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ABSTRACT: We include biodiversity impacts in forest manage-
ment decision making by incorporating the countryside species
area relationship model into the partial equilibrium model
GLOBIOM-Forest. We tested three forest management intensities
(low, medium, and high) and limited biodiversity loss via an
additional constraint on regional species loss. We analyzed two
scenarios for climate change mitigation. RCP1.9, the higher
mitigation scenario, has more biodiversity loss than the reference
RCP7.0, suggesting a trade-off between climate change mitigation,
with increased bioenergy use, and biodiversity conservation in
forests. This trade-off can be alleviated with biodiversity-conscious
forest management by (1) shifting biomass production destined to
bioenergy from forests to energy crops, (2) increasing areas under unmanaged secondary forest, (3) reducing forest management
intensity, and (4) reallocating biomass production between and within regions. With these mechanisms, it is possible to reduce
potential global biodiversity loss by 10% with minor changes in economic outcomes. The global aggregated reduction in biodiversity
impacts does not imply that biodiversity impacts are reduced in each ecoregion. We exemplify how to connect an ecologic and an
economic model to identify trade-offs, challenges, and possibilities for improved decisions. We acknowledge the limitations of this
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approach, especially of measuring and projecting biodiversity loss.

KEYWORDS: biodiversity, forest management, partial equilibrium, bioenergy, woody biomass, climate change mitigation,

linear programming

1. INTRODUCTION

Current and future land use affects biodiversity."”” suggest that
future global land use change scenarios, especially those with
strong climate change mitigation using bioenergy, will have
negative impacts on biodiversity. Similarly, Heck et al’
indicate how bioenergy with carbon capture and storage
(BECCS) potentially required for climate change mitigation
surpasses the planetary boundary of biosphere integrity,
measured by the Biodiversity Intactness Index. Hof et al.*
find that the impact of bioenergy cropland expansion on global
terrestrial species richness could offset the positive effects of
prevented climate change.” In the context of forests, land use
change usually refers to deforestation and loss of wilderness
areas.

A less explored path is the potential of forest management
decisions to mitigate the trade-offs between climate protection
and biodiversity conservation. Some authors have mentioned
that management intensity affects biodiversity impacts®~ and
that more sustainable forest management can reduce negative
impacts on biodiversity.

However, current models used to represent and assess forest
management decisions typically do not incorporate biodiver-
sity impacts, e.g., the Global Timber Model'°~'* and
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GLOBIOM-Forest."”'* These partial equilibrium economic
models are used in isolation to understand the effects of several
scenarios and policies on forests and forest markets and are
also used in combination with other land use models or
integrated assessment models (IAMs) to represent forestry
sector decisions within a larger interconnected system.

These partial equilibrium models incorporate forest product
markets where consumers and producers interact with prices,
determining the quantities produced. Since these partial
equilibrium models reflect only market goods, they ignore
nonmarket goods, such as biodiversity, ecosystem services, and
other externalities associated with the forest industry. This gap
implies that the forest management decisions made using these
models are missing the opportunity to improve biodiversity
outcomes.
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By incorporating biodiversity into forest management
decision making, we can identify ways through which the
forestry sector can reduce its impacts on biodiversity and
alleviate the potential trade-oft with climate change mitigation
strategies that use high levels of biomass. The objectives of this
study are (1) to propose a way to incorporate biodiversity into
forest management decision making by integrating an
economic and an ecologic model, (2) to identify how biomass
production and the forest industry are affected when
constraining biodiversity impacts of biomass production, and
(3) to show mechanisms through which biomass production
could reduce its impacts on biodiversity while still producing
the biomass demands for bioenergy.

The paper is structured as follows. The first section describes
the economic (GLOBIOM-Forest) and ecologic (countryside
species area relationship model—cSAR) models used. The
second section explains how the cSAR model is integrated into
GLOBIOM-Forest. In the third section, the results are shown
for two scenarios that correspond to the combination between
two climate change scenarios and a constraint on biodiversity
loss.

2. METHODOLOGY

An existing ecological model, the cSAR model, is incorporated
into an existing economic model, GLOBIOM-Forest. The
following sections describe the economic model, the cSAR
model and how it was adapted to forest management decisions,
the modifications required to integrate both models, and the
scenarios.

2.1. GLOBIOM-Forest. The IIASA Global Biosphere
Management Model (GLOBIOM)**° has been developed
since 2000 for integrated assessment of climate change
mitigation policies involving land use, such as biofuels
(https:/ /iiasa.github.io/ GLOBIOMY/). It is a bottom-up partial
equilibrium model in which total economic surplus, typically
used measure to represent social welfare in economics, is
maximized. As such, the model represents economically
optimal behavior subject to the model constraints. GLO-
BIOM-Forest is a version of GLOBIOM with greater forest
detail "', Supply is represented on a spatially explicit basis for
a grid of 200 km X 200 km (2°), while demand and bilateral
trade are represented on a regional basis (with up to 58
economic regions—Table S4). Supply is then aggregated to
the economic regions to guarantee that supply equals demand.
GLOBIOM-Forest includes a representation of both forestry
and the forest industry, considering harvested products,
byproducts, intermediate products, and final products. Forests
are categorized as unmanaged forests and managed forests:
unmanaged forests are not harvested and include the primary
and secondary forest types: primary—naturally regenerated
forests of native tree species where there are no clearly visible
indications of human activity and the ecological processes are
not significantly disturbed and secondary—a forest or
woodland area which has regrown after a major disturbance
but is not yet at the end point of succession and managed
forests. Managed forests are harvested to obtain woody biomass,
with low, medium, or high-intensity management. These are
distinguished from energy crops represented via short rotation
plantations (SRP), which are not considered to be forest land
but are located in agricultural land or grassland. The model is
used to represent two types of supply decisions: on forest
management, and on land use change for energy crops. These
decisions are made on a spatially explicit basis considering the

grid and the country level. On the one hand, there is forest
management, which takes place in forestland. Forestland area
remains constant in the model since afforestation and
reforestation are not considered in the version used. In this
constant forest area, the forest management decisions are
made. The types of forest management correspond to set F =
{primary forest, secondary forest, low-intensity management,
medium-intensity management, high-intensity management}
(see Table S3 for definitions of each forest management type).

