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Recent bioenergy policies have led to an increase in wood demand, the use of which
is linked to sustainability and climate change objectives. However, balancing climate
mitigation and wood harvest involves land use competition among sectors (e.g. agri-
culture vs forestry) and within sectors (e.g. resource exploitation and conservation).
By developing a theoretical model of natural resources management and conducting
numerical simulations, we show how initial land allocation impacts forest expansion
and intensification choices in two regions. In particular, we analyze optimal land
allocation (between primary, secondary forest and agriculture) and timber harvest
intensity under scenarios of increased wood demand, harvest restriction in primary
forest and tree mortality, including quantifying the marginal rates of substitution
between harvest intensity and forest expansion and between primary and secondary
forest. The initial land allocation does not significantly affects forest management
decisions. As wood demand increases, the profitability of wood production rises,
resulting in a combination of deforestation and higher harvested volumes. In our
model, secondary and primary forests behave as substitutes: secondary forests can
be harvested in lieu of primary forest to meet timber demand. These findings under-
score the need for sustainable harvesting practices and policies, especially as forest
resources face growing pressure from climate change, rising timber demand, and
regulatory constraints.



Keywords: forestry, land allocation, agriculture, sustainable resource management
JEL codes: Q23 (Forestry); Q3 (Nonrenewable Resources and Conservation); Q5
(Environmental Economics)



1 Introduction

Recent bioenergy policies have led to an increase in wood demand, such as the Euro-
pean Renewable Energy Directives (RED), which proposed to double the share of
renewable energy (including wood-based biofuels) in the energy mix by 2030, compared
to 2020 levels'. Broadly speaking, the use of wood products is increasingly linked to
sustainability and climate change objectives, as wood products are seen as substitutes
to fossil fuels and non-wood materials [1-3]. In order to meet this new demand, policy
makers and land managers must balance competing objectives within the constraints
of limited land availability, such the demand for wood or climate mitigation goals (for-
est) and the need for agricultural products to feed a growing population (farmland).
Tradeoffs between wood production and forest conservation leading to land use changes
such as deforestation [4]. For instance, bioenergy policies can increase the demand for
cropland, accelerating deforestation rates [5]. These trade-offs are often exacerbated
by the effects of climate change, such as droughts, soil erosion, and hurricanes, which
increase resource vulnerability and reduced soil productivity [6].

Additional wood demand can be met by either intensifying management practices
or by extending productive forest area. The former involves increasing land productiv-
ity through the modification of forest management practices, such as reducing rotation
periods, increasing harvest levels, or altering forest structure and species composition
(e.g., planting faster growing species) [7]. The latter refers to the expansion of tim-
ber production to new areas, often involving the conversion of primary forest into
timber plantations or logging areas, particularly in developing countries [8]. Indeed,
the proportion of managed forest and management intensity are expected to rise with
growing global demand for wood products [9]. For instance, harvest intensification is
increasing despite afforestation policies in Europe [10], permitting forest conservation
while sourcing increased timber demand. However, both harvest intensification and
forest expansion involve tradeoffs. For instance, high harvest intensity may increase
timber production but decrease biodiversity [11, 12] and carbon stocks [13]. While for-
est expansion can enhance carbon sequestration, it is constrained by the availability
of suitable land [14].

In this paper, we adopt a simplified forest transition model with forest harvest
intensity to study the tradeoffs associated between allocating land between primary
and secondary forests and agriculture. Specifically, we seek to answer three research
questions. First, how does the initial land use allocation and the structure of benefits
and costs of each land use type drive forest management policy ? Second, how do
timber production or forest conservation policies, alter our baseline land use allocation
and harvest trajectories? Finally, what is the effect of tree mortality (such as that due
to climate change) on timber production choices in secondary forests?

Our paper fits into three branches of the literature that deal with forest expan-
sion and forest management, albeit from different perspectives (Supplemental Material
A). First, the forest transition literature analyzes long-term land use changes and
trade offs between forests and agriculture. [15] originally proposed the forest tran-
sition theory as a historical generalization to help explain recent changes in forest

Lhttps://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32023L2413



cover [16]. This theory outlines a typical trajectory of forest stock over time. In the
early stages of economic development, population growth and agricultural expansion
lead to deforestation. However, as economies industrialize, rural populations migrate
to urban areas, agriculture becomes more intensive, and previously cultivated land is
often abandoned and gradually reforested. Numerous empirical studies have examined
this theory [17, 18]. [19] identified two key drivers of forest transition: economic devel-
opment and forest scarcity. Supporting the ideas of [20], they argue that economic
development promotes urbanization and agricultural decline, which in turn enables
forest regeneration. The theory has also been expanded from a theoretical perspec-
tive. Building on the foundational work of Mather and others, [21] proposed a broader
framework in which forest transition is driven by shifts in relative land values, forest
cover changes as the profitability of forested land compared to alternative uses fluc-
tuates over time. More recently, [22] distinguished between primary and secondary
forests to better understand the dynamics of forest transition. However, this literature
studies changes in forest area but does not explicitly consider the intensity of timber
harvesting.

