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Abstract
Carbon payments have been proposed as a means of incentivizing forest management that jointly optimizes timber pro-

duction and carbon storage benefits. We analyze the impacts of such payment schemes on forest biodiversity using a detailed
model describing Finland’s forest resources, timber markets, and forest and energy industries. In the model, forest-owners’ het-
erogenous valuations of forest amenities affect their harvesting behavior and willingness to join a carbon payment scheme. We
measure forest biodiversity using an ecosystem condition index based on habitat-specific structural components. Our results
indicate that forest carbon payments have a small to moderate positive effect on forest ecosystem condition. The improvements
in ecosystem condition result from longer rotations and greater volumes of broadleaved trees and dead wood. The effects are
weakest on low productivity sites. Under a partial-coverage carbon payment scheme, impacts on ecosystem condition vary
according to forest-owner type, but are positive in aggregate. According to our sensitivity analysis, the ecosystem condition-
improving effect of carbon payments is stronger under high demand for harvested wood products. Our results suggest that
forest carbon payments are likely to have biodiversity co-benefits in boreal conditions, but halting biodiversity loss will require
additional biodiversity-targeted policies.
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1. Introduction
Climate change and biodiversity loss are globally among

the largest threats to ecosystem functioning and human wel-
fare that depends on it. The deep interconnections between
these twin crises are increasingly recognized, and call for si-
multaneous, coordinated action (Pörtner et al. 2023; IPBES
2024). Ideally, policies could be designed to harness synergies
and control tradeoffs between biodiversity protection and cli-
mate change mitigation. The need for coordination is espe-
cially pressing in the forest sector, which can play a key role
in climate stabilization, while also affecting large land ar-
eas with important implications for biodiversity. Carbon pay-
ments have been proposed as a means of incentivizing forest
management that jointly optimizes timber production and
carbon storage benefits (e.g., van Kooten et al. 1995; Sohngen
and Mendelsohn 2003; Lintunen and Uusivuori 2016). The ef-
fects of carbon payment schemes on forests are mediated by
forest-owners’ behavior and market forces, both influenced
by the socio-economic environment. In this paper, we ana-
lyze how forest carbon payment schemes with varying level
of forest-owner participation (hereafter, coverage) impact for-
est biodiversity.

Biodiversity, or biological diversity, refers to the variability
of life forms within a given ecosystem, region, or the entire
planet. Biodiversity encompasses genetic variation within
species, diversity of species, and variety of ecosystems (CBD
1992). Biodiversity is crucial for maintaining ecosystem sta-

bility, resilience, and providing humans with essential ser-
vices. Yet forest biodiversity has been, and continues to be,
heavily affected by land-use change and unsustainable forest
management and harvesting practices (Haines-Young 2009;
Green et al. 2020). This reflects the inadequate integration of
the social value of biodiversity into forest management, de-
cision support models, and policies (Thompson et al. 2011;
Augustynczik et al. 2020).

While deforestation, forest degradation, and anthro-
pogenic disturbance threaten forest biodiversity in the trop-
ics (e.g., Barlow et al. 2016), the loss of forest biodiversity
in temperate and boreal regions is currently mostly asso-
ciated with intensive mechanized forest management and
harvesting schedules that are poorly suited to recreate the
natural disturbance dynamics and structural features forest-
dependent species rely on (Kuuluvainen 2009; Kuuluvainen
and Gauthier 2018). Key drivers of biodiversity loss in temper-
ate and boreal forests include decreased tree species diversity
and the low amount of living or decaying large-diameter trees
(Siitonen 2001). The latter follows from short rotation periods
(i.e., period from stand establishment to final felling) and low
quantities of retention trees (Hagan and Grove 1999). Recon-
ciling biodiversity and timber production objectives is possi-
ble (e.g., Mönkkönen et al. 2014; Augustynczik et al. 2020),
but effective policies to drive changes in forest management
are commonly lacking. In Finland, the number of reten-
tion trees or the minimum rotation length are currently not
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subject to, e.g., any legislative requirements, and this lack
is only partly mitigated by voluntary forest certification
schemes (Kuuluvainen et al. 2019).

The climate change mitigation potential of forests is widely
recognized, and forest-based solutions are included in the
national mitigation plans of many countries (Seddon et al.
2020). Forests generate a positive climate externality by stor-
ing carbon and keeping it away from the atmosphere. The
level of the externality is influenced by forest management.
The externality is undersupplied, as——in the absence of a
price on forest carbon——private forest owners do not take
its full value into account in their management decisions.
Hence, more storage can be incentivized by subsidizing it
(Tahvonen 1995; van Kooten et al. 1995), and socially optimal
storage can be incentivized by subsidizing it according to its
social value (Pigou 1920; Sohngen and Mendelsohn 2003). The
analysis of the effects of forest carbon payments has advanced
from stand-level models using a straightforward description
of even-aged management (Plantinga and Birdsey 1994; van
Kooten et al. 1995) to highly detailed stand-level models on
the one hand (e.g., Tahvonen et al. 2024) and comprehen-
sive forest-sector models (e.g., Sohngen and Sedjo 2006; Sjølie
et al. 2013) on the other. At the market level, carbon pay-
ments tend to encourage afforestation and lighter harvest-
ing (Sohngen and Mendelsohn 2003; Rautiainen et al. 2018),
which leads to greater accumulation of carbon in forests.

Although increasing carbon storage in forests holds
promise as an inexpensive means to reduce net emissions
(e.g., Tahvonen et al. 2024), governments have been hesitant
to implement policies that would incentivize private forest
owners to do so. This is likely due to the multiple challenges
involved, such as risks of harvest leakage and nonperma-
nence, unresolved additionality issues, transaction costs, and
questions of socio-political acceptance (Sedjo and Sohngen
2012; Assmuth et al. 2024). To date, compliance-driven car-
bon payment schemes have been implemented only within
the New Zealand national emissions trading scheme (NZ ETS)
and the state of Californian carbon cap-and-trade scheme
(Gren and Akilu 2016). However, forest-related projects (in-
cluding reduced deforestation and reforestation but also im-
proved forest management) produce a significant fraction
of the units traded on the global voluntary carbon market
(Forest Trends’ Ecosystem Marketplace 2025).

In the boreal and temperate regions, a large fraction of
forestland is commercially managed. The demand for forest
products and forest bioenergy is a key driver of timber har-
vests. The demand for these final goods drives the demand
for timber which is used as their raw material. The forest
industry buys their timber from forest owners, who mod-
ify their harvesting activities according to the price devel-
opment of different timber assortments. Harvest levels, in
turn, along with the age-structure dynamics of forest growth,
determine the net carbon sink of forest land (cf. Pilli et al.
2017; Hyyrynen et al. 2023). Hence, the future business-as-
usual paths of timber harvest and forest sinks——and the need
for, and the effects of, forests carbon payments schemes——
depend on the demand for forest products, which is subject
to considerable uncertainty. Furthermore, forest owners are
heterogenous in their preferences, e.g., in terms of how much

they value forest amenities, and this affects their harvesting
behavior as well as their likely reactions to carbon payment
schemes (e.g., Khanal et al. 2017; Husa and Kosenius 2021).
Hence, understanding the likely effects of a carbon payment
scheme requires the consideration of changes in both de-
mand and forest-owner behavior.

