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A B S T R A C T   

Forests can play a significant role both in halting biodiversity loss and in mitigating climate change. A variety of 
payments for ecosystem services (PES) schemes exists to promote biodiversity conservation in forests. These 
schemes could be used to strengthen the role of forests as carbon sinks as well. This paper analyzes the impli-
cations of supplementing a PES scheme that targets boreal forest biodiversity with a carbon index. We use a site 
selection framework to examine how the proposed scheme impacts the promotion of both targets. We compare a 
case where the selection is done solely based on biodiversity values to a case where the selection is done based on 
both biodiversity and carbon benefits. The carbon index is formulated as current carbon storage or as future 
carbon sink. Correspondingly, biodiversity is maximized based on either current ecological values or potential 
ones. We compare equal or differing weights for biodiversity and carbon indexes, and examine trade-offs be-
tween biodiversity and CO2 in current and future values. Combined index values increase with the carbon index, 
but there is a trade-off between biodiversity and CO2 values if the conservation budget is not increased when the 
carbon index is introduced. There is a temporal trade-off in biodiversity and carbon values between selecting 
sites based on current or future values. Younger stands are preferred at the expense of old-growth stands with the 
carbon index. Weights can be used to balance the trade-off between biodiversity and carbon benefits. Overall, 
risks to losing significant ecological value from the conservation network are negligible, but the limited number 
of sites decreases the generalizability of the results.   

1. Introduction 

Several agreements and strategies aim to halt the ongoing loss of 
biodiversity, among them the Convention on Biological Diversity (CBD) 
and the EU 2020 Biodiversity Strategy. Unfortunately, the objective to 
halt biodiversity loss by 2020 has not been achieved – the state of eco-
systems and species continues to decline at an alarming speed (EEA, 
2019). Forests are Europe’s dominant natural vegetation, but defores-
tation and fragmentation due to agriculture and forestry have led to 
severe biodiversity loss (IPBES, 2018). The conservation status of forests 
is mainly unfavorable (EEA, 2019). Fennoscandia has extensive forest 
cover and a rather short history of intensive use of forests but the frac-
tion of undisturbed forests at present is low (Kuuluvainen, 2009). Key 
habitat elements like dead wood, old trees and recently burned areas 
have been reduced significantly due to intensive commercial forest 
management, which threatens forest-dwelling species (Hyvärinen et al., 
2019). 

The Paris Climate Agreement and the European Union’s climate 
policy framework have been set to reduce the greenhouse gas (GHG) 

emissions to the atmosphere and increase carbon removal from the at-
mosphere by sinks. Current efforts to reduce GHG emissions fall short of 
the goals of the Paris Climate Agreement (UNEP, 2020). Forests 
currently provide the largest potential for carbon removal, given pre-
vailing uncertainty on technological sinks (Griscom et al., 2017). Thus, 
they can play a significant role in mitigating climate change either by 
sequestrating carbon into forest biomass and harvested wood products 
or by avoiding CO2 emissions by substituting fossil fuels with wood 
products as alternative materials and energy (IPCC, 2019; Nabuurs et al., 
2015). These substitution effects are small in light of recent research, 
and they do not compensate for the reduction in carbon sink that har-
vesting causes (Kalliokoski et al., 2020; Seppälä et al., 2019; Soimakallio 
et al., 2021). The carbon stocks in biomass continue to increase with age 
in protected forests, and although the rate of biomass growth and carbon 
sequestration decreases, forests serve as carbon sinks far beyond their 
harvesting age, likely several hundred years (Framstad et al., 2013; 
Luyssaert et al., 2008). Thus, leaving forests unmanaged is a potential 
tool for meeting the current climate goals when the timeframe of urgent 
emission reductions is acknowledged. 
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Given that conserving forests provides synergies between biodiver-
sity and climate goals, would it be possible to promote both goals 
simultaneously? Further, how do we make the best use of this synergy 
when designing global or national policies? Forest land is owned by 
private landowners in many European countries, and the governments 
typically need to rely on voluntary participation by offering landowners 
payments for ecosystem services (PES) (Hanley et al., 2012). PES 
schemes incentivize landowners to adopt environmentally friendlier 
practices of protection or restoration (Engel et al., 2008; Wunder, 2005). 
The literature on PES policies is extensive (e.g., Engel et al., 2008; Engel, 
2016; Wunder et al., 2020), but research is still limited on how PES 
mechanisms can deal with trade-offs and synergies in the production of 
multiple ES (Jack et al., 2008). Most of the current PES schemes are 
based on the delivery of a single ecosystem service (ES), but some PES 
schemes have considered multiple ecosystem services, for example, in 
Costa Rica (Locatelli et al., 2014), Madagascar (Wendland et al., 2010), 
and the US (Claassen et al., 2008). 

Literature on multi-benefit PES is scarce, but there is a large body of 
literature that examines different aspects of managing multiple 
ecosystem services. Numerous studies focus on how different ES corre-
late and spatially overlap as well as identify synergies and trade-offs on 
spatial and temporal scales (Bennett et al., 2009; Locatelli et al., 2014; 
Naidoo et al., 2008; Raudsepp-Hearne et al., 2010). These studies 
employ spatial mapping and scenario simulations to trace out the impact 
of land use on multiple ES and the trade-offs and synergies between 
them (e.g., Gong et al., 2019; Nelson et al., 2009). Another set of papers 
examines what kind of synergies and trade-offs conservation policies 
create and develop conservation prioritization and spatial targeting to 
promote multiple ES (Chan et al., 2006; Zhang et al., 2015). Locatelli 
et al. (2014) and Wendland et al. (2010) examine ES synergies and 
develop spatial targeting in the context of PES. These studies typically 
use aggregate data and empirical models to examine multiple ES on 
landscape or national scale avoiding land ownership and other social 
constraints of conservation. 

Including multiple ES within a single PES scheme is one approach to 
promoting synergies between different ES in a socially efficient manner 
(Turner et al., 2014; Wendland et al., 2010). The goal is to avoid trade- 
offs and to decrease marginal service-provisioning costs to society per 
unit of service provided (Matthies et al., 2016). Locatelli et al. (2014) 
found that in the Costa Rican multi-benefit PES scheme, the PES areas 
correlate with high levels of all targeted ES (Locatelli et al., 2014). To 
complement the literature, we examine how a PES scheme targeting 
boreal forest biodiversity changes when it is expanded to cover an 
additional ES, carbon sequestration. In boreal forests, combining 
biodiversity conservation and climate change mitigation objectives is 
possible as long as the management actions lead to real synergy gains 
between both goals (Matthies et al., 2016). Our aim is to examine 
whether voluntary forest conservation via PES is a possible management 
tool to achieve synergy gains. Considering multiple ES may reduce the 
high transaction costs of establishing individual policy tools for carbon 
sequestration and biodiversity conservation and limit the possible trade- 
offs between these