prices. The consumption price (PC) equations
encountered several issues. In the initial estimations including absolute

terms for consumption prices (PC), the OLS estimates for PCf and PCz

exhibited autocorrelation. Although the OLS estimates for of PCw,
PCMWrw, and PCFWrw did not show autocorrelation, the coefficients had
signs contrary to those predicted by economic theory. This issue with
coefficient signs was also evident in the autocorrelated OLS estimates for
PCz. After re-estimating with CO and PWmethods, only the PCf was free
from autocorrelation and retained the correct coefficient signs for all
variable coefficients.

Similar issues were reported by Kant et al. (1996). Consistent with
their approach and the strategy outlined earlier for addressing pricing
issues in consumption equations, relative prices were used instead of
absolute prices. This approach ensured that all five estimated con-
sumption price equations were free of autocorrelation and displayed the
correct signs in the OLS estimates as shown in Tables 3 and 4, Eq. 13.1,
13.2, 13.3, 13.4, and 13.5. For all these five estimated equations of
prices of consumption coefficients of all variables were statistically
different from zero. The coefficients of relative prices of consumption
achieve this at levels of significance <0.01 %, even when using the
robust standard errors (which correct for heteroscedasticity9). This
could be interpreted as empirical evidence of the sticky nature of prices
of consumption in the forest sector. Coefficients for Supply (National
Production) of the respective group of wood forest products, the other
variable included in all five consumption price equations are also
different from zero at a level of significance <10 % (with robust stan-
dard errors).

5.1.2.5. Export prices. For all export price (PX) equations, the initial
OLS estimates of coefficients were consistent with economic theory.
However, equations for PXw, PXf and PXz exhibited autocorrelation.
After applying CO and PW methods, only the PW estimate for PXw was
both free from autocorrelation and had coefficients with signs consistent
with economic theory. Consequently, the CFSM includes two OLS export
price equations subject to autocorrelation (for PXf and PXz, Eq. 14.2 and
14.3), and two equations free from autocorrelation (including PXMWrw

(Eq. 14.4) estimated by OLSmethod and PXw (Eq. 14.1) estimated by PW
method). Eq. 14.4 excluded the World Export price Index (WEPI) due to
its coefficient sign not aligning with economic theory. All coefficients of
the accepted estimated equations for of PXw, PXf, PXz, and PXMWrw have
the correct signs, and all OLS estimated equations accepted are subject
to heteroscedasticity of the residuals.

Most of the variables included in the accepted equations of the price
of exports are statistically different from zero at usual levels of signifi-
cance at least in some equations. Lagged price of exports (PXt-1) was
different from zero at significance levels <5 % in the equations of PXw,
PXf, and PXMWrw. Similarly, the exchange rate (RX) was different from
zero at levels of significance <1 % only for the equations of PXw, PXz,
and PXMWrw. Finally, the coefficient of WEPI in the equations of PXf and
PXz was statistically different from zero at levels of 5 %.

5.1.2.6. Import prices. The import price (PM) equations included in
CFSM (PMw, PMf, PMz, PMMWrw, Eq. 15.1, 15.2, 15.3 and 15.4) are a mix
of AR(1) CO, AR(1) PW, and OLS estimates. The OLS estimates for the
equation of PMMWrw have the correct signs and are all free of autocor-
relation. Import prices for products of the manufactured wood products
industry (i.e., PMw, PMf and PMz) are highly dependent on their corre-
sponding lagged prices (PMt-1) and on the exchange rate (RX). For the
three equations, estimated coefficients of these variables were different
from zero at levels of significance <1 %. The other variable included in
this equation, the relative price of the current consumption price to the

9 “…heteroscedasticity does not destroy the unbiasedness and consistency
properties of the OLS estimators, but they are no longer efficient, not even
asymptotically (i.e., large sample size). This lack of efficiency makes the usual
hypothesis-testing procedure of dubious value.” Gujarati and Dawn (2009, p.
415)
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one-period lagged consumption price (PCt/PCt-1) was not statistically
different from zero at ≤15 % significance level) in any equation. For the
import price equation of MWrw (PMMWrw, Eq. 15.4), the exchange rate
(RX) was the only variable statistically different from zero at 15 % sig-
nificance (t statistics calculated with robust standard error due to the
presence of heteroscedasticity).