The second is the optimal forest management literature. Forest management was
first studied by Faustmann (1849), who defined the optimal rotation age of a parcel of
forest by maximizing the present value of expected profits over an infinite time horizon
[23]. The Faustmann rotation model has since been extended to consider non-timber
benefits [24], carbon taxes and subsidies [25], intermediary forest treatment costs [26],
and uncertainty in future states of nature [27, 28]. This literature analyzes the optimal
rotation of a forest stand, but do not consider land-use change.

Finally, a set of more complex forest-sector models exist that consider more diverse
markets and methods of forest management across spatial scales, such as the For-
est French Sector Model (FFSM) [29-31], the Global Timber Market model [32], and
integrated assessment models [33—-36]. Models like GLOBIOM or the Global Change
Assessment Model (GCAM) exist between forest expansion and forest management
models, as they model land use change considering different types of forest manage-
ment types (unmanaged, managed forest and plantations) and different sectors of the
economy (e.g., agriculture, population growth etc). These models are frequently used
in policy analysis because they can capture the complex interactions between human
activities and environmental systems [37-39]. However, their closeness to real-world
conditions can make it difficult to isolate specific trade-offs, as their outputs result
from the interplay of many interacting variables.

Our contribution is to bridge the gap between forest transition and optimal forest
management approaches. We integrate a variable of forest harvest intensity in a for-
est change model such that, the land planner chooses how to allocate land between
forest types and agriculture, with the additional notion that s/he is able to decide
how to manage secondary forests for timber. The resulting model is a dynamic,
non-linear optimization problem that maximizes net social welfare, considering both
non-renewable resources (primary forest) and renewable resources (secondary forest
and agriculture. The land planner incurs management costs for each land use type but
gains direct benefits from agricultural production and timber production in secondary



forests, as well as indirect, non-consumptive benefits from forests (e.g., ecosystem ser-
vices). Using a simple framework, we hope to illustrate the economic trade-offs involved
in land use changes and forest management intensity.

The rest of the paper is organized as follows. Firstly, we present the theoretical
modelling framework and describe the scenarios implemented (section 2). In section 3,
we present our results, beginning with the effects increased timber demand (scenario
1), restrictions on primary forest harvest (scenario 2), and tree mortality in secondary
forest (scenario 3). We discuss our results in section 4 and conclude the paper.

2 Methods

2.1 A forest transition model with harvest intensity

Consider a land planner who manages a large patch of land of a fixed area, the use
of which is allocated between primary forest (i.e. natural and unharvested forest),
secondary forest (i.e. even-aged plantations) and agriculture. The areas of each at
time ¢ are given by the variables F;, S; and A; such that F; + Sy + A; = total land.
Furthermore, the volume of harvestable timber in secondary forest is given by the
variable V;, where we assume that the total standing volumes of each type of forest
are harvestable. These are the state variables of our model.

At each moment in time, the planner chooses how much land to allocate to each
land use type, as well as how much wood to extract from secondary forest to maximize
net social welfare. To do so, the land planner chooses how much area of primary forest
to clear cut (d;) and convert to agriculture («)*d; or secondary forest (1 — a)*dy,
how much area of agriculture to convert to secondary forest (r;), how much area of
secondary forest to convert to agriculture (a;), and the quantity of wood (in volume)
to harvest from secondary forest (h;). We provide a visual representation of the land
use dynamics of the model in Figure 1.

Equations governing the change in area of primary forest, secondary forest, and
agriculture are given by,

Ft:—dt (1)
Ay =axdy —r + (2)
Sp=(1—a)xd+r—a (3)

We treat primary forest as a non-renewable resource. Once it is lost, it can never
be recovered. Furthermore, we assume that when primary forest is converted to other
land uses, its area is reallocated at a constant proportion between agriculture a and
secondary forest (1 — a), where 0 < o < 12

The volume of harvestable wood in secondary forest can be represented as an
aggregation of individual forest stands of different ages and species, whose volumes

2To simplify the analytical analysis, we fix the value of o at a constant rather have it vary over time as
a control.
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Fig. 1 Representation of the concepts and land use dynamics in the model

grow logistically according to the equation :
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where 7 is the intrinsic growth rate of forest, K is the carrying capacity of a unit area
of forest, and h; is the area (in hectares) of secondary forest harvested. To avoid scaling
issues and ensure that all variables are expressed in consistent units, we multiply h;
by g—z, a volume-per-hectare ratio. The total capacity of forest volume or effective
carrying capacity of the entire forested area scales with the area of secondary forest
in the landscape.