On the other hand, there is land use change. The
representation of land use change in GLOBIOM-Forest is
simplified. It does not consider all land use types, nor all
possible land use transformations. It only represents the
transformation from suitable agricultural land or suitable
grasslands to SRP. In this way, SRP are not located in
forestland, and under the model definitions are not considered
forests, but energy crops.

The connection between the two decisions is through
bioenergy demand for biomass. Exogeneous bioenergy demand
for biomass (for nontraditional use) can be satisfied with both
biomass produced in forest land under the different manage-
ment types or biomass being produced in SRP. In contrast,
endogenous biomass demand for wood products can only be
satisfied with biomass being produced in forestland.

GLOBIOM-Forest is solved as a linear programming model
recursively with 10 year intervals for the years 2000—2100 with
a calibration period between 2000 and 2020. Each year the
economic surplus (see eq S14) is maximized. For more
information on GLOBIOM-Forest, see the Supporting
Information, or refs 13 and 14.

2.2. Biodiversity Model Assessment. In this analysis,
biodiversity impacts are estimated as a response to habitat loss
driven by changes in forest management and energy crops.
This includes (1) changes from primary and secondary forests
to each of the three levels of intensity of managed forests, (2)
changes in intensity in already managed forests, (3) changes
from managed forests to secondary forests, and (4) changes
from suitable agricultural lands or grasslands to SRP. Only the
species-level dimension of biodiversity is included. We
implement the cSAR model'*'°. The indicator estimated by
the model (Slostgfg“’“al) is the potential regional species loss or
species extirpation for taxon g in ecoregion . This indicator can
be interpreted as the number of species committed to
extinction due to habitat loss, in comparison to an original
scenario, in each World Wildlife Fund (WWE) ecoregion. An
ecoregion is a biogeographical characterization made by the
WWEF of land that shares a large majority of species, dynamics,
and environmental conditions'’. Note that the disappearance
of a species in an ecoregion does not imply the disappearance
of the species on a global basis; therefore this indicator does
not correspond to global extinctions. The cSAR model is an
empirically derived relationship between areas of habitat lost
and species lost, with a characteristic scaling factor z, The
model'>'*"® used here, eq 1, follows the presentation by
Chaudhary and colleagues'’, adapted to forest management
and energy crops consistently with GLOBIOM-Forest
modeling assumptions. It is based on refs 7, 19 and 20. For
more details on the model integration and its limitations, see
ref 21.
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Slost 18 = Sorggll[l - [[Z h_FM,, A_FM,, + ), h_LU,, A_LU,,
i€F i'eU
k)
+ h_SRl»’g’,A_SRP,]/[AorgI]] , VgeG, lel )
1

In eq 1, G is the set of taxonomic groups and L is the set of
ecoregions. Forest management types i in GLOBIOM-Forest
correspond to the set F = {primary forest, secondary forest,
low-intensity management, medium-intensity management,
high-intensity management}. A description of each forest
management type can be seen in Supporting Information
Table S3. Land use types i’ with suitable areas for SRP
correspond to the set U = {agricultural land, grassland, other
natural land}.

The model is based on the proportion of the areas available
for species in a reference scenario versus the area available for
species in the new future scenario. The former will correspond
to the denominator of the fraction inside the parentheses and
the latter will correspond to the numerator. Aorg; and Sorg,; are
the amount of natural habitat and the number of species of
taxon g in the reference scenario in ecoregion I, respectively.
A_FM;, A LU, ), and A_SRP, are the amount of area devoted
to each forest management type i, each land use type i’ and
SRP, respectively, on each ecoregion [ in the future scenario.
h_FM,;, h_LU,:; and h_SRP,; represent the affinity of the
taxonomic group g for forest management type i, for land use
type i’ and SRP, respectively, on ecoregion . z; is a constant
from the classic SAR model for ecoregion [ that reflects how
rapidly species are lost due to habitat loss.

A typical assumption when assessing biodiversity changes is
to use this reference scenario as a pristine scenario without
human intervention’”. We followed this assumption which
implies Aorg,; = TotalArea; In this adaptation of the cSAR
model, TotalArea; corresponds to the total forest area plus the
area from agricultural land, grasslands, and other natural land
that is suitable for SRP. This is not the total area of ecoregion !
as is usually considered in previous uses of the model. The
following relation remains ), A_FM,; + Y,;A_LU;; + A_SRP,
= TotalArea, for each ecoregion I. The affinities, h FM, h_LU
and h_SRP € [0, 1], can be interpreted as the proportion of
the area under each management type i, land use type i’ or
SRP, respectively, that can be used by the taxon g in each
ecoregion "%, In this way, Slostg,,REgional corresponds to the
potential species loss or extirpation in each ecoregion due to
the decrease of habitat from Aorg to zieph_FMg,,-l,A_FM,-J +
2ievh LUy A LU, + h_SRP,A_SRP,.