The question of potential biodiversity side-effects of forest
carbon policies is highly relevant for societies that aim to
utilize forests for climate change mitigation while uphold-
ing their biodiversity commitments. A body of literature on
the potential biodiversity co-benefits of climate change mit-
igation through forests exists, but most contributions are
set in a tropical context and focus on the reduction of de-
forestation and forest degradation (e.g., Phelps et al. 2012),
plantation activities (e.g., Bryan et al. 2016), or optimized for-
est management (Boscolo and Vincent 2003). Many contribu-
tions also study carbon storage and biodiversity co-benefits
of forest conservation (e.g., Venter et al. 2009). Nevertheless,
there is still a need for research on biodiversity side-effects
in climate zones beyond the tropics, and on biodiversity side-
effects resulting from changes in commercial forest manage-
ment practices, as opposed to changes in land use or conser-
vation status. López et al. (2024) model the effects of national-
level biodiversity and carbon forest-sector policies in Norway,
showing that the carbon pricing policy has a strong positive
effect on old forest area and small positive effects on other
examined biodiversity attributes (growing stocks of ungulate
forage tree species and temperate tree species). Otherwise,
the biodiversity effects of carbon policies targeting managed
boreal forests have been little studied.

We contribute to this literature by focusing on the influ-
ence of policy coverage. We analyze the impacts of forest pay-
ment schemes on forest biodiversity using a detailed forest-
sector model, FinFEP, which represents Finland’s forest re-
sources, timber markets, and forest and energy industries
(Lintunen et al. 2015). As timber prices are endogenous in
the model, it allows us to study the effects of carbon pay-
ment schemes on timber supply more accurately than stand-
level models in which timber prices are exogeneous and the
payments’ effects on harvests may be overestimated. More-
over, forest-owners’ heterogenous valuations of forest ameni-
ties affect their harvesting behavior and willingness to join a
carbon payment scheme. We measure forest biodiversity us-
ing a well-established ecosystem condition index approach,
describing ecosystem condition relative to a reference condi-
tion through a set of structural components based on ecolog-
ical assessments (Kotiaho et al. 2016; Kangas et al. 2021). The
objective is to establish the degree to which carbon payment
policies generate co-benefits that are captured by the indica-
tor used, and examine whether the results are sensitive to
variation in forest-product demand which can affect annual
harvests.

We find that forest carbon payments based on a €15 tCO2
−1

carbon price——sufficient to cause a 20–30 MtCO2 year−1 in-
crease in net sink——have a small to moderate positive effect
on forest ecosystem condition. The co-benefits are predomi-
nantly achieved by lengthening rotations, increasing the vol-
ume of broadleaved trees, and increasing the volume of dead-
wood. The clearest improvements in ecosystem condition are
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achieved on sites of medium-to-high fertility. Little to no
improvement takes place on the least productive sites. Un-
der a partial-coverage carbon payment scheme, that only at-
tracts those forest owners who attach subjective value to for-
est amenities, ecosystem condition slightly declines in the
forests of profit-maximizing forest owners due to domestic
harvest leakage, but the aggregate effect on ecosystem con-
dition (and net sink) is positive, albeit smaller than under a
full-coverage scheme. Finally, we find that carbon payments
have the strongest effect on ecosystem condition (relative to
business-as-usual) if the demand for harvested wood products
is high.

2. Models and methods

2.1. FinFEP model
The effects of the policies in different demand scenarios are

examined using the Finnish Forest and Energy Policy model
(FinFEP). This section provides a short summary of the model.
A broader description is provided in Lintunen et al. (2015).
The model has been updated since its initial release: the for-
est resource and production capacity data have been updated
to reflect the current state, and the technological assump-
tions have been revised to reflect the current state and ex-
pected future development of key technologies.1 The general
structure of the model is nevertheless the same as in the orig-
inal model description.

FinFEP is a dynamic partial equilibrium model of the
Finnish forest and energy sectors. The regional supply and
demand of wood (by species and timber grade) arise endoge-
nously in the model. The supply of wood is based on detailed
data from the national forest inventory and modelled forest
owner behavior. The development of forest resources over
time is determined by harvests and growth. The demand for
wood arises from the production of final goods, such as sawn
timber, pulp, paper, electricity, and heat. The combined de-
mand for the final goods in the global and domestic market
is depicted by exogenous demand functions. The demand for
intermediate goods also has an exogenous component, but
most of it arises endogenously from input demand within
the Finnish forest and energy sectors. The technologies uti-
lized in the production of the final goods are modelled in de-
tail. The model’s solution depicts a decentralized competitive
market equilibrium within the limits of prevailing regulatory

1 The model’s general structure and data sources are described in
Lintunen et al. (2015). However, many aspects of the model have
been updated recently. The forest data has been updated to cor-
respond to data from the national forest inventory from the years
2018–2022. The description of forest and energy sector installations
is now based on data from the years 2023–2024. New energy tech-
nologies have been added to the model to account for technological
development that has occurred during the past 15 years. The model
has been calibrated to reflect the state of the sectors in the years
2019–2023. However, given the rapid change in the energy sector
in recent years, the last years in the interval are emphasized in the
calibration. Wood imports from Russia have been reduced perma-
nently, which is in line with the current trade ban between Finland
and Russia.

framework. The model is solved as a mixed complementarity
problem (MCP) (Mathiesen 1985). The FinFEP runs are carried
out for the period 2020–2065 with a time step of 5 years.

The model consists of five modules that depict the behav-
ior of the agents at different phases of the production chain.
The modules (namely: forests, energy processing, pulp and
paper processing, wood-product processing, and final con-
sumption) are linked by material flows, as shown in Fig. 1.

The three processing modules (i.e., wood-product, pulp and
paper, and energy processing) depict the behavior of profit-
maximizing, price-taking firms. The firms optimize input use
to maximize profits from the production of final goods. De-
mand for the final goods is determined partly endogenously
(i.e., when the firms’ outputs are utilized as intermediate
goods by other firms), and partly exogenously (i.e., by ex-
ogenous demand functions). Likewise, the supply of inputs is
partly endogenous (when firms use intermediate goods pro-
duced by other firms in the model) and partly exogenous
(when firms use inputs, such as fossil fuels, that are imported
or produced outside the sector). Production processes are rep-
resented at an aggregated regional level.