Net social welfare arises from the use and non-use benefits and costs from all three
land use types. Primary forest generates non-timber benefits arising from ecosystem
services (denoted by the function Be(F})), as well as wood benefits from harvested
volumes. Non-wood benefits include those generated by ecosystem services, such as
those from regulating or supporting ecosystem services (soil retention, water purifica-
tion and flood control), cultural services (aesthetic or spiritual value), or the myriad
of benefits from biodiversity preservation [40]. Non-wood benefits increase with the

area of primary forest but at a diminishing rate (g% > (0 and ‘222% < 0). This implies
that the additional benefits gained from each extra unit of primary forest decrease
with larger forests. For example, [41] emphasizes that the economic value of ecosystem
services is closely linked to accessibility, with benefits decreasing as travel costs rise.
We suppose that primary forest exists at a constant density, and thus each unit
area deforested yields a specific volume of usable timber. Harvesting primary forests

incurs a convex cost of deforestation Cy(d;). When the land planner harvests primary



forest to convert it to agriculture or secondary forest, s/he incurs conversion costs
given by C,(a;) and Cy(r) respectively. Conversion costs are convex, as we consider
homogeneous land, the preferences for each use depends on the relative rental rate in
the initial data. We assume that when wood is harvested, it is clear cut and sold on
the market, obtaining benefits for wood from deforestation of primary forest (d;) and
harvest from secondary forest (h;) according to the functions B,1(d;) and Bya(h:)
respectively. For simplicity, we consider timber from primary and secondary forests
are homogeneous products (e.g., they have the same price). Harvest costs in secondary
forest are given by the convex function Cj,(h:). Finally, agriculture generates land
rents according to the function B4(A¢), where B4(A;) is a linear function.

Thus, the land planner chooses the land use allocation of primary forest, sec-
ondary forest, and agriculture, as well as the harvest of secondary forest, to maximize
discounted net social welfare according to the maximization problem :

dt,re,at,he

max W = / [Be(Ft) + BA(At) + Bwl(dt) + BwQ(Stv V;fa ht)
0

— Cd(dt) — Cr('f't) — Ch(St, ‘/;5, ht) — Ca(at)] 6_6t dt

subject to:
Fy = —d,
Ai=adi—ri+a (5)
St:(l—a)dt—at—i—rt
V= Vi (L= ) —hex gt
0< he <5
Te £ ay

Fy, Ao, So, Vo given
where ¢ is the discount rate, and F, Ag, So, and V} represent the initial proportions
of primary forest, agriculture, secondary forest, and harvestable wood respectively.

2.2 Analytical solution

Following the program above and land user’s problem, the current value of the
Hamiltonian takes the form :

H = B. (Fy) + Ba (A) + By (d¢) + Buw2 (Se, Vi, he) — Cq(dy) — Cr(ry) — Ch(Se, Vi, he) — Calay)
gl o )
SK A

(6)

where Ay, ue, ¢¢, and 7, are the co-state variables (shadow values) of extra units
of primary forest, agriculture, secondary forest, and volume of harvestable timber.

—Aedy + pr (ady =71+ ar) + ¢ (re —ap + (1 —a) di) +me((y Vi (1



The necessary first-order conditions are:

R Rl DR ®
g—Z:O = Mt:%§j+¢t (10)

Equation (7) tells us that the value of an extra unit of primary forest is equal to the
marginal net benefits or opportunity costs of using the land for another purpose. The
first set of terms is the direct net marginal benefits of deforestation; the second set is
the marginal benefits of a unit of deforested land allocated to agriculture or secondary
forest. Equation (8) shows that the value of an extra unit of harvestable timber is
equal to marginal net benefits of harvesting secondary forest scaled by the ratio of
secondary forest area and volume. Equations (9) and (10) indicate that the values of
an extra unit of secondary forest and agriculture scale with the implicit benefits of the
other land use type (an opportunity cost) minus the marginal costs of land conversion.

The adjoint equations are given by,

AN— 6\ = —gf;: (11)
77*577:*[85‘21*%% n’y*%*%] (12)
600 = —12pt - S0 T Ty M (13)
ji— o = 8 (14)

Re-arranging equations (11)-(14) provides the equations of motion of the shadow
values for each state variable, the values of which are governed by the difference
between marginal costs and benefits, plus the discounted current value of each costate
variable.