There are significant limitations of the cSAR model; among
which is the fact that it only represents the species-level
dimension of biodiversity. More limitations are acknowledged
in the Discussion section. Other models of biodiversity could
be considered; we discuss them elsewhere”’.

2.2.1. Data for the Biodiversity Model. The affinity factors
h_FM,;, are derived from ref 7. Let CMng be the set of the ten
forest management types included in ref 7 and Con be the set
of continents. Then, the mean response rate Ry, with i" €
CMng, ¢ € Con and g € G is taken from Supporting
Information of ref 7. With these response rates and a z; =

0344,V 1€ L™, h,-/r‘c‘g is calculated as in eq 2.

— mi 1/
h =min{R;, ., “01} )

in,c,g

The minimum in eq 2 ensures that affinities are not greater
than 1, at which value species can use all of the modified

habitat. These affinities h; ., are then transformed to obtain the
affinities h_FM,;, required for the model integration. The
i s 7

mapping between Chaudhary and colleagues’s’ management
types and GLOBIOM-Forest management types (see Table
S1) is used. The affinities of an ecoregion ! correspond to the
affinity of the continent ¢ to which they belong. If an ecoregion
has territory over more than one continent, a weighted average
using the area in each continent is used.

The affinity factors h_LU,; for suitable land for SRP and
those for SRP, i.e., h_SRPg,, are derived from ref 19 using the
information in their Supporting Information on CFloc and
indicated procedure. The mapping between'” land use types
and those in set U from GLOBIOM-Forest (see Table S2) is
used.

In this implementation, Aorg corresponds to the sum of
forest area and the area suitable for SRP in the ecoregion I
These areas were calculated using data from GLOBIOM-
Forest and a mapping between GLOBIOM-Forest spatial units
s and the ecoregions I. The mapping corresponds to the
intersection between the ecoregions map and the GLOBIOM-
Forest spatial units (on a 200 km X 200 km basis) map done in
ArcGIS. This intersection map provides the weights mW,; of
spatial unit s in ecoregion I. Accordingly

Aorg = ), (FOREST_AREA, + suitableSRP)-mW, ,

N

V lel (3)

In eq 3, FOREST AREA,; is the forest area in the spatial unit
s, whereas suitableSRP, is the total area suitable for SRP
considered on GLOBIOM-Forest, i.e., suitableSRP, =
> #SRP_DATA,; where SRP_DATA,, is the suitable area for
SRP from each land use type i’ € U in that spatial unit s. The
area under each forest management type i in each ecoregion |,
A_ForMng;;, the area under each land use type i’ in each
ecoregion I, A_LU;, and the area under SRP, A_SRP, were
estimated similarly according to Supporting Information eqs
S1-S3, respectively. These equations connect the biodiversity
model and the forestry model.

Data on Sorg,;” comes from ref 20. Finally, z; = 0.344, V | €
L, corresponding to the mean value for forests according to ref
23.

Only amphibians, birds, mammals, and plants are considered
in the set of taxa due to data limitations.

For more information on how data were constructed, R
codes are available at https://github.com/cga203/cSAR-
GLOBIOM_ Forest.

2.3. Integration of the Models. There are two main
components of the integration between the cSAR model and
GLOBIOM-Forest: the data mappings and the methodology to
incorporate biodiversity into forest management decisions.
Data mappings are necessary for the spatial units, the
management types, and the time periods (see Supporting
Information Section S2 for a detailed description).

To incorporate biodiversity into forest management
decisions, the cSAR model was connected to both the decision
variable in GLOBIOM-Forest that represents the area of forest
that will be harvested in each spatial unit under each forest
management type and the variable that represents land use
change from suitable land to SRP. A constraint was added to
limit the amount of biodiversity impact that results from the
management decisions. The biodiversity impact, as estimated
by the cSAR model (Slost;f#), is aggregated among all
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Table 1. Eight Scenarios Analyzed Corresponding to the Combination of Four Biodiversity Thresholds and Two Mitigation

Scenarios

Biodiversity (Bmax)

SSP2-RCP1.9

10% reduction w.r.t. baseline

SSP2-RCP1.9

Mitigation scenario
SSP2-RCPref

10% reduction w.r.t. baseline

SSP2-RCPref

20% reduction w.r.t. baseline

20% reduction w.r.t. baseline

SSP2-RCP1.9

30% reduction w.r.t. baseline

SSP2-RCP1.9

40% reduction w.r.t. baseline

SSP2-RCPref

30% reduction w.r.t. baseline

SSP2-RCPref

40% reduction w.r.t. baseline

ecoregions and is limited for each taxon (see eq 4). In this
constraint, ZleLSlost’gfgi"“al has a special interpretation. It
reflects the sum of the number of regional species committed
to extinction (or extirpations), which differs from the number
of global species committed to extinction. A species could
disappear in one ecoregion but remain present in another.
Bmax, represents the upper bound on biodiversity loss, for
each taxon, as defined in the Supporting Information. This
follows the methodology proposed by ref 21 using a piecewise
linear approximation to represent the cSAR model. For more
details on the specific integration for GLOBIOM-Forest, see
the Supporting Information.

z Slost;jgi onal < Bmaxg V g€eG

leL (4)

It is important to note that forest management decisions and
land use change decisions for SRP are made on GLOBIOM-
Forest’s spatial units (grid intersection with countries),
whereas biodiversity impacts are estimated on an ecoregion
level. GLOBIOM-Forest’s spatial units are contained into
countries, which are contained into economic regions. This
allows the aggregation of the supply results for comparison and
analysis of biomass production at the level of economic
regions. Ecoregions are not contained in countries; one
ecoregion can cover more than one country and one country
can have more than one ecoregion.