The supply of wood is founded on national forest inventory
data and modelled forest owner behavior. Forest inventory
data are used to initialize regional timber stocks by productiv-
ity class, species, and age class. Wood is harvested by thinning
and final felling. Harvests are determined by stationary har-
vesting rules that depict the landowners’ optimized thinning
and clear-cutting behavior at the prevailing timber prices in
each period (in aggregate). The rules are founded on the mod-
elled behavior of individual landowners that optimize the
management of individual forest stands under uncertainty
of future prices, i.e., assuming that the development of prices
over time follows an exogenous autoregressive random pro-
cess. These results are then aggregated into rules that can be
applied to forest resources depicted at the market level.

At the stand level, landowners seek to maximize the
present value of their profits and amenities provided by their
forests (Hartman 1976; Amacher et al. 2003). Profits com-
prise forestry income and carbon rent——in the cases where
landowners participate in a forest carbon payment scheme.
Landowners in the model are heterogenous in terms of their
valuation of amenities. Three landowner types are included,
and each type assigns a different weight to amenities. The
first type is the Faustmannian landowner, who only values profit
and gives no weight to amenities, i.e., maximizes the net
present value (NPV) of forest income. The share of the for-
est stock owned by the Faustmannians is 32%. The two other
types are mildly and strongly Hartmanian landowners, 42% and
26% share of forest stock, respectively, who also value ameni-
ties in addition to profit. The allocation of forest resources
to the forest-owner types is based on calibration, in which
there is no apparent increase or decrease in the harvest lev-
els with the current price levels in the first period of the
model run. Hence, the calibration rationalizes the observed
age–class structure of the forests.

The supply of wood, which is driven by forest owners’ har-
vest decisions, and the demand for wood by the rest of the for-
est sector are linked through the markets. In each period, the
markets for all timber grades clear: supply meets demand at
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Fig. 1. Material flows between modules in the FinFEP model.

equilibrium prices. From an individual forest-owner’s point
of view the prevailing market prices provide information that
can be used when deciding whether, and to what extent, to
thin or clearcut stands. In each period, these management
decisions are made based on the current state of the stands,
personal amenity valuations, current prices, and future price
expectations. High current prices incentivize the immediate
felling and thinning of suitable stands, whereas low prices en-
courage postponing the harvests to a later date when prices
are expected to be higher. At the market level, the supply
of timber is determined by the aggregated optimal harvest-
ing rules of individual forest owners of each type that are
applied to the combined pool of forest resources controlled
by the owner type. Hence, each individual forest owner does
not need to be separately depicted in the market-level model
(see details in Lintunen et al. 2015, Pohjola et al. 2018, or
Rautiainen et al. 2025).

2.2. Measuring forest biodiversity
Biodiversity can be measured in several ways, each focus-

ing on different aspects of the complex phenomenon (Purvis
and Hector 2000). Classic approaches include indices that de-
scribe species richness, species evenness, and their combi-
nation (Shannon–Weaver Index) (cf. DeJong 1975). Some bio-
diversity measurement approaches focus on evaluating the
condition of an ecosystem relative to its natural state, undis-
turbed by humans, as this is the state that best promotes the
survival and thriving of the species community adapted to
it. In this study, we utilize the latter approach by adapting
a well-established ecosystem condition index for boreal for-

est habitats, developed by ecologists to evaluate the degrada-
tion of ecosystems and to aid in designing and prioritizing
conservation measures (Matveinen et al. 2015; Kotiaho et al.
2016). A somewhat similar approach is utilized in a tropical
context by Boscolo and Vincent (2003), where biodiversity is
measured as proximity to a climax state.

The ecosystem condition index describes the condition of
ecosystems relative to a reference (natural or target) condi-
tion via a set of structural components, and expert panels
are used to obtain specific parameter values for each ecosys-
tem type (Kotiaho et al. 2016). A key strength of the ecosys-
tem condition approach in the context of forestry is that its
structural components have a clear link to forest manage-
ment and protection activities and that data on their state can
be obtained from the Finnish National Forest Inventory (NFI)
(cf. Ćosović et al. 2020). The ecosystem condition index in its
original form has been used by the Finnish restoration pri-
oritization working group for regular reporting on the state
of ecosystems in Finland (e.g., Kotiaho et al. 2016; Kangas et
al. 2023). It has previously been applied in economic studies
(e.g., Kangas et al. 2021; Kangas and Ollikainen 2023) in the
context of conservation allocation and ecological compensa-
tion, but not for studying the effects of commercial forest
management in extensive simulated policy scenarios.

The ecosystem condition index is a multiplicative compos-
ite index, which in its normalized form (Kangas et al. 2021)
obtains values between 0 and 1. The interval’s endpoints in-
dicate a completely degraded condition and a natural condition,
respectively. The index, Ie, is calculated separately for each
ecosystem type, e ∈ E. In this study, the ecosystem types are
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the different forest site types included in FinFEP. In FinFEP,
forests are distinguished by region, productivity class, and
main species. Here, the notation is simplified so that the
subindex e summarizes variation in all three.2

Following Kotiaho et al. (2016), the index score is deter-
mined by the current state of structural ecosystem compo-
nents (distinguished by the subindex c ∈ C). The current state,
Sec, is compared to its reference state, Rec. Different weighting
factors, wec, are assigned to distinct structural components in
the calculation of the index. Altogether four ecosystem com-
ponents are kept track of in the original index version for
forest ecosystems. They are (1) the number of large trees, (2)
the volume of deadwood, (3) the volume of broadleaved trees,
and (4) the annual burnt area. However, only three compo-
nents are assigned nonzero weighting factors in the calcu-
lation of the index for each ecosystem type. The volume of
broadleaves is included at mesic sites (we3 > 0), while burnt
area is not (we4 = 0). The opposite holds for the least produc-
tive xeric and barren heath forest sites (we3 = 0 and we4 > 0).
The normalized formula (Kangas et al. 2021) for calculating
the index is

Ie =
∏

c∈C

[
1 − wec

(
1 − min

{
1, Sec

Rec

})]
− ∏

c∈C (1 − wec )

1 − ∏
c∈C (1 − wec)

(1)

In eq. 1, the index is calculated for a single ecosystem type.
Calculating an aggregate index, Ĩ, requires aggregation over
multiple ecosystem types. Following Kotiaho et al. (2016), we
calculate aggregate indices as a weighted average in which
index values for individual ecosystem types are weighted rel-
ative to their areal extent, i.e.,

∼
I=

∑
e∈E AeIe∑

e∈EAe
(2)

where Ae is the total area (ha) of ecosystem type e ∈ E in a
respective aggregate.