The price equations for consumption, exports, and imports in our
study show strong alignment with the findings of Kant et al. (1996). For
consumption prices, both studies identified significant relationships
between prices and national supply (S) for w, f, and z. Similarly, one-
period lagged prices were consistently significant across these product
groups in our study, reflecting the high significance levels reported by
Kant et al. (1996). Regarding export prices, both studies found signifi-
cant relationships with one-period lagged export prices and exchange
rates, especially for w and z, although our results exhibited more
consistent significance for global price indices. For import prices, both
studies demonstrated significant relationships with one-period lagged
import prices and exchange rates for w, f, and z. Unfortunately, the study
of Kant et al. (1996) does not include the equations of prices for MWrw,
leaving us without bases for benchmarking our PCMWrw, PXMWrw, and
PMMWrw estimated eqs.

A more detailed comparison of our results with other studies was
carried out using the elasticities derived from the coefficients of the
estimated equations presented in Tables 3 and 4. However, this infor-
mation will be fully addressed in a comprehensive paper on the elas-
ticities derived from CFSM estimations, which is currently being
completed and will be published in due course. For now, please refer to
Martínez-Cortés (2023) for further details on these comparisons.

5.2. The CFSM validation

The case of CFSM working as a unit (i.e., all its markets connected)
seems to be the closest to real life, and therefore, we discuss the results of
model validation for this case in detail. The results for the other two
cases (i.e., individual equation in isolation and each market working
independently from others) are briefly discussed as a comparator. Their
details are available in Martínez-Cortés (2023). We, following Fair
(1986) and Pindyck and Rubinfeld (1998), group the simulations into ex
post simulations (1977–2015) and ex post forecasts (2016–2018). The
latter include those executed to test stimuli responses and overall
sensitivity of the model.

5.2.1. Ex post simulations
In the case of Non-MCC, the measures of performance of the CFSM

are the same for both cases of validation, with and without the FWrw
market (Appendix C1). Only for 9 (out of 32) equations, U2 statistic
signals that they perform equal or somewhat inferior than the naïve
method of extrapolation. Nevertheless, other statistics such as R, mean
of P, and the Um and Uc indicate that the performance of those equations
did not significantly worsen. In general, it can be said that, in the
absence of market-clearing, with and without the FWrw market, the
equations of the CFSM perform relatively well, their predicted series of
the endogenous variables track very well the actual values, and no sig-
nificant issue of systematic bias and replicability of the variation of the
actual series is present.

For the MCC case, solutions were found only when the CFSM was
executed without considering the FWrw market (Appendix C2). Also,
these solutions covered only the period 1997–2015, as for the years
1977–1996 no viable solutions for the MCC of the aggregated market

Table 4
Final Estimated Behavioral Equations for the UWM of the CFSM.

Source: Martínez-Cortés (2023).
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were found, i.e., theWFP (without FWrw), which means that this market
was far from clearing. In this case, the CFSM (without the FWrwmarket)
predicts 33 endogenous variables, 29 using behavioral equations and 4
(the prices of supply PS) using the clearing identities.

The results indicate that the 29 behavioral equations of the CFSM,
without including the FWrw market, perform well. The model is able to
predict 26 out of 29 endogenous variables without major issues, i.e.,
close means of individual predictions Pt and actual values At, good linear
relation with positive slope between Pt and At, no systematic bias, good
replicability of the variation of At, and major share of the rmse coming
from unsystematic error.

In the case of three other endogenous variables, the SW equation
performs inferiorly than the performance of the isolated equation (U2 =
1.31, see Appendix C2), and the equation exhibits some systematic bias
(Um = 0.19). The explanation for this negative change can be attributed
to the PSw values forecasted by the solver to find the MCC in the market
of w, which are lower than the actual values, that reduce the forecasted
Sw and widen the rms prediction error of this endogenous variable.

For PMMWrw and MMWrw equations, issues on replicability of the
variation of the actual data series for the first, and good tracking of At for
both emerged. These problems were already present for the behavioral
equations when validated in isolation. The main culprit for the lack of
tracking of the Pt in relation to that of the At are the outliers of the actual
data for PM and the intermittent data of M, which did not allow for an
estimation of equations with good statistical properties for these two
variables.