2.4. Analyzed Scenarios. The model was run for eight
scenarios, shown in Table 1, corresponding to the combination
of four biodiversity loss thresholds (see Supporting Informa-
tion Section SS) and two climate change mitigation scenarios.
An increase in the percentage of biodiversity loss reduction
represents a tighter constraint. This means that the scenario
with a 40% reduction in biodiversity loss must have a smaller
feasible solution space compared to that of the 10% reduction
scenario.

The climate change mitigation scenarios chosen are
RCPref** (which is close to RCP7.0) and RCP1.9%, used in
conjunction with SSP2 shared socio-economic pathway”’, that
characterizes overall socio-economic development. This
follows the current framework® for the study of climate-
related scenario outcomes. RCPref is a no-mitigation scenario,
with high greenhouse gas emissions, where harvest volumes do
not increase much over time. This corresponds to business as
usual. In contrast, RCP1.9, which is consistent with the 1.5 °C
target, corresponds to a high mitigation overshoot scenario
that increases harvest volumes after 2020. In it, there is a
significant increase in bioenergy demand, which for GLO-
BIOM-Forest is exogenously defined according to bioenergy
demand from the MESSAGE IAM™*. Bioenergy demands from
MESSAGE are the same for both scenarios until 2020 with a
level of 57 EJ in 2020. Then, RCP1.9 increases significantly
each year reaching 225.5 EJ by 2100, while under RCPref
bioenergy demand grows slowly with a value of 65.7 EJ by

2100. Differences in bioenergy demand from MESSAGE are
shown in Supporting Information Figure S1. Accordingly,
using RCPref and RCP1.9, we have two extremes on the
spectrum of climate change mitigation pathways.

The SSP Public Database’® indicates that these RCP1.9
bioenergy demands correspond to 28% of the total primary
energy requirements in 2100. In contrast, the bioenergy
demands in 2100 for RCPref correspond to 5% of the total
primary energy requirements.

3. RESULTS

3.1. Attainability of Scenarios. We find that not all
percentage reductions in biodiversity loss are attainable.
Scenarios with 20, 30, and 40% reductions are infeasible
under current assumptions in GLOBIOM-Forest and the
integration of the cSAR biodiversity model. These infeasibil-
ities occur in both mitigation scenarios. Not finding a feasible
solution for these scenarios implies that the mechanisms
available for the model to reduce biodiversity impacts and
increase woody biomass production at the same time are
insufficient to attain both the desired improvement in
biodiversity outcomes and the increased biomass production
for future years.

3.2. Outcomes. 3.2.1. Biodiversity Impacts. Figure 1
shows the projected total biodiversity impact, per taxon, for the
scenario imposing biodiversity limits under the two climate
change mitigation scenarios. The total biodiversity impact is
presented as the total regional species loss (or the total sum of
extirpations) as a % of the number of species in the reference

RCP1p9 RCPref
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Figure 1. Projected total biodiversity impact, per taxon, for scenarios
that limit biodiversity loss, between 2000 and 2100. The y-axis shows
the total sum of extirpations between ecoregions as a percentage of
the number of reference species included in the model, ie,
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scenario Sorg,; by taxa, ie., ZleLSlostgfgmal/ ZleLSorgg,l Vge
G. The figure shows that there is a potential trade-off between
climate change mitigation, with increased bioenergy use, and
biodiversity conservation. We find a higher biodiversity impact,
from habitat loss, for the high mitigation scenario (RCP1.9), in
comparison to the no-mitigation scenario (RCPref). This
holds for all years in the pathway. The reasons are the
following: (1) RCP1.9 has higher biomass demand (see Figure
S1) that results in greater land requirements for managed
forests (see Figure S7a,b, for 2030 and 2100, respectively) and
higher management intensity (see Figures S6 and 4 for 2030
and Figures S8 and S9 for 2100), (2) no afforestation or
deforestation are included, so the effects of potentially
increased forest area, under RCP1.9, on biodiversity are not
considered, and (3) estimated impacts on biodiversity are only
for habitat loss. Under a constant forest area, there is a trade-
off between biodiversity impacts due to habitat loss and woody
biomass production for bioenergy.

For about the same levels of economic outcomes (see the
section on Economic Outcomes), biodiversity impacts can be
reduced by 10%, for all taxa on a global basis, by changing
forest management decisions. This means that by incorporat-
ing biodiversity impacts into forest management decision
making we can identify better solutions for both biodiversity
conservation and biomass production from forests. With these
reductions in biodiversity loss, for the high mitigation scenario
(RCP1.9), we can keep the number of species committed to
extinction closer to current levels. For the no-mitigation
scenario (RCPref), we could even reverse the trend of
increased biodiversity loss (see Figure 1). Notice how
introducing the constraint per taxa (see eq 4) imposes the
same proportional reductions in biodiversity loss on all taxa.

Since the constraint on biodiversity (eq 4) is defined on a
global basis (aggregating over all ecoregions), it guarantees a
global reduction of potential species loss for each taxon. This
global constraint allows the model to shift biodiversity impacts
between ecoregions. This results in some combinations of
ecoregions and taxa with more species loss and others with less
species loss when the constraint is introduced. Supporting
Information Figure S3 shows an example of regional
differences in potential mammal species loss among
ecoregions. In it, for the biodiversity constraint and climate
mitigation scenario, 10% loss reduction and RCPL.9, the
model estimates less mammal species loss in ecoregions in the
United States, Central America, Colombia, southeast Brazil,
Uruguay, northern Africa, southern Africa, Tanzania, Mozam-
bique, southern India, Pakistan, China, and Kazakhstan among
others. On the other hand, there is more potential species loss
in northern Brazil, western Africa, Somalia, Ethiopia, and east
India. These regional differences are associated with the
reallocation of forest management types and biomass
production across and between regions. These regional results
are not meant to be prescriptive, but to show how, even when
improving results on global-level biodiversity outcomes, results
may not improve in all ecoregions. This is further discussed
later.