In this paper, the boreal ecosystem condition index is
adapted to be compatible with the FinFEP model, which
means that certain modifications are made to some of its
components. First, as in Kangas and Ollikainen (2023), we
replace the structural component “number of large trees”
by the age of the stand, because stand age is standard out-
put of the model, whereas the number of large trees is
not, but the two variables are strongly correlated. More-
over, many forest-dwelling species rely on trees that are not
only large but also old as their habitats, but current pro-
duction forests often lack such trees (Nirhamo et al. 2023).

2 The productivity class is an indicator of the growth conditions, as
it depends on the fertility of the site. Productivity classes apply
to both organic and mineral soils. On drained peatlands the pro-
ductivity classes correspond to the following ecological site types:
(0) herb-rich type drained peatland forest, (1) Vaccinium myrtillus-
type drained peatland forest, (2) Vaccinium vitis-idaea-type drained
peatland forest, (3 and 4) dwarf shrub-type drained peatland forest.
On mineral soils the productivity classes correspond to the follow-
ing Cajander site types (Cajander, 1926): (0) OMT (herb-rich heath
forests), (1) MT, (2) VT, (3) CT, (4) CIT.

Second, as the volume of broadleaves is not a decision vari-
able in FinFEP, nor targeted by carbon payment schemes,
we use age-dependent fitted functions for volume shares of
broadleaves based on NFI data. The volume share functions
are estimated for forest stand types specified by site produc-
tivity class and main species using regional disaggregation
to North and South Finland. Deadwood volume, consisting
of decaying and other dead tree stems created through natu-
ral mortality and large enough pieces of harvest residues, is
measured as in the original version of the index (Kotiaho et
al. 2016). The amount of deadwood is kept track of in Fin-
FEP, by allocating deadwood in the classes of different de-
cay rates (Rautiainen et al. 2025) derived from the Yasso07
soil model (Tuomi et al. 2011a, 2011b). The initial stocks are
known only as regional averages, but their allocation into
decay classes is not known. Hence, the level of the dead-
wood structural component might be biased——however, the
potential bias does not affect the changes in the level due to
carbon policies. Finally, as the annual burnt area is not de-
scribed by FinFEP, on the least productive sites we assume
based on Matveinen et al. (2015) that the current annual
burned area is constant and equals only 1/100 of the refer-
ence state. In modern Finland, the successful prevention and
control of forest fires has led to the burnt area being very
low compared to natural forest fire dynamics (Metsähallitus
2018).

In the rest of the paper, this adapted version of the in-
dex is simply referred to as the ecosystem condition index.
The weighting factors and reference values of each structural
component are shown in Table 1, based on Matveinen et al.
(2015).

2.3. Climate policies
Based on the current policy environment and likely near-

term future policy developments, we assume differentiated
climate policies for fossil and biogenic emissions. Fossil CO2

emissions from large industrial and energy production facili-
ties are regulated through the EU Emissions Trading Scheme
(EU ETS) for which we assume an emission allowance price
of €90 tCO2

−1 in the base year (2020) and an increasing trend
with a rate of 2% per year. Fossil CO2 emissions from smaller
facilities are not regulated by the EU ETS, but are subject to
national carbon taxation, which is assumed to be at the same
level as the EU ETS allowance price.

For forestry, climate policy is either nonexistent (business-
as-usual (BAU)) or consists of carbon payments based on a
constant carbon price of €15 CO2

−1.3 The forest carbon pay-
ments are paid as carbon rent (Sohngen and Mendelsohn
2003), i.e., the forest owner receives periodic subsidies based
on the amount of carbon stored in their forest at the time.

3 Based on test runs of the model, a carbon price of€15 CO2
−1 within

a full-coverage carbon payment scheme is sufficient to cause large
increases in the forest carbon sink, roughly aligned with Finland’s
target of climate neutrality by 2035 (Ministry of Economic Affairs
and Employment of Finland 2022). On the other hand, based on test
runs, such a carbon price implies significant decreases in timber
supply especially in the short run, and a higher carbon price would
amplify this shock.
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Table 1. The components of the ecosystem condition index, their weighting factors, and ref-
erence values.

Structural
component

Weighting
factor

Reference
value

Mesic sites Stand age, years 0.4 120

Deadwood volume (m3 ha−1) 0.6 80

Broadleaved tree volume (m3 ha−1) 0.4 50

Xeric and barren heath forest sites Stand age (years) 0.4 140

Deadwood volume (m3 ha−1) 0.4 40

Annual burnt area (ha) 0.5 5000

Note: The reference for annual burnt area is an aggregate over Finland.

The periodic carbon rent represents the benefit of postpon-
ing the release of carbon for one period, and it is calcu-
lated by multiplying the carbon stock by the carbon price,
the annual discount rate (here, 3%), and the period length in
years (here, 5 years). Under standard assumptions, the car-
bon rent policy can be applied to incentivize identical forest
management decisions as the flux-pricing policy (Lintunen
et al. 2016), in which emissions are taxed and removals
are subsidized (van Kooten et al. 1995). However, the car-
bon rent approach may have administrative advantages rel-
ative to the carbon subsidy and tax approach as payments
flow in one direction only: from the regulator to the forest
owners.

We examine four cases, in which the policy is implemented
at varying degrees of coverage (or not at all):

1. Business-as-usual. No forest carbon payment scheme is im-
plemented.

2. Full coverage. All forests in Finland are included in the car-
bon payment scheme. In practice, this means that partic-
ipation in the scheme is mandatory.

3. Partial coverage. Participation in the scheme is voluntary,
and only those Finnish forest owners with mild or strong
Hartmanian preferences opt in. Participation rate, mea-
sured as the share of the forest stock included in the
scheme, is 68%.

4. Low coverage. Participation in the scheme is voluntary, and
only those Finnish forest owners with strong Hartmanian
preferences opt in. Participation rate is 26%.

The notion that not all forest owners would be willing to
join a voluntary carbon payment scheme may seem coun-
terintuitive given that the scheme represents a potential
source of additional income. However, empirical research
on forest owners indicates that a considerable share of for-
est owners may be unwilling to join a carbon payment
scheme (e.g., Markowski-Lindsay et al. 2011; Tzemi et al.
2025). The reasons for this may stem from, e.g., unwill-
ingness to enter contracts that may be difficult to with-
draw from, attitudes towards climate change and climate
policy, distrust of the authorities managing the payment,
or simply resistance to changing practices that have be-
come habitual (Markowski-Lindsay et al. 2011; Khanal et
al. 2017; Karppinen et al. 2018). Existing research suggests
that knowledge of and willingness to adopt forest manage-

ment practices promoting climate change mitigation is likely
to be associated with multiobjective or amenity goals in
forest ownership (Khanal et al. 2017; Husa and Kosenius
2021).