We adopt the methodology of Fenichel et al. (2010), Fenichel et al. (2015), Horan
and Fenichel (2007), and Horan et al. (2011) to solve for the optimal paths of land
conversion and secondary forest harvest. In short, the method involves taking a series
of time derivatives of the necessary first order conditions, setting them equal to the
adjoint equations, and solving for the equations of motion for the control variables. A
detailed step-by-step guide of the process can be found in the Appendix.

Changes in deforestation, land conversion to agriculture and secondary forest, and
secondary forest harvest are governed by the equations:
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These equations represent the evolution of the control variables over time as a
function of the state variables and model parameters. They include the future benefits
that are sacrificed when altering a state variable today, as well as the opportunity
costs of not allocating land to an alternative use. Together with equations (7)-(10) and
(11)-(14), these form a complete system of ordinary differential equations to describe
the behavior of all state, co-state, and control variables in the model.

Furthermore, we quantified the marginal rates of substitution of harvest intensity
dbwy

and forest area in the long term, which is equal to: 4. Intuitively, this value rep-

resents the amount of compensation in harvest for a change in the area of secondary
forest to maintain a given level of benefits of wood production. Similarly, we calculate
the marginal rate of substitution between primary forest and secondary forest, which

be

equals aabTu}Q . In each case, we substitute the state variables by their steady state values.
95;

Note that the equations for the co-state and control variables are in their general
forms and are not restricted to a particular functional form. However, due to the com-
plexity of the model and the inter-connectedness of the land use allocations, we were
unable to solve for a closed-form solution. Therefore, we turn to numerical methods
to explore the behavior of the model under different scenarios of management policy.

2.3 Numerical analysis
2.3.1 baseline scenarios and parameters

We set the model parameters to represent fictional regions. We do so for two reasons.
First, we want to avoid any misinterpretations of our paper as a policy analysis and



our results as normative. And second, while we would prefer to calibrate the model to
realistic data, unfortunately, we lack reliable estimates of many of the benefit and cost
parameters. Therefore, the model parameters are defined according to the literature
(where available) and then by what makes sense in the model. A summary of coeffi-
cients and their corresponding values can be found in Table 1. For clarity purposes we
normalize the land uses to one for the presentation of the results.

Across our model scenarios, we will compare two separate regions differing only
in their initial land allocations. Region A comprises 10.42% of primary forest, 35% of
secondary plantation forests, and 54% as designated agricultural land. Initial timber
volumes of secondary forest are 5078.330 M m3. Region A can be viewed as a developed
country or region in the later stages of forest transition, where primary forests have
already been depleted during the early phase of the transition (such as the 27 countries
in the FAQ’s EU-27 classification). Region B is comprised of 32% primary forest area,
2.25% secondary forest area, and 65% agriculture. Initial timber volumes of secondary
forest are also 5078.33 M m?. This region can be compared to a developing country
nearing the forest transition’s turning point, with large areas of both agricultural land
and primary forest (such as a country in South America).

Our baseline parameters, which we use as a comparison point for the other scenar-
ios in our study, are found in Table 2. We then simulate three scenarios to represent
expected changes in wood demand due to increasing environmental and political pres-
sures on forest resources and climate change. The first scenario, ”increased timber
demand,” involves a fourfold increase in the benefits of timber harvest (price). This
scenario reflects the anticipated rise in timber demand driven by bioenergy and bioe-
conomy policies, such as the Renewable Energy Directive or the EU Bioeconomy
Strategy. The second scenario, ”forest conservation policy,” builds on the increased
timber demand scenario by raising the multiplier of deforestation costs by a factor of
five in addition to increased timber demand. This scenario aligns with recent policies
focused on forest conservation and restoration, such as the EU Forest Strategy for 2030
and the EU Deforestation Regulation. Lastly, we introduce a ”secondary forest tree
mortality” scenario, where the growth rate of forest density (vy) is reduced from 0.9 to
0.4, while maintaining increased timber demand. This change accounts for the impact
of intensifying droughts, a consequence of climate change, which causes increased tree
mortality and reduced forest productivity [42, 43].

2.3.2 Sensitivity and steady-state analysis

In order to identify the key parameters and test the robustness of the model, we
conducted a sensitivity analysis that involves systematically changing one parameter
at a time while keeping the others constant. We used the initial values from region B to
run the analysis, varying the model parameters by 1%, 5%, and 10%. After adjusting
the parameters, we compared the results in the long term (the steady state) with the
baseline model with our original parameter values (Table 1). We then calculated the
mean percentage change in both state and control variables.