Finally, regarding the endogenous variables PSw, PSf, PSz and
PSMWrw it is worth noting that values of forecast accuracy statistics are
quite similar to those of markets in isolation (See Appendix C2).

5.2.2. Ex post forecast
Measures of forecast accuracy for equations in isolation and the

complete CFSM (without FWrw) for the MCC of the period 1997–2018
were quite similar to those of 1997–2015. Also, measures of forecast
accuracy for the Non-MCC case signaled that equations perform well.
Hence, it can be concluded that the model equations in isolation give a
good forecasting of the 29 endogenous variables they represent and that
the CFSM (without FWrw), can consistently predict 29 and 33 endoge-
nous key variables of the Colombian WFPmarket under the non-clearing
and clearing cases of this aggregated market, respectively.

5.2.3. Responses to stimuli and overall sensitivity of the CFSM
Measures of forecast accuracy for the 1982–2018 simulation and the

1977–2018 simulation were not significantly different for individual
equations interacting in the context of isolated markets. Also, for
equations interacting in the context of the CFSM as a unit (i.e., as the
WFP market, without FWrw) under the MCC case, the measures of
forecast accuracy for the 2002–2018 simulation were not different from
those of the 1997–2018 simulation. On the other side, the model
responded to stimuli according to the elasticities obtained from the co-
efficients of the estimated model equations. Hence, the CFSM can be
considered robust and reliable. However, no other relationship between
VAST, K, and HCS and the rest of the variables of the CFSM have been
estimated for comparison.

For further discussion on the CFSM estimation and validation results,
please consult Martínez-Cortés (2023).

6. Applications of the CFSM

Using the CFSM, three empirical exercises have been conducted to
produce crucial numerical input for the studies of Colombia’s forest
sector, including its forest policy.

First, utilizing the Colombian Forest Plantation Growth and Yield
Simulator (SCRPFC), the availability of unprocessed wood from com-
mercial forest plantations, VASMWfprw (the key variable to compute the
VAST, see Appendix B) was estimated for the period 2015–2047 under

several plantation expansion scenarios. The current policy of expanding
Colombian plantations from 0.3 million hectares (Mha) in December
2015 to 1.5 Mha by 2025 was simulated. Additionally, alternative policy
goals of reaching 0.45 Mha, 0.765 Mha, and 2.0 Mha under sustained
rotation, as well as harvesting 0.3 Mha without replanting, were also
considered. Simulation results indicated that the current policy expan-
sion of plantations would increase the available industrial wood volume
from plantations fivefold over the period 2015–2047, averaging 20.8
million m3 of underbark roundwood annually. These impacts, in phys-
ical terms, on the unprocessed wood market consequently affect the
manufactured wood forest product market, including the potential for
forest industry expansion (please refer to Martínez-Cortés et al. (2022)
for details).

Second, using the complete CFSM and the physical volumes of wood
produced in the above exercise, the monetary impacts of five policy
goals on the unprocessed wood market were estimated. Expanding
Colombia’s commercial forest plantations to 1.5 Mha by 2025 is pro-
jected to significantly affect the unprocessed wood market, with wood
supply and exports expected to increase by 2.5 and 14.5 times, respec-
tively, over the next 25 years. Concurrently, the supply price would
decrease by 24 % compared to a scenario without plantation expansion.

Lastly, the complete CFSM and the input from both empirical exer-
cises were used to examine the monetary impacts of a 5.5-fold increase
in Colombia’s manufactured wood forest products industry’s production
capacity from 2023 to 2038. This scenario projected an 8 % increase in
the consumption of unprocessed wood and manufactured wood prod-
ucts of the pulp and paper industry over the next 25 years compared to a
no-expansion scenario. Additionally, imports of manufactured products
from the furniture industry would decrease by 35%, and imports of pulp
and paper products by 25 %, on average. These two latter empirical
exercises are detailed in Martínez-Cortés (2023).