Based on an earlier application of the FinFEP model where
the effects of a carbon rent system were studied (Pohjola et al.
2018), we understand the basic mechanisms through which
carbon payments affect timber markets. Carbon payments
give value to the maintenance of the carbon stock in living
trees. Hence, for those forest owners who participate in the
carbon payment scheme, the payments generate an incen-
tive to reduce the intensity of thinning and postpone final
felling. For those forest owners who do not participate, mar-
ket signals (higher timber prices) incentivize more intensive
harvests. The total effects depend on both the extent of the
scheme’s coverage and the carbon price.

2.3. Demand scenarios
A large part of the demand for Finnish forest industry prod-

ucts comes from global markets, which could develop along
several alternative trajectories depending on economic, po-
litical, and social factors (cf. Daigneault et al. 2019; Perrels
et al. 2022). We examine three demand scenarios: baseline
demand, low demand, and high demand. The role of the de-
mand scenarios is to serve as a backdrop for studying how the
examined carbon payment schemes affect forest biodiversity
in alternative market conditions. In FinFEP, the demand for
final products is depicted by exogenous demand functions of
the form qt = d0t (pt/p0)−ε, where qt is the quantity demanded
in period t, d0t is the scale parameter, pt is the price in period
t, p0 is the calibration price, and ε is the price elasticity of de-
mand. The scale parameter, d0t, can be adjusted over time to
reflect temporal shifts in demand for products belonging to
different product groups (sawn timber, paper, paper board,
tissue, softwood cellulose, and hardwood cellulose) in alter-
native scenarios.

In the baseline scenario, the calibration of the scale pa-
rameters of the demand function for different products was
done approximately following assumptions made in a base-
line scenario for Finland’s greenhouse gas emissions and en-
ergy balances up to 2055 with existing energy and climate
measures formulated by Koljonen et al. (2024). The low and
high demand scenarios were defined by scaling the baseline
growth rates so that the demand projections are roughly
consistent with forest product demand paths proposed by
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Table 2. Annual growth rates used in scaling the demand functions.

Forest product Baseline demand Low demand High demand

Sawn timber 2.00% − 1.90% 3.3%

Paper − 1.50% − 1.50% − 1.50%

Paper board 1.00% − 0.95% 1.6%

Tissue 0.00% 0.00% 0.00%

Softwood cellulose 1.00% − 0.95% 1.6%

Hardwood cellulose 0.00% 0.00% 0.00%

Daigneault and Favero (2021) for relevant Shared Socioeco-
nomic Pathways (SSPs).4 The demand function for paper was
treated as an exception, as we assumed that the decreasing
consumption trend caused by digitalization will dominate in
all three scenarios. The assumed annual percentage change
in the scale parameters of different product groups’ demand
functions are shown in Table 2.

3. Results

3.1. Effects of carbon payment schemes on
harvests and net sink

In the BAU case, i.e., without forest carbon payments, the
total harvested volume is 75 Mm3 in 2020 and stays approx-
imately on the same level throughout the examined time
horizon 2020–2065 (Fig. 2c). A little less than half of this vol-
ume consists of thinned volume and a little more than half of
clearcut volume (Figs. 2a and 2b). Under a full-coverage forest
carbon payment scheme, thinned volume is only moderately
reduced compared to BAU, but clearcut volume is strongly
reduced for the first 30 years as the rotations become longer.
This results in a notable decrease of total harvested volume
relative to BAU during the first decades, but the effect mostly
tapers off by 2065.

Under the partial-coverage carbon payment scheme (that
attracts only forest owners who hold mild or strong Hart-
manian preferences, i.e., NPV maximizers are assumed not
to participate in the scheme), the negative effect on total
harvests is initially weaker but stable. Clearcut volume re-
mains at a lower level throughout the time horizon. Thinned
volume increases after the first decade. However, the low-
coverage carbon payment scheme (where exclusively strong
Hartmanians participate) decreases harvests only little rela-

4 In the context of climate policy, SSPs represent an established ap-
proach for tackling uncertainties related to global socio-economic
development (Riahi et al. 2016). SSPs are scenarios that describe
different ways the world might develop in terms of demograph-
ics, economics, and energy use up to the year 2100, helping poli-
cymakers and researchers understand how various interlinked fac-
tors might influence greenhouse gas emissions and climate change.
The low demand scenario is roughly in line with SSP3 (Regional
Rivalry) with decreased global trade and slower economic develop-
ment, whereas the high demand scenario roughly corresponds to
SSP5 (Fossil-fueled Development) with high economic growth. SSPs
are often used in conjunction with representative concentration
pathways, climate change scenarios to project future greenhouse
gas concentrations.

tive to BAU as the number of such forest owners is small.
Total growing stock increases from approximately 2200 to
2800 Mm3 during 2020–2065 under BAU (Fig. 2d). The full-
coverage carbon payment scheme leads to a notably stronger
increase in growing stock, while the partial-coverage scheme
falls in between the BAU and the full-coverage scheme. Un-
der the low-coverage scheme, the growing stock is close to
the BAU path.

Compared to BAU, the full-coverage carbon payment
scheme strengthens the net sink in forests and wood prod-
ucts by 20–30 MtCO2 year−1 (Fig. 3a). The net sink includes
CO2 fluxes to and from standing trees, dead organic matter,
and harvested wood products (HWP). Postponing clearcuts
increases the sink in standing trees greatly (i.e., up to
40 MtCO2 year−1) relative to BAU. On the other hand, the sink
in dead organic matter decreases strongly initially, as less har-
vest residue feeds into the pool due to decreased harvests.
The policy’s effects on the HWP stock and fossil emissions are
much smaller. The effects of the partial-coverage scheme are
qualitatively similar but smaller (Fig. 3b). The low-coverage
scheme causes little change in CO2 fluxes compared to BAU
(Fig. 3c), implying that it will not fulfill any ambitious climate
targets for the forest sector.

3.2. Effects of carbon payment schemes on
biodiversity

Carbon payment schemes change the timing and inten-
sity of harvests, which, in turn, results in changes in various
stand structural components that are important for ecosys-
tem condition and, hence, biodiversity. Specifically, post-
poning clearcuts increases the prevalence of older stands,
in which natural mortality is higher, thus contributing to
the volume of deadwood. Longer rotations and less inten-
sive thinning increase the average volume of broadleaved
trees. Figure 4 shows the changes (vs. BAU) in the com-
ponents of the ecosystem condition index caused by car-
bon payment schemes of varying coverage (absolute values
are shown in Fig. S1 in the Supplementary Material). Av-
erage stand age (Fig. 4a) increases monotonously, by ap-
proximately 11 (8) years by 2065, as a result of the full-
coverage (partial-coverage) scheme. The low-coverage scheme
decreases average stand age very slightly compared to BAU,
likely due to leakage of harvests to forests that are not en-
rolled in the scheme. Average deadwood volume increases
by approximately 1 m3 ha−1 as a result of the full-coverage
scheme; impacts of the partial- and low-coverage schemes are
smaller (Fig. 4b). Average broadleaf tree volume increases as a
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Fig. 2. Annual harvested volumes and growing stock under business-as-usual (BAU) and various coverages of the carbon pay-
ment policy. Note: Baseline demand scenario, carbon payment level €15 tCO2

−1.