Specifically, we vary the following parameters: secondary forest carrying capacity
(K), secondary forest growth rate (), discount rate (&), the multiplier of environmen-
tal benefits (bey), the power of environmental benefits (bes), the multiplier of timber



benefits from primary forest (bwy), the multiplier of timber benefits from secondary
forest (bws), the power of timber benefits (bws), the multiplier of agricultural bene-
fits (ba1), the power of agricultural benefits (baz), the multiplier of deforestation costs
(cdy), the power of deforestation costs (cds), the multiplier of secondary forest har-
vesting costs (chy), the power of secondary forest harvesting costs (chsa), the multiplier
of reforestation costs (cri), the power of reforestation costs (crq), the multiplier of
agricultural costs (ca;) and the power of agricultural costs (cas).

2.3.3 Solver settings and software

We solve the model as a nonlinear dynamic continuous problem in Julia with the
Ipopt (interior-point-OPtimizer) solver. Technically speaking, the solver requires the
problem to be solved with fixed terminal conditions. We calibrated the terminal time
conditions to be near the long term steady state values, and then ran the model long
enough to stabilize at those values before being constrained to arrive at the termi-
nal endpoint, effectively resulting in free endpoint problem. Ipopt uses a line search
technique along with a filter that ensures the solution remains feasible (maximizes the
objective function) and stays within the constraints of the model while making progress
towards an optimal solution. It runs sets of candidate trajectories and stores a set of
candidates solution based on the values of their objective function and violation of
constraints. Finally, it filters out solutions that do not provide sufficient improvement,
including a criteria related to the step size (solvability). We use infiniteOpt package,
which is designed to facilitate the automatic transcription of infinite-dimensional opti-
mization problems (e.g. variables in continuous time) to be solvable model in a discrete
approach. Details on the outputs of optimization for both regions are given in section
8 of Supplementary Material.



Name

Environmental benefits
Agricultural benefits

Timber benefits 1

Timber benefits 2

Primary forest harvesting costs
Secondary forest harvesting costs
Secondary forest regeneration costs
Agricultural costs

Functions

Function

beq - (F)be2

bay - (A)bez

bws - (d)>w2

bws - (S, V, h)bw2

cdy - (d)ed2

chy - (S, V, h)che

cry - (r)er

cay - (a)c2

Coef
bey

ba1

bwy, bws
cdy

cay

Parameters

Interpretation

Multiplier of the environmental benefits
Multiplier of the agricultural benefits
Multiplier of the timber benefits
Multiplier of PF harvesting costs
Multiplier of SF regeneration costs
Multiplier of agricultural costs
Multiplier of SF harvesting costs
Power of the environmental benefit
Power of PF harvesting costs

Power of SF harvesting costs

Power of SF regeneration costs
Power of agricultural costs

Fixed proportion of PF to agriculture

Origin
Costanza et al. 1997
FAO 2020
FAO 2020
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed

Table 1 Functional forms (top) and values of coefficients (bottom) for each region. A double line

separates the two sections.

3 Results

3.1 Baseline
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Figures summarizing our findings can be found in Figures 2-4. It is worth reminding
the reader that, when comparing our scenarios to the baseline, we will be comparing
their long term, steady state values.

In the baseline scenario, in both regions, the area of primary forest decreases rapidly
at the beginning of the period to meet the demand for timber and agriculture, and
then remains at a constant level around zero over time. The power and the multiplier
of timber benefits overweight the environmental benefits. The land planner harvests
the primary forest to gain benefits from timber and converts it to secondary forest
and agricultural land to capitalize on the benefits of those two land uses.

In region A, there are limited changes in agricultural area, while in region B, agri-
cultural land more steeply increases at the beginning of the simulation. This difference
arises from the fact that region A has less available land for conversion due to its
smaller initial primary forest area, and the available land is primarily converted into
secondary forest. Therefore, from an economic perspective, the trade-off associated
with using land for secondary forest is higher than the trade-off of using the land for
agriculture. In other words, the opportunity cost of secondary forest outweighs the
opportunity cost of agriculture. This is reflected in the marginal rate of substitution
between secondary forest harvest intensity and forest area at steady state (2,14 for
both regions), which is interpreted as the number of units to expand the forest area by
to compensate for a one unit loss in harvested volumes to maintain the benefits con-
stant. The marginal rate of substitution between primary and secondary forest equals
0.17 in region A and 0.04 in region B. In more general terms, region B requires lower
compensation in secondary forest area to maintain the same level of benefits for a
change in primary forest area, all else being equal.

3.1.1 Increased timber demand

Across both regions, higher timber demand boosts the benefits of wood production,
outweighing the environmental advantages of preserving primary forests. An initial
surge in timber demand causes a rise in wood extraction from primary forests, con-
tributing to a faster decline in the primary forest area in both regions. Simultaneously,
there is a faster increase in the establishment of agricultural land and, to a lesser
extent, into secondary forest.