7. Conclusions

In this paper, we presented a framework for constructing national-
scale forest sector models (FSMs) in tropical countries and demon-
strated, through the case of the Colombian Forest Sector Model (CFSM),
that the estimation of such models is feasible even in the presence of all
possible challenges related to data availability, collection, and consoli-
dation. Our framework is comprehensive, highly flexible, easy to follow,
modular, and data-efficient. It covers the essential aspects of forest
sector modeling, including both the representation of forest markets and
the biological behavior of forest ecosystems, ensuring that all critical
variables are incorporated for reliable sectoral analysis. The framework
can adapt to various levels of data aggregation and accommodate one,
two, or multiple markets, whether aggregated or individual, for any
combination of the three product groups within the sector: wood and
non-wood forest products, and forest ecosystem services, derived from
any combination of four sources: forest plantations, natural forests,
agroforestry systems, and trees outside forests.

The framework features a clear, logical structure with detailed
guidelines for specification that facilitate its use bymodellers and ensure
that both the estimated forest sector model and its outputs are
straightforward for stakeholders and policymakers to comprehend.
Additionally, the framework supports phased development, allowing
users to incrementally update and refine specific components without
requiring a complete FSM overhaul. Moreover, the estimation of a forest
sector model based on this framework relies on data from national ac-
counts and other components of a country’s National Statistical Systems,
which are typically available in most tropical countries, along with
recognized international data sources that are easily accessible online.
This approach is cost-effective due to the regular collection and updating
of these data sources, reducing the need for extensive data collection and
streamlining the model’s estimation process.

With the estimation and validation of the CFSM presented in this
paper, we detail how to address data challenges for building FSMs in
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tropical countries, as highlighted by Haynes (1993), and tackle the
transparency issues associated with FSM complexity noted by Toppinen
and Kuuluvainen (2010). The CFSM also addresses other challenges
specific to tropical nations. Notably, it incorporates two unique features
relevant to tropical contexts: the inclusion of unprocessed wood, spe-
cifically fuelwood, and the consideration of non-conventional wood
sources, such as agroforestry and trees outside of forests. Furthermore,
the current CFSM integrates a bio-physical forest growth simulator,
which accounts for the physical volume of available wood in the un-
processed wood market model equations, thereby enhancing its prac-
tical value for policy analysis and other sectoral studies. The rigorous
model validation process confirms that, despite the data challenges in
tropical countries, highly reliable and useful forest sector models are
achievable.

We believe that our primary contribution is addressing the long-
standing absence of national-scale FSMs for tropical countries, an issue
first highlighted by Haynes (1993). By estimating and validating the
CFSM within our comprehensive framework, we effectively tackle this
gap for the first time. The results of this paper will open a new chapter in
Forest Sector Modeling in the tropical region, offering valuable insights
for analyzing and addressing the existing and emerging issues related to
the role of the forest sector in climate change, sustainable resource
management, and biodiversity conservation.

Specifically for Colombia, the CFSM offers significant potential for
analyzing a wide range of current and future forest policy issues, as well
as supporting various other studies of the Colombian forest sector. In its
current version, the CFSM can provide numerical inputs for analysis
related to the development of the wood forest products market, the
expansion of the manufactured wood products industry, the advance-
ment of commercial forest plantations, and the management of natural
forests. Its application in generating long-term numerical outputs for
evaluating Colombia’s 2018–2038 forest plantation value chain policy,
as discussed in this paper, marks an important starting point. Although
the current model does not include a dedicated simulator for natural
forests, it can still conduct experiments to evaluate the effects of changes
in wood harvest volumes from natural sources, offering insights that
were previously inaccessible. Furthermore, the CFSM’s forest plantation
simulator is a valuable tool for analyzing current and future carbon
markets, as it enables the estimation of actual and potential wood vol-
umes by species and sites nationwide, forming the basis for CO2 offset
calculations. These calculations are also essential for Colombia’s na-
tional studies and reports to the United Nations Framework Convention
on Climate Change, which emphasize the role of forest plantations in
addressing the climate crisis.