Fig. 3. Change in CO2 flux (vs. business-as-usual (BAU)) under (a) full-coverage, (b) partial-coverage, and (c) low-coverage carbon
payments. Note: Baseline demand scenario, carbon payment level €15 tCO2

−1.
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Fig. 4. Change (vs. business-as-usual (BAU)) in the components of the biodiversity index by policy coverage: (a) average stand
age, (b) average deadwood volume, and (c) average broadleaf volume. Note: Baseline demand scenario, carbon payment level
€15 tCO2

−1.

result of carbon pricing under all scheme coverages; the pos-
itive effect of the full-coverage scheme equals approximately
13 m3 ha−1. Burnt area stays constant (and very low) as——in
our scenarios——it is not affected by harvesting decisions but
determined exogenously.

Assuming BAU forest management, the state of for-
est biodiversity——approximated by the ecosystem condition
index——is rather weak throughout the examined time hori-
zon. The ecosystem condition score increases from 0.14 to
0.17 during 2020–2065 (solid black line in Fig. S2a in the Sup-
plementary Material). (Recall that index scores 0 and 1 rep-
resent a completely degraded condition and a natural con-
dition, respectively). Figures 5 and 6 show the changes in
ecosystem condition score relative to the BAU path, caused
by the carbon payment schemes of varying coverage.

In the full-coverage carbon payment scheme’s case (Fig. 5a),
the effect of carbon payments on ecosystem condition is pos-
itive on sites of all productivity classes, denoted in an order
of decreasing fertility (see Section 2.2). The positive effect is
the strongest on the fertile sites (productivity classes 0–2). On
these sites, all the structural components of the ecosystem
condition index are favorably affected by carbon payments
(Fig. 4). On the least fertile sites (productivity classes 3 and 4),
the positive effect on ecosystem condition is smaller and ta-
pers down towards the end of time horizon. The total change
in ecosystem condition score (solid black line) is the weighted
average of the respective changes in all productivity classes.
After 2055, the total ecosystem condition score is approxi-
mately 0.04 points higher than without carbon payments, i.e.,
the total ecosystem condition score increases from 0.16 to
0.20. The improvement in ecosystem condition takes place
gradually as it takes time for the changes in management to
influence the structural attributes of the stands.

Under the partial-coverage carbon payment scheme, the
effect of carbon payments on biodiversity is positive on all
site types except the least productive one, but the effect
is weaker than under the full-coverage scheme (Fig. 5b).
The total ecosystem condition score is around 0.02 points
higher than in BAU. Under the low-coverage carbon payment
scheme, the total effect of carbon payments on ecosystem
condition is negligible. Only very small positive effects on
high-productivity sites and very small negative effects on low-
productivity sites are discernible (Fig. 5c).

The extent to which forest owners change their harvesting
behavior——and, hence, the ecosystem condition of their
stands——in response to carbon payments depends both on
their amenity preferences and the assumed coverage of the
carbon payment scheme. Under the full-coverage scheme,
the strongest positive effects on ecosystem condition are
seen in the stands of mild Hartmanian forest owners (Fig. 6a
presenting change vs. BAU in ecosystem condition score by
forest-owner type; absolute scores are shown in Fig. S3 in the
Supplementary Material). As most of the forest owners are
NPV maximizers, the change (vs. BAU) in ecosystem condition
score observed in their stands is close to the change in ecosys-
tem condition score of all forest owners combined (black
line). The improvement in ecosystem condition is the small-
est in stands of strong Hartmanians, because they apply long
rotation ages even without carbon payments. The effects un-
der a partial-coverage scheme (Fig. 6b) mostly resemble those
observed under the full-coverage scheme, but the positive
total effect on ecosystem condition is smaller. The only note-
worthy difference is that, under partial coverage, ecosystem
condition is weakened in the forests of NPV-maximizing
owners who opt out from the scheme (red dashed
line).
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Fig. 5. Change (vs. business-as-usual (BAU)) in ecosystem condition score by site productivity class under (a) full-coverage, (b)
partial-coverage, and (c) low-coverage carbon payments. Note: Baseline demand scenario, carbon payment level €15 tCO2

−1.

Fig. 6. Change (vs. business-as-usual (BAU)) in ecosystem condition score by forest-owner type under (a) full-coverage, (b) partial-
coverage, and (c) low-coverage carbon payments. Red lines indicate forest-owner types not participating in the scheme in
question. Note: Baseline demand scenario, carbon payment level €15 tCO2

−1.

This effect is caused by the following mechanism. When
Hartmanian forest owners decrease harvests in response to
the carbon scheme, timber prices increase (see Fig. S4 in the
Supplementary Material), prompting the NPV maximizers to
harvest more–i.e., harvests leak to forests that do not partic-
ipate in the scheme. In the low-coverage case (Fig. 6c), the
leakage is amplified, and combined with low participation
the scheme has negligible total effect on the ecosystem con-
dition. Improvements in ecosystem condition in the forests
covered by the scheme (owned by strong Hartmanians) are
roughly offset by small declines in the extensive forests not
covered by scheme (owned by mild Hartmanians and NPV
maximizers).

3.3. Sensitivity to demand scenarios
To estimate how conceivable changes in demand for forest-

sector products might affect our results, we performed a
sensitivity analysis utilizing the low and high demand sce-
narios described in Section 2.4. We examine solutions as-
suming business-as-usual and solutions under full-coverage
and partial-coverage policy, but for brevity we exclude the
low-coverage policy as its effects are negligible (see results
in Sections 3.1 and 3.2). We find that without carbon pay-
ments, i.e., in the BAU scenarios indicated by solid lines
in Fig. 7a, harvest volumes increase slightly under high de-
mand and decrease gradually but strongly under low de-
mand. In the high-demand case, carbon payments with full
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Fig. 7. Total harvested volume and growing stock under low and high demand scenario and business-as-usual (BAU) and various
coverages of the carbon payment policy. Note: Carbon payment level €15 tCO2

−1.

coverage (red dashed line) initially decrease harvests by over
20 million m3 relative to BAU, but then harvests gradually in-
crease to 75 million m3 over time. In the low-demand case
with full coverage carbon payments (light grey dashed line),
harvested volume remains low throughout the time horizon.
Payments with partial coverage (dash-dotted lines) reduce
harvest more mildly than those with full coverage, in both
high and low demand cases. Under high demand, harvests
increase slightly over time, whereas under low demand, they
decrease. In short, the policy choice (i.e., full vs. partial cov-
erage) affects harvests immediately, whereas the differences
between the demand scenarios arise gradually as defined in
Section 2.4.