We observe greater rates of decline in region B. A higher initial abundance of pri-
mary forest and the lower opportunity cost of it drives higher forest conversion to
secondary forest. Economically speaking, the benefits of additional timber production
from secondary forest is high compared to the foregone environmental benefits of pri-
mary forest, leading to deforestation and conversion to secondary forest plantations.
Once the secondary forest stock reaches a certain level, primary forest exploitation
stabilizes as harvesting shifts to the secondary forest. In Figures 3 and 4, we see that
at the beginning of the period, harvested volumes in the secondary forest are near
zero. As the forest grows, harvesting volumes increase. In contrast, primary forest
harvesting starts at high levels but declines over time as the secondary forest grows,
eventually stabilizing at a constant level near zero. As primary forest is no longer avail-
able for harvesting, the land planner relies on secondary forests to meet the demand
for wood. There is a potential substituability between primary and secondary forest,
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and between intensified harvesting in primary and secondary forest and secondary
forest area expansion to respond to timber demand. The marginal substitution rate
between harvested volumes and secondary forest area is the same as baseline. The
marginal rate of substitution between primary and secondary forest areas is higher
than in the baseline scenario (0.28 for region A and 0.08 for region B). This indicates
that as more primary forest is harvested, a greater area of secondary forest is required
as compensation.

3.1.2 Forest conservation policy

)

The ”forest conservation policy” scenario results in a larger primary forest area com-
pared to the baseline scenario in both regions. Because of higher cost of harvesting
forest, the net benefits of timber production do not outweigh the net benefits of either
agricultural production or environmental benefits of primary forest. In region A, sec-
ondary forest area is 6% lower than the baseline in the long term, and the agricultural
area remains very low. In region B, 6.5% less land is converted to agriculture and 25%
less land is converted to secondary forest compared to the baseline scenario. The land
planner prioritizes the environmental benefits of primary forests, while slightly reduc-
ing the focus on timber activities. Finally, as expected, in both regions primary forest
conservation leads primary forest deforestation to be near zero. Harvest intensity in
secondary forests is lower than in the baseline in both regions. However, in region B,
harvest intensity is lower than in region A. This is because region B allocates less land
to secondary forest compared to region A. Here, there is a substituability between pri-
mary and secondary forest resources, as deforesting primary forest is overly costly and
secondary forest harvest intensity increases to compensate. The marginal rate of sub-
stitution between harvest intensity of secondary forest and secondary forest area equals
1.713 in region A and 1.844 in region B. The marginal rate of substitution between
primary and secondary forest equals 0.00076 in region A and 0.0004 in region B. In
more general terms, both regions require lower compensation in secondary forest har-
vest intensity than in baseline as harvesting is intensified in the remaining secondary
forest areas.

3.1.3 Higher tree mortality in secondary forest

In both regions, reducing secondary forest growth has very little impact on land alloca-
tion compared to the baseline. Moreover, the results are quite similar to the increased
timber demand scenario, indicating that modifying growth rate of secondary forest vol-
umes has minimal effect on land use changes and primarily influences harvest intensity.
Harvested volumes are lower in the secondary forest tree mortality scenario compared
to the baseline for both regions, with primary forest deforestation being higher than
the baseline for both regions. This results in a reduction of primary forest area to
compensate for the lower productivity of secondary forest due to tree mortality. In
this case, primary forest and secondary forest are substituable resources, as secondary
forest is constrained, harvest is lower but this is compensated by higher primary for-
est harvest. The marginal substitution rate between harvested volumes and secondary
forest area is 3.350 for region A and 3.550 for region B. This rate is higher than the
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baseline because volume growth is low, meaning more area is needed to compensate
for each unit of harvested volume.

3.1.4 Sensitivity analysis

In general, the model is robust to parameter values and initial conditions. With the
exception of the volume of timber in secondary forests (V;), whose equation of motion
is more non-linear than the other state variables, we saw reasonable changes in the
long term, steady-state values of our state variables or controls. For details on the
results of the sensitivity analysis, see Table 7 of the Supplemental Material.
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4 Discussion

This study examines changes in forest management practices through land use allo-
cation (including forest expansion) and forest harvest intensification. We simulate
increasing wood demand, combined with conservation policies and tree mortality
effects, to explore how forest management adapts to meet wood demand under differ-
ent scenarios of public policy and climate change. How managers choose to allocate
their land between primary and secondary forest and agriculture depends on the inter-
play between the costs and benefits of each land use and the harvest intensity of
secondary forest. When there are fewer constraints on either resource, both intensified
harvesting and forest expansion occur simultaneously. However, when one resource is
costly (as in Scenarios 2 and 3), a degree of substituability emerges, not only between
the two forest types but also between intensified harvesting and forest expansion.