Once additional phases of the CFSM are developed, the model will
offer a more comprehensive analytical view of the Colombian forest
sector, particularly regarding policy pressures. In addition to providing
detailed insights into wood forest products sourced from Colombia’s
natural forests, agroforestry systems, and trees outside forests, the CFSM
will facilitate the analysis of agricultural policies related to agroforestry,
such as land currently used for livestock and coffee. The model will also
support studies on competing uses of forests, including forest ecosystem
services and non-wood forest products. It will offer valuable inputs for
understanding how forest restoration initiatives, biodiversity conserva-
tion efforts, and other ecological actions influence wood forest product
markets and industries. Furthermore, it will enable more detailed and
comprehensive analyses of the role of Colombian forests in addressing
the global climate crisis.

The work presented in this paper not only advances the field of forest
sector modeling but also provides critical guidance for policymakers and
practitioners as follows. Firstly, given the critical role of tropical forests
in the biggest challenge of this century – climate change, forest econo-
mists and modellers must overcome the preconception of the lack of
suitable data for FSM in tropical countries. This preconception may be
rooted in modellers’ expectations of data availability from centralized
data collection process of National Forest Services in temperate

countries. This paper demonstrates, the required data can be especially
derived from a country’s National Accounts and other national sources
of information available for the forest sector, which have been signifi-
cantly underexploited.

Secondly, the estimated CFSM model includes three markets for
manufactured wood products and two markets for unprocessed wood.
However, the proposed framework for FSM of tropical countries is
highly flexible, and the new markets of wood products, such as bio-
energy, non wood forest products, such as rubber, and forest ecosystem
services, such as carbon, can be easily added with the availability of data
for those markets. Similarly, unprocessed wood supply equations can be
enhanced by including the estimation of these equations when separate
data of unprocessed wood from agroforestry, trees from outside of for-
ests, and recycled wood are available.

Thirdly, the proposed FSM (including the estimated CFSM) is a
Structural Econometric Partial Equilibrium (SEPE model), and embed-
ding of such SEPE model into a National General Equilibrium model is
methodologically possible (Kant et al., 1996). Such an embedded model
will open the doors to more complex analyses of the ecological, eco-
nomic, and social impacts of the policies and decisions made in the forest
sector on other sectors and vice-versa, which are so critical in the face of
climate change. In addition, the use of a mix of micro and macroeco-
nomic theoretical framework for capturing the dynamics of a forest
sector (including the behavior of forest ecosystems), addresses the Lucas
Critique (1976) with respect to the use of SEPE models, by capturing the
resource limitations and other sectoral characteristics related to the
available supply for unprocessed forest products.

Finally, our FSM framework and estimated CFSMwere also subject to
the inevitable simplifications and compromises inherent in every
modeling endeavor.

This is particularly evident in adopting the competitive market the-
ory for modeling the forest markets, despite the presence of market
imperfections and policy distortions, especially in tropical countries.
However, these distortions affect forest (and environmental) markets in
both temperate and tropical regions, meaning that the limitations of our
model are consistent with those in other forest sector models. The focus,
therefore, should be on understanding and interpreting the results
within the context of the existing market imperfections. Additionally,
future changes in forest markets, such as shifts in the degree of mo-
nopoly or monopsony powers, the emergence of new uses of wood, and
evolving dynamics in international trade regimes, should be continu-
ously explored and incorporated to the extent possible.

In the CFSM estimation, some econometric compromises, such as a
weak statistical fit and/or lack of statistically significant variable(s) in
an equation, were also necessary. These are common compromises in
sectoral models. The greatest strength of our estimated CSFM is that,
despite these challenges and compromises, the model performed very
well according to validation results, and the theoretical framework is
highly flexible.

This paper has opened some new directions for research in FSMs. In
Colombia, further research is essential, particularly for the informal
firewood market, to improve the CFSM’s accuracy and its integration
with other markets of the forest sector. New markets for wood and non-
wood products, i.e., bioenergy and rubber, and forest ecosystem ser-
vices, i.e., carbon, and supply of wood from other sources, i.e., agro-
forestry, trees from outside forests, and recycled wood, should be
included in the 2nd phase of the CFSM. Future enhancements could
include spatializing the CFSM, integrating graphical interfaces with
Colombian forest and climate monitoring systems, and linking the model
to existing economic models to assess the forest sector’s impact on
Colombia’s economy. Additionally, examining the impact of illegal
logging and mining activities on market dynamics could provide deeper
insights into the challenges and opportunities for refining forest sector
modeling by including these factors. Similar studies are needed in other
tropical countries.
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