Differences in the harvest volumes under low and high
demand and alternative policy coverages are reflected in
the development of total growing stock (Fig. 7b). Total
growing stock stays approximately constant under high de-
mand and BAU and increases throughout the time hori-
zon in all other demand and policy scenario combina-
tions. Unsurprisingly, the largest growing stock is reached
when low demand and full-coverage carbon payments are
assumed.

Assumptions on product demand and policy coverage
also have an impact on ecosystem condition. Figure 8
presents the change (vs. BAU) in ecosystem condition
score by demand scenario under full-coverage (Fig. 8a) and
partial-coverage (Fig. 8b) carbon payments (absolute val-
ues are shown in Fig. S5 in the Supplementary Mate-
rial). The positive effect of the full-coverage carbon pay-
ment scheme on ecosystem condition is stronger under the
high demand scenario than under baseline or low demand
(Fig. 8a). This is because higher demand implies higher har-
vest pressure, and carbon payments work against increasing
harvests. The findings are qualitatively similar for the partial-

coverage scheme (Fig. 8b) but with smaller improvement in
ecosystem condition due to the carbon payments.

4. Discussion
In this study, we examine whether forest carbon payments

are likely to have positive or negative side-effects on bio-
diversity in boreal commercially managed forests. We find
that Finland’s aggregate state of forest biodiversity, measured
through an ecosystem condition index, is improved by car-
bon payments. This result supports the findings of co-benefits
in earlier research on different climate zones and forestry
contexts (Bryan et al. 2016; Dybala et al. 2019; Venter et al.
2009), and are in line with results from sector-level policy
modelling of Norwegian forestry (López et al. 2024). Our re-
sult suggests that, at national scale, forest carbon payments
may be well aligned with the “Do No Significant Harm” prin-
ciple recently emphasized by the EU (Beltran Miralles et al.
2023), stating that the implementation of climate policies
should not hamper biodiversity protection objectives. The
biodiversity co-benefits suggested by our results are also an
encouraging sign that carbon payments targeted to exist-
ing forest land seem to have better implications for biodi-
versity compared to carbon payments focusing on afforesta-
tion, which may cause unfavorable biodiversity effects (e.g.,
Matthews et al. 2002).

Our results suggest that the carbon sink can be notably
strengthened through carbon payments, even when the car-
bon price is relatively low. With a €15 tCO2

−1 carbon price,
a 20–30 MtCO2 year−1 increase (relative to BAU) in the net
sink in forests and HWP is achieved under the full-coverage
carbon payment scheme. For reference, Finland’s net sink in
forest land and HWP has ranged from −33.7 to −0.4 during
2010–2023. While the effect of increasing carbon sink is qual-
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Fig. 8. Change (vs. business-as-usual (BAU)) in ecosystem condition score by demand scenario under (a) full-coverage and (b)
partial-coverage carbon payments. Note: carbon payment level €15 tCO2

−1.

itatively in line with the results of Swedish (Guo and Gong
2017) and Norwegian (Lopez et al. 2024) forest-sector studies,
the observed reaction to carbon pricing is clearly stronger
in our results. The possible reasons for this difference have
been discussed at length in Pohjola et al. (2018), López et al.
(2024), and Rautiainen et al. (2025). In short, both supply and
demand are more elastic in FinFEP than in the other Nordic
forest-sector models due to more flexibility in harvest deci-
sions and a stronger link to global markets for forest indus-
try products. There may also be other, more subtle differences
between the models that are harder to pinpoint.

While we find that carbon payments affect ecosystem
condition positively, the positive effect is relatively small.
Hence, even an ambitious carbon payment scheme cannot
alone solve the problem of biodiversity loss in boreal forests.
Halting biodiversity loss will require separate, biodiversity-
targeted policies. The finding is consistent with the Tinber-
gen Rule stating that for each distinct policy target there
must be at least one separate policy instrument (Tinbergen
1952). A similar conclusion was also reached by Bryan et al.
(2016) in the context of reforestation of agricultural land in
Australia, where biodiversity co-benefits were only negligible
with uniform carbon payments, but more significant when
these payments were supported by other policy measures.
López et al. (2024) found that carbon pricing alone was able to
strongly increase old forest area, but combining carbon pric-
ing with specific biodiversity-related constraints was helpful
for other forest features important for biodiversity.

Our modelling approach accounts for the fact that even
if carbon payments increase forest biodiversity on an ag-

gregate level, the effects on some site types may be neg-
ative. Moreover, if the payment scheme is not mandatory
and only some of the forest owners choose to participate,
biodiversity effects will be heterogeneous across different
owner types’ forests. We find that the clearest biodiversity
co-benefits are achieved on sites of medium-to-high fertility,
and little to no improvement takes place on the least pro-
ductive (i.e., ecologically xeric) sites. Carbon payments im-
prove all the structural components that are important for
ecosystem condition on high- and medium-fertility sites, but
the effect on burnt area–that supports biodiversity on boreal
xeric sites alongside stand age and deadwood volume–was be-
yond the scope of our model. Our results suggest, however,
that if a carbon payment scheme is implemented, additional
biodiversity-targeted policies may be especially important
for low-productivity sites. Such policies could involve, e.g.,
promoting prescribed burning, which would have negative
climate effects——representing a biodiversity–climate tradeoff
worth further study. On the other hand, low-productivity
sites are more likely to acquire protection status than high-
productivity sites due to smaller economic opportunity cost;
in this sense, the finding that carbon payments may improve
ecosystem condition on high-productivity sites under com-
mercial management is promising.

Our examination of various policy coverages was mo-
tivated by the notion that the implementation of a full-
coverage, mandatory carbon payment scheme may entail
considerable administrative challenges and face strong po-
litical opposition, at least in the short term. It might be
more feasible to launch a small-scale pilot scheme and then
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advance gradually towards higher coverage. We find that un-
der a partial-coverage scheme, that is based on voluntary par-
ticipation and attracts forest owners with mild or strong Hart-
manian preferences, ecosystem condition slightly declines in
the forests of NPV-maximizing forest owners due to domestic
harvest leakage, but the aggregate effect on ecosystem con-
dition is positive albeit smaller than under a full-coverage
scheme. This means that the carbon payment scheme’s pos-
itive aggregate effects on the net sink and ecosystem condi-
tion are only partly impeded by harvest leakage, and the role
of leakage decreases as the fraction of forest owners joining
the scheme increases. In the case of the low-coverage scheme,
where only those forest owners with strong Hartmanian pref-
erences participate, the net sink is increased very little and
effects on ecosystem condition are negligible. Hence, our re-
sults emphasize the value of promoting wide forest-owner en-
rollment through, e.g., a participatory scheme design process
and information campaigns (cf. Assmuth et al. 2024).