Current forest conservation policies are often in conflict with the increasing demand
for wood and wood products due to, for example, transitions to bioenergy [44]. For
instance, strict logging restrictions in protected areas limit timber harvests [45], and
reforestation regulations can delay access to new wood supplies [46]. While bans on
clear-cutting in some regions are beneficial for providing habitat for biodiversity, they
reduce the efficiency of wood production, which is necessary to meet growing demand
in wood fiber [47]. Our results show increasing harvest intensity may not always
mitigate the pressures on forest ecosystems, and in some cases, it may exacerbate
deforestation rather than alleviate it [48]. The results of our first scenario indicate
that increasing the marginal benefits of wood production can lead to forest allocation
at both the extensive margin (e.g., deforestation, conversion of primary to secondary
forests, and conversion of agricultural land to secondary forests) and the intensive
margin (e.g., higher harvest rates in secondary forests). These changes can contribute
to a decline in forest resources and the potential associated ecosystem services and
carbon sinks.

Some studies support that jointly increasing harvest intensification and afforesta-
tion could be a desirable strategy for climate mitigation. In other words, wood harvest
and climate mitigation are not mutually exclusive. For example, [35] modeled global
forest carbon dynamics and found that combining increased harvest rates with expan-
sive afforestation could provide a net carbon benefit, particularly when harvested
wood products displace emissions-intensive materials like steel and concrete. Simi-
larly, [49] analyzed forest carbon stocks in the southeastern United States. They found
that higher demand for wood bioenergy could lead to both increased forest invest-
ments and land retention, thereby supporting long-term carbon storage. [50] argued
that enhancements in forest growth through improved management, such as better
silvicultural practices and fertilization, can increase biomass yield and carbon seques-
tration, especially when coupled with afforestation of previously non-forested lands.
Forest management targeting climate mitigation can be facilitated by forest policies
that ensure harvest levels remain below levels of forest growth and require regener-
ation after harvesting [51]. Indeed, we can observe cases of rising harvest intensity
in concurrence with afforestation policies and higher carbon stocks [10], such as in
Denmark [52] and the southeastern United States [53].
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We illustrate in our second scenario, which included increased timber demand and
primary forest conservation, that forest conservation and harvest are not mutually
exclusive. We can still conserve primary and secondary forests while reasonably main-
taining secondary forest harvest, through the magnitude of this result depends on
initial conditions. In other words, primary and secondary forests act as substitutes for
meeting timber demand. This connects well with other examples of substitutability in
the resource economics literature, such as between ecosystem services or species con-
servation. Primary forest can be conserved with secondary forests being more heavily
harvested, which could help to preserve key ecosystem services and carbon sinks inher-
ent to primary forests. However, part of this result is influenced by how we modeled
our forest conservation policy, particularly due to the high harvesting cost assigned
to primary forests. For example, the current European Union directives for biodiver-
sity conservation puts in place a goal of setting aside a minimum of 30% percent of
land by 2030 for protected areas. In our model, this could be accounted for by a con-
straint in the quantity of primary or secondary forest that must be maintained at all
times. While we would not expect this to change our main findings, it will affect the
trajectories of the model to its long term equilibrium.

A recent European Commission report on the use of woody biomass for energy
production suggested that requiring forest conservation in a system with high timber
demand may not be efficient in the long term [54]. It is therefore essential to find the
right policy balance that allows for the efficient production of woody biomass, opti-
mizes greenhouse gas savings, and maintains ecosystem services, all without causing
deforestation. They say this for two main reasons. First, intensive exploitation of soils
and secondary forests can cause significant environmental damage. For instance, [55]
found that intensive biomass harvesting could result in a substantial carbon transfer
from forests to the atmosphere (142 to 497 Tg-C). Moreover, intensive harvesting prac-
tices can deplete nitrogen and phosphorus in the soil, thereby reducing soil fertility
and forest productivity [56]. Second, afforestation or forest conservation policies shift
deforestation and land use change to outside the country, an effect known as leakage
or displacements. In a general equilibrium model, [57] estimated that countries may
transfer 42 to 95% of their reduced forestry production elsewhere. Other recent stud-
ies also show that leakage can undermine forest conservation benefits [58—60]. Recent
developments in sustainable forest management indicate that increasing harvest inten-
sity should be accompanied by non-exploitable afforested areas to offset the carbon
loss from intensive wood exploitation, including circular economies [61, 62].