Satisfying the biodiversity loss constraint is harder for
amphibians than for the other taxa. Table 2 shows the dual
variables (shadow prices) associated with the biodiversity
constraints for each taxon, each climate change mitigation
scenario, and the 10% reduction scenario for biodiversity loss.
Dual variables are presented for both 2030 and 2100. These
values can be interpreted as the cost for the model to satisfy

Table 2. Shadow Price of Restricting Biodiversity Loss for
Years 2030 and 2100 Under the 10% Biodiversity Loss
Reduction Scenario and for Each Climate Change
Mitigation Scenario”

2030 2100
Taxa RCP1.9 RCPref RCP1.9 RCPref
Amphibians 318,564 640,329 12,179 20,993
Birds 0 0 0 0
Mammals 0 0 0 0
Plants 0 0 0 0

“The shadow price or dual variable associated with constraint 4 shows
how would the total global economic surplus change if the
biodiversity constraint was relaxed by 1 unit.

the constraint. We can see that for all scenarios presented in
the table, it is harder to satisfy the constraint for amphibians
than for other taxa. Indeed the shadow prices suggest that once
changes in forest management and SRP are made to protect
amphibians, no additional changes are required to satisfy the
constraint for other taxa. This may be associated with the fact
that amphibians’ reference species richness is concentrated in
fewer ecoregions than other taxa (see Figure S13), limiting the
flexibility of the model to reallocate production when enforcing
a constraint for each taxon. Furthermore, as discussed in the
Sensitivity section, the behavior of shadow prices for each
taxon varies depending on the way in which the biodiversity
constraint is introduced.

The shadow prices can also be interpreted as the
opportunity cost, in terms of economic surplus, of not
committing one species of a specific taxon to extinction. For
example, Table 2 shows that if we allow 1 more amphibian
species to be committed to extinction in 2100 (i.e., increasing
Bmax,mphibians PY 1), the global total economic surplus of the
forest sector would increase by 12,179 (2020 USD) under the
high mitigation scenario. For comparison, the total global
economic surplus ranges around 19 billion (2020 USD) for
2100.

Table 2 also shows it is harder for the model to satisfy the
constraints in 2030, in comparison to 2100. This is because the
biodiversity constraint was introduced in 2030. 2030 is the first
period in which the model has to reallocate production to
consider biodiversity loss. Similarly, the no-mitigation scenario
(RCPref) has higher shadow prices than the high mitigation
scenario (RCP1.9). This may be due to the fact that even when
both reduction scenarios correspond to a 10% with respect to
the baseline (without constraining biodiversity loss), the
baseline value for biodiversity loss is higher for RCP1.9 than
for RCPref. Then, in absolute values, the constraint is tighter
for the RCPref scenario.

3.2.2. Economic Outcomes. Economic outcomes will be
measured by the production of biomass in forests. This can be
represented by the harvest volumes of roundwood (RW), in
million m?, which aggregates the production of sawnlogs
(SW_Biomass), pulplogs (PW_Biomass), other industrial RW
(OW_Biomass), and fuelwood (FW_Biomass). With the
introduction of the biodiversity constraint, the largest
reduction in global RW production in forests, across scenarios,
is 8.41%, passing from 4,871 million m?® in the baseline scenario
to 4,461 million m® under RCP1.9 and the 10% reduction
scenario for 2030. Under this scenario, 250 amphibians, 3,058
birds, 1,045 mammals, and 26,371 plant species are no longer
committed to extinction regionally (extirpated) because of
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habitat loss. Adding over all taxa, there is an overall reduction
in regional species loss of 30,724 species. This can be
interpreted as an average opportunity cost of 13,328
m>/species.

Total global economic surplus, the objective function of the
optimization problem, has even smaller changes. The largest
reduction on a global basis is 0.24% passing from 14,663
million (2020 USD) to 14,628 million (2020 USD) for the
RCPref and 10% reduction scenario in 2030. More details
about the small changes in economic outcomes are in the
Supporting Information sections on biomass production and
economic surplus.

Economic impacts differ between the global and the regional
scale. As shown in Figure 2, the estimated reduction in biomass

RW in 2030

6d1dOY

#9140y

million m3

Figure 2. Regional differences between the eight scenarios assessed
and the baseline (without the inclusion of biodiversity), for RW
biomass production in forests, in 2030.

production for 2030 corresponds to the net effect of economic
regions with increased production (in blue) and regions with
decreased production (in orange). For example, across
scenarios, the economic regions of the Former USSR, Canada,
and Congo basin region show increased production levels
whereas India, China, United States, Argentina, and Brazil
show decreased production levels. The economic regions with
the largest relative changes to their baseline production are
Argentina region with a 71% reduction (RCP1.9, 10%
scenario) and Slovenia with a $7% increase (RCPref, 10%
scenario) in 2070.