Our results should be interpreted with some caution as our
modelling approach entails limitations that may affect valid-
ity. One question relates to the ability of the chosen biodi-
versity metric, an ecosystem condition index based on cer-
tain structural components, to measure the key aspects of
such a complex and dynamic phenomenon as biodiversity. It
can be rightly argued that aggregating several ecological as-
pects into one composite index oversimplifies the effects of
forest management on ecological condition and biodiversity
and reduces transparency. An alternative approach, applied,
e.g., in López et al. (2024), would be to look only at a set of in-
dividual structural components of ecosystem condition (see
Fig. 4) instead of combining them to form a composite in-
dex. However, we argue that the index approach is useful,
as it distills established ecological understanding of the rela-
tive importance of various structural components for main-
taining biodiversity on different ecosystem types (Kotiaho
et al. 2016) and facilitates the communication of results to
decision-makers. We see that the positives exceed the neg-
atives, especially when the limitations in modelling of in-
dividual components are clearly stated. Ecological research
suggests that the quality of habitats and the survival proba-
bility of forest-dwelling species in Finland is correlated with
the presence of similar structural components, as those ap-
plied in our model (Koivula et al. 2022). However, it is uncer-
tain how the diversity of species (or, even more so, genetic
diversity) develops over time in response to changes in stand
structure. Habitat connectivity is an additional aspect that is
highly important for biodiversity but not addressed in the
ecosystem condition index.

Moreover, the structure of the FinFEP forest-sector model
limits how precisely the effects of carbon payments on ecosys-
tem condition can be modelled. One limitation relates to
the ecosystem condition index’s structural component “vol-
ume of broadleaf trees”. In general, there are two ways for-
est owners could alter the broadleaved volume: species se-
lection at regeneration and in thinning operations. In our
model, when predicting the future development, we assume
that the same species is optimal from one rotation to the
next. It is also assumed that in thinning operations the vol-
ume share of broadleaved trees develops as in recent history,

i.e., the thinning decisions do not include species-specific
choices of harvesting or leaving trees. Hence, the volume
of broadleaves is determined by total stand volume and
age-dependent, stand-type- and region-specific volume share
functions for broadleaves based on NFI data. The central ques-
tion is whether the carbon policy would create incentives to
change this behavior. Stand-level research suggests that car-
bon payments may (by increasing optimal stocking levels on
fertile sites) motivate increasing the share of shade-tolerant
spruce at the expense of less-shade-tolerant birch (Assmuth
et al. 2021). Nevertheless, they may also incentivize main-
taining trees of commercially nonvaluable broadleaf species
in the stand (Assmuth et al. 2021). Together these results
demonstrate that carbon payments can affect the share of
broadleaves through separate mechanisms, which work in
opposite directions. Such fine-detail effects cannot be cap-
tured by our forest-sector model’s current version. Hence, it is
possible that our modelling over- or underestimates the car-
bon payments’ positive impact on this structural component,
depending on site type and management practices regarding
commercially nonvaluable broadleaf species. It seems, how-
ever, that the main driver of the increased stocking volume
of broadleaved trees is the shift to longer rotations——which
increases stocking volume in general and, therefore, also the
volume of broadleaved trees. This main mechanism is present
in the model and represented in the results.

Another modelling limitation relates to the structural com-
ponent “burnt area” as our modelling does not include any
mechanism through which the carbon payments could affect
fire probability or burnt area. In theory, carbon payments
could have an indirect effect on fire probability, if, e.g., older
forests were more or less likely to catch fire, but since there
is no such endogenous mechanism in the model, we cannot
really make any inferences about these changes. However, as
described in Section 2.2, forest fires are rare in Finland due
to effective fire prevention and control, making it unlikely
that carbon payments by themselves would cause significant
changes in forest fire regimes. Overall, we argue that our ap-
proach to modelling ecosystem structural components is suit-
able for addressing the research question at hand, but leaves
room for refinement in future research.

Our modelling approach incorporates the potential for har-
vest leakage within Finland if a carbon payment policy cov-
ers only some part of Finland’s forests. However, we do not
study harvest leakage to forests beyond Finland nor its effects
on the biodiversity of those forests. Such transborder carbon
leakage could result from the unilateral implementation of a
carbon payment scheme through two mechanisms. The first
mechanism is increased imports, as Finnish forest industries
might seek to make up for reduced domestic harvests by im-
porting wood from other countries. The second mechanism is
migration. That is, forest industries might migrate from Fin-
land to other countries where more resources are available.
In practice, the migration could occur gradually, through al-
tered investment patterns, i.e., decreased investments to the
maintenance of domestic production facilities, and increased
investments to the expansion of new facilities abroad owned
by Finnish or foreign companies. A meta-analysis by Pan et al.
(2020) indicates that the carbon leakage rate in the forestry
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sector is higher than in the sector of energy-intensive indus-
tries, approximately 40% on average, and even higher leak-
age rates have been presented for EU countries (e.g., Kallio
and Solberg 2018). However, evaluating the biodiversity im-
pacts of transnational harvest leakage, i.e., “biodiversity leak-
age”, is challenging because these impacts depend both on
the functioning of global markets for forest industry prod-
ucts and on the characteristics, age structure, and utilization
practices of forests in competitor countries (c.f. García et al.
2018). Further research on the subject is needed.

Finally, the study at hand does not consider the effects
of climate change on forest growth and natural distur-
bance risk. Increasing rotation ages may increase the risk of
drought stress-triggered pest outbreaks, especially in spruce-
dominated stands (cf. Seidl et al. 2017). On the other hand,
more decayed dead wood may promote species that are antag-
onist to some important forest pests (Johansson et al. 2007).
Increasing tree species diversity in boreal forests would——in
addition to being beneficial for biodiversity——likely improve
forest resilience (Jactel et al. 2017). Improved understanding
of the interactions between forest structure, biodiversity loss,
and disturbance risk is needed to support the development of
policies that incentivize both climate change mitigation and
adaptation in forestry.

5. Conclusions
We analyzed the effects of forest carbon payments on forest

biodiversity utilizing a detailed Finnish forest-sector model
and a biodiversity metric based on ecosystem condition. We
found that carbon payment schemes of full or partial cov-
erage have biodiversity co-benefits in boreal commercially
managed forests, especially on medium-to-high-productivity
sites. However, the extent of these co-benefits is unlikely to
be sufficient to halt biodiversity loss in forest ecosystems,
emphasizing the need for separate, biodiversity-targeted poli-
cies.
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