Issues of sustainable forest management are further compounded by the effects
of climate change, with extreme weather events such as drought, wind storms, and
insect outbreaks occurring in increasing frequency and intensity in the future [63].
We model the consequences of this in our third scenario, which combines increased
timber demand with higher tree mortality, and observe that mortality in secondary
forests leads to greater harvesting of primary forests and conversion to agriculture,
as secondary forest becomes less profitable. Environmentally, tree mortality reduces
carbon sinks and biodiversity [43, 64]. Ecologically speaking, the effects of tree mor-
tality are well documented. In soils, it can lead to increased erosion, altered albedo,
and reduced carbon absorption [65]. For trees, drought and rising temperatures can
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cause increased evapotranspiration, soil and plant dehydration, and tree death [42].
This effect is further exacerbated by the accelerated depletion of primary forests, as
both forest types may be used to meet timber demand. These findings highlight the
need to strengthen forest resilience in order to address unsustainable patterns, (for
example, through species diversification [66], assisted natural regeneration, or adap-
tive forest management [67]). There is limited research on the economic impacts of
tree mortality. Future research should aim to fill this gap by developing land use or
forest management models that incorporate the impacts of environmental conditions
and climate risks on management decisions and carbon sinks.

However, when drawing conclusions from our results, it is important to note that
our model is not without limitations. Like any model, our results are dependent on
initial conditions and assumptions (see the Supplemental Material for a deeper discus-
sion of this issue). Our sensitivity analysis shows that the model is relatively robust to
changes in parameter values (and any differences are consistent with what we would
expect from intuition), and certainly, the modeling framework can be extended. Our
study does not consider the effects of climate change on agricultural production, which
would influence crop yields and, as a consequence, land allocation to agriculture. Pro-
duction choices available to forest owners can be very detailed, which may include
species diversification, adjustments in thinning rates, or litter raking (among others).
Moreover, there is a diverse set of indicators for measuring management intensity
in addition to harvest quantity, such as tree species selection, rotation period, and
forest density [9]. Future refinements could consider incorporating additional factors
that might provide a more comprehensive assessment of environmental impacts. These
might include other land-use transition costs (e.g., soil preparation, energy use) and
indirect effects such as land displacement or carbon leakage associated with primary
forest loss. We could envision extending the model, integrating variables related to
environmental quality, carbon accounting, and international trade, as well as by intro-
ducing elements of risk and uncertainty, and temporal aspects of transitions (e.g.,
conversions take time).

Modeling land-use distribution through dynamic optimization control can offer
valuable insights into the cost-effectiveness of different political strategies while taking
into account the tradeoffs associated with climate change mitigation, forest conserva-
tion, and wood production [68]. Our scenarios represents potential win-win strategies
by demonstrating the substituability between primary and secondary forests in ful-
filling wood demand. Win-win policy approaches aim to meet the growing demand
for wood without compromising forest resources [54]. Such strategies not only con-
tribute to climate change mitigation but also supports the continued provision of
forests’ ecological, economic, and social benefits over the long term. However, the lit-
erature increasingly shows the importance of conservation in maintaining biodiversity,
the flows of ecosystem services, and preservation of ecosystem functioning [12], the
effective implementation of which requires a coordinated set of measures. Developing
realistic compensation schemes for conservation is essential to incentivize stakeholder
participation in forest protection, particularly when opportunity costs are high [69].
The identification of suitable land areas for conservation or restoration can aid eco-
logical viability and cost-effectiveness [70]. Prioritizing ecologically valuable forest
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zones, such as areas with high biodiversity or carbon density, helps maximize con-
servation outcomes [71]. Lastly, the selection of appropriate restoration methods is
critical for recovering ecosystem functions and enabling degraded lands to partially
recover primary forest functions [72]. Together, these components support the design
of conservation policies that are both environmentally effective and economically fea-
sible, and will play a role in optimal management policies that maximize ecological
and economic goals.

Primary forest and secondary forest areas are substitutable resources for wood
production. Concerning management strategies, in some cases, harvest intensity and
forest expansion strategies are used as complements, while in other cases, they act
as substitutes. As wood demand increases, the profitability of wood production rises,
resulting in a combination of deforestation and higher harvesting intensity. In this case,
an increasing harvesting intensity strategy does not necessarily alleviate deforestation
pressures. Shifts between expanding forest areas (extensive margin production) and
increasing harvested volumes (intensification) occur only under specific constraints.
For instance, when primary forest conservation measures are enforced, secondary
forests experience higher harvesting intensity to meet the rising timber demand. Ulti-
mately, the impact of tree mortality leads to a reduction in harvest in secondary forest
and higher harvest in primary forest.

We suggest future research to focus on developing more optimal control land use and
forest management models that incorporate the impacts of environmental conditions
and climate risks or hazard on management decisions and carbon sinks.
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