3.3. How Does the Model Achieve These Outcomes?
3.3.1. Energy Crops and Land Use Change. For biomass for
energy use, there is a shift in production from forests to energy
crops (SRP). The major change is for RCP1.9, with a shift of
about 7% from forest to SRP contribution in 2030 (see Figure
3). Energy use includes both traditional and nontraditional
energy use. Nontraditional energy use demanded quantities are
exogenously defined from RCP scenarios, whereas traditional
biomass demanded quantities respond endogenously to
changes in biomass production. Traditional biomass demanded
quantities are small compared to nontraditional biomass ones.
In the model, biomass for nontraditional energy use can be
supplied with both biomass coming from forests and biomass
from SRP. When introducing the biodiversity constraint, two
effects happen in all scenarios. First, there is a small reduction
in the total amount of biomass produced for energy use
because of the endogenous response to the demand for
traditional use. This can be seen in the blue numbers in Figure

3. Second, due to the exogenous demand for nontraditional
energy use and the fact that nontraditional biomass demand
drives the demand for energy use, there is a shift from
producing biomass in forests to producing biomass in SRP.

To increase biomass production in SRP, land use change is
required. Since in the model SRP yields remain constant
through time, increases in biomass production in SRP imply
increased requirement for land. Land for SRP can be obtained
from suitable agricultural land or suitable grassland. For the
shift of 7% in production from forests to SRP (for RCP1.9,
10% reduction in 2030), 10.7 million ha of land needs to be
transformed to SRP. Of these, 8.5 million ha are from
agricultural land and 2.2 million ha are from grasslands (see
Supporting Information Figure S4). In 2100, land require-
ments increase to 15.7 million ha, with 14.9 million ha from
agricultural land and 0.8 million ha from grasslands (see
Supporting Information Figure SS).

3.3.2. Forestland Management Intensity. In forests, in
scenarios that reduce biodiversity loss, there is globally more
area left unmanaged, and in managed forests, biomass is
produced with less intensity. Globally, there is more area left
unmanaged in scenarios with the biodiversity constraint (see
Figure S6). By shifting some of the biomass production to
SRP, less biomass is produced in forests and therefore the
model can increase areas left as secondary forests. This is called
set-aside management or strict protection management. In
general, for biodiversity, unmanaged forests are better than
managed forests independent of the level of management
intensity.

Globally, for the reduction of biodiversity loss, there is less
biomass being obtained under high- and medium-intensity
management. For biomass being produced in forests, the
reduction in management intensity can be seen in two ways.
First, in terms of areas, there is less area under medium and
high intensity (see Figure S6). Second, in terms of harvest
volumes under each intensity management (see Figure 4).
Considering the reduced production of biomass in forests
(numbers in blue in Figure 4) and the changes in the
contribution of each intensity to the total production (the
percentages in Figure 4), there is a reduction in the biomass
volumes being produced under medium- and high-intensity
management, and an increase in harvest volumes being
produced using low-intensity management. This reduction in
management intensity in forests is called close-to-nature
management or low-level protection management.

3.3.3. Location of Biomass Production. The model
reallocates the production of biomass within and between
economic regions. Within regions, the model reallocates
production according to the 200 X 200 km grid. Figure S
shows an example of how production areas under high-
intensity management change inside the Congo Basin region
(in green) for RCP1.9, under the 10% reduction in biodiversity
impacts scenario in 2030. Figure Sa shows the grid cells on
which the production decisions are being made. In blue, those
grids where areas under high-intensity management will
increase, and in orange those grids for which the same
indicator will decrease. White grids indicate no change and the
areas of the map without grids are those excluded from the
analysis because forests cannot grow in these areas.

When aggregating the grid cell results for each economic
region, the net effect on production areas is obtained. Figure
Sb shows the example of the Congo Basin, which has a net
reduction in areas under high-intensity management, which is
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Figure 3. Sources of biomass for energy use for increased degrees of biodiversity loss reduction, on a global basis, for 2030. In blue numbers, the
total biomass produced for energy use under each scenario. Energy use includes both traditional and nontraditional energy use. Nontraditional

corresponds to the exogeneously defined amounts from RCP scenarios.
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Figure 4. Contribution of each management intensity to biomass
produced in forests for the scenarios analyzed, on a world basis, for
2030. Recall biomass produced in forests includes both biomass for
bioenergy and biomass for wood products.

consistent with the net reduction in RW biomass production as
presented in Figure 2. With the aggregated results for each
economic region, the between regions reallocation becomes
evident. This can be seen in Figure 2 (via production volumes)
and in Figure Sb (via areas under high-intensity management).
For example, under the RCP1.9, 10% reduction scenario for
2030, the Former USSR, Congo Basin, and Canada increased
production volumes (ordered by magnitudes). On the other
hand, Brazil, USA, RCAM, India, Western Africa, and
Argentina have reduced production.

By reallocating where biomass is produced the model can
consider increased production in areas with less biodiversity
impacts and reduce production in areas with higher

biodiversity impacts. However, to identify the best locations,
the model also considers yields and costs. Costs include
biomass harvest cost, biomass transportation cost, biomass
processing cost, and forest management change cost.

4. SENSITIVITY

The way biodiversity impacts are included in the mathematical
formulation of the optimization model has underlying ethical
assumptions”'. To test how the main outcomes of the model
would vary with different biodiversity implementations, we ran
the model with three additional formulations of the
biodiversity constraint. We end up with four different
implementations: (1) regional per taxa—the original imple-
mentation (eq 4), (2) global per taxa—with a constraint per
taxa, but using an estimation of global species loss (eq S15),
(3) regional all—with regional species loss but with only one
constraint that aggregates the biodiversity impacts of all taxa
(eq S17), and (4) regional per taxa-eco—with a constraint per
taxon and ecoregion using regional species loss (eq S18).

We find that on an aggregated world level, differences in
biodiversity impacts do not vary much among the first three
implementations. RW production reductions are similar
between regional per taxa and global per taxa, and smaller for
regional all. Shadow prices are higher for global per taxa,
tollowed by regional per taxa and regional all. We find that
regional all is the one with the highest biodiversity impacts, the
least reduction in RW production, and the smallest shadow
price. The lower shadow price also explains why this is the only
implementation that was feasible for a 20% reduction scenario.
These results for the regional all implementation come from
the increased flexibility for the model to satisfy the constraint
by interchanging impact both among ecoregions and taxa. The
opposite in terms of flexibility is the regional per taxa-eco
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Figure 5. Example of reallocation of biomass production within and between economic regions. Differences in areas under high-intensity
management for RW biomass production, with respect to the baseline without biodiversity constraint, and for economic regions in Africa and the
Middle East, are presented. Blue indicates more areas under high-intensity management. Orange indicates less areas under high-intensity
management. In green is the Congo Basin economic region highlighted. The reallocation of biomass production occurs within regions (shown in
panel (a)) and between regions (shown in panel (b)). Panel (b) is the result of aggregating grid cell-level decisions for each economic region.

implementation, which was found infeasible under the current
assumptions of the GLOBIOM-Forest model. This means that
under these assumptions, it is not possible to reduce
biodiversity loss for each pair ecoregion and taxon.
Methodological details and results for this sensitivity analysis
can be found in the Supporting Information Section S11.

5. DISCUSSION

Because forests are important carbon sinks, there has been
interest in future forest cover and carbon sequestration
potential. A lot of the research has focused on studying how
different policies, for example, the inclusion of a carbon tax,
could change the amount and type of forests'”**™7.

Even with concerns about changes from natural to managed
forests, less attention has been placed on studying policies to
reduce biodiversity impacts when considering the potential of
forests for carbon sequestration’. It is said that the magnitude
of the biodiversity impacts in forests will not only depend on
the future forest area, but on the type of forests and
management used”®. For future mitigation scenarios with
increased demand for biomass, there have been ex-post
analyses to investigate future impacts on biodiversity”®** of
different management practices. All these studies use ex-post
analysis, in which biodiversity impacts are estimated, for future
land covers and management practices from different scenarios
obtained using decision-making models.

In contrast, in this study we go one step further and include
biodiversity into the decision-making model, allowing us to
identify better solutions, those with less biodiversity impacts

and similar economic or climate mitigation outcomes. To do
this, we integrated the economic model GLOBIOM-Forest, for
forest management decisions, and the ecologic cSAR model, to
represent biodiversity outcomes. We used the integrated model
to analyze eight scenarios that intend to reduce biodiversity
impacts by up to 40%, while guaranteeing the production of
the woody biomass required for two climate change mitigation
scenarios (RCPref and RCP1.9).

With this framework, we are able to identify trade-offs,
challenges, and possibilities for improvement. We show that
there is a potential trade-off between climate change mitigation
and biodiversity conservation when woody biomass is used for
large-scale bioenergy deployment scenarios. However, when
incorporating biodiversity into decision making, it is possible
to use forest management to mitigate the trade-off. We found
that it is possible to reduce 10% of the biodiversity loss,
associated with forests, with minor changes in the volumes of
RW biomass being produced.

To achieve this reduction in biodiversity impacts, the model
(1) shifts biomass production away from forests and into
energy crops, (2) for biomass still produced in forests, it
decreases the management intensity, and (3) it reallocates the
biomass production between and within regions considering its
biodiversity impacts, costs, and yields.

We show how global results, for both biodiversity impacts
and biomass production, could differ from regional results.
Similarly, we discussed differences in impacts between taxa and
how biodiversity impacts could differ depending on how the
biodiversity constraint is introduced.
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It is important to mention the limitations of this study. The
economic model GLOBIOM-Forest, as used here, has some
key assumptions that affect the results. By not including
deforestation and afforestation, the trade-off with climate
change is incompletely assessed. RCP1.9 is characterized by
high levels of bioenergy demand, but also by decreased
deforestation. Thus, there could be important benefits of the
high mitigation scenario on biodiversity that are not
contemplated here. Also, since GLOBIOM-Forest has a
simplified representation of the agricultural sector, it does
not include the full opportunity cost of transforming
agricultural lands or grasslands to energy crops. If included,
this could affect the cost of shifting biomass production from
forests to energy crops.

Besides limitations associated with the specific assumptions
mentioned above, GLOBIOM-Forest, as similar models of its
kind” is subject to high levels of uncertainty. Sources of
uncertainty include (1) parameter uncertainty, (2) model
uncertainty, (3) algorithmic error, (4) coding error, and (5)
scientific error””. For parameter uncertainty, Bertsimas and
Den Hertog?’5 categorized it into measurement error,
estimation error, implementation error, and errors due to
inexact data. None of these sources of uncertainty are explicitly
covered here due to computational limitations and the scope of
the paper. However, this is an important aspect to be
considered when interpreting the results.

Since the objective of this paper is to include biodiversity in
the forest management decision-making model and assess how
forest management decisions change, we could consider the
impacts of these sources of uncertainty in two different
components. The first component would be the GLOBIOM-
Forest indicator results, such as the harvest volumes, the
location and amounts of areas under each forest management,
and trade amounts, among others. These results could be
affected by these sources of uncertainty even if biodiversity is
not included. The second component will be how the
biodiversity impacts would change. This would include the
magnitudes of the impacts, the trade-off between climate
change mitigation and biodiversity, and the mechanisms that
the model uses to alleviate this trade-off.

Regarding the first component and concentrating on
parametric uncertainty, there are two main, complementary
approaches used to deal with uncertainty: decision-making
under uncertainty and Monte Carlo methods. Decision-making
under uncertainty deals with the question: how to take optimal
decisions considering the uncertainty of those parameters?
Tools such as stochastic optimization, adaptive optimization,
and robust optimization are used for this. For GLOBIOM,
there has been work on a two-stage stochastic programming
model**~** that considers robust decision making in response
to uncertain yields or water supply. To integrate biodiversity in
this stochastic GLOBIOM model, it will be required to extend
the level of detail of the existing versions and resolve current
computational challenges, which was out of the scope of this
paper.

The Monte Carlo methods instead focus on the questions:
how does input uncertainty propagate to output uncertainty?
What sources of uncertainty influence more the outcomes?
And therefore which are more important uncertainties to
reduce?’* In this regard, to the best of our knowledge, no such
uncertainty analysis has yet been published for GLOBIOM or
its GLOBIOM-Forest version.

Regarding the second component, that of how the
conclusions derived from incorporating biodiversity may
change, it is expected that biodiversity impact magnitudes
would change in response to some input parameters. From the
original GLOBIOM-Forest model, yields and bioenergy
demands are expected to be the major components. With
respect to biodiversity modeling, uncertainties in affinities are
expected to have a major role as shown by ref 21. Of course,
this would need to be validated with an explicit sensitivity
analysis, to assess the magnitude of the changes. Even so,
overall trends, such as the high mitigation scenario having
higher impacts or the mechanisms used by the model to reduce
biodiversity loss, should remain unchanged. This is important,
as the interest of our study is not to predict future values, but
to identify the possibilities for improvement, the trade-offs, the
challenges, and overall to understand the relationships of the
different components in the system.

Model resolution can be investigated. GLOBIOM-Forest
can run with a 50 km X 50 km resolution, as well as at the level
used here 200 km X 200 km, yet the capability of high-
resolution modeling needs to be carefully gauged with respect
to the resolution of data and the computational limitations.

Moving on to the biodiversity model (cSAR), there are
several limitations as stated by ref 21 when detailing their
proposed methodology to integrate cSAR in optimization
models. Biodiversity is in itself a very complex concept that
cannot be represented with only one indicator. Because of this,
the integration of one indicator as done here is a starting point
and a topic for methodological improvement. Besides, cSAR
model limitations include that it omits that species can migrate
once the habitat is lost, that the model does not indicate which
species are being affected and when, that it fails to include the
effects of habitat fragmentation, and since it only measures one
dimension of biodiversity, that it does not account for
population levels. More detail on these limitations can be
seen in refs 21, 39 and 40. Moreover, there are limitations
associated with the implementation of the cSAR model with
GLOBIOM-Forest. Due to a lack of data, (1) the Sorg
parameter included the number of species in all natural
ecosystems and not only in forests, therefore overestimating
the number of species committed to extinction; (2) secondary
forests were assigned an affinity value of 1, indicating that
species may be as good in secondary forests as they would be
in their natural habitats. This may not be true, especially if the
secondary forest is just beginning its natural recovery process.
(3) It was assumed that the taxa in ecoregions in the same
continent have the same affinity values. (4) There is important
uncertainty about the affinities, especially for some combina-
tions of taxon, management type, and ecoregion. For those
combinations with missing information, an average for the
same taxon, intensity, and continent was used. As discussed
before and as shown by ref 21, this could have important
implications in the magnitudes of the results.

Equally important is to note that we focused on the
biodiversity impacts on forests due to habitat loss and omitted
the potential benefits on biodiversity from climate change
mitigation. Some studies have attempted to evaluate both the
impacts of habitat loss and climate change, with contradictory
results. Ohasi et al. and Di Marco et al. discuss on an ex-post
basis how beneficial effects on biodiversity of mitigating
climate change could be larger than negative effects due to land
use change, for different SSPs and mitigation scenarios®"**.
Yet, Hof et al, also using several mitigation scenarios, found
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that the negative impact of land-use change may surpass the
benefit of climate change mitigation®. Hanssen et al. found that
which effect is larger for biodiversity will depend on how early
crop-based BECCS is deployed™. If considering 30 years, land
use change may have a larger effect than climate change and if
80 years are considered, the reverse results are found.
Therefore, considering climate change impacts on biodiversity
could be a direction for future research that will further clarify
the trade-off between climate change mitigation with high
bioenergy deployment and biodiversity.

Future research should address some of these limitations.
Dealing with parameter uncertainty is key for the robustness of
the results and its use for policy making. This will include
dealing with (1) the uncertainty in GLOBIOM-Forest without
the incorporation of biodiversity and (2) with the uncertainty
associated with the biodiversity modeling and its connection to
the economic model. The latter would imply a sensitivity
analysis of the biodiversity modeling parameters as the
affinities and the slope of the ¢SAR curve. To do this,
computational challenges must be overcome to reduce the
running times of the model. Furthermore, including more
drivers and dimensions of biodiversity can improve the
representation of biodiversity impacts in decision making
models. Finally, representing how biodiversity loss could affect
forests’ ability to provide ecosystem services will incorporate
biodiversity more fully into the IAM framework, showing how
decision-making in the economic system could affect
biodiversity, and also how biodiversity could affect our

economic system44.
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B ADDITIONAL NOTES

“Currently, Sorg,; considers the reference number of species in
all ecosystems in the ecoregion. For consistency, Sorg,; should
be adjusted to only include the number of species that live in
forests, suitable agricultural land, and suitable grasslands for
SRP. However, this was not possible due to data limitations.
This implies that the calculated number of species lost may be
an overestimate.

bThis includes land use change models, IAMs, CGEs, partial
equilibrium models, and overall optimization models that are
used to analyze future scenarios associated with climate change
mitigation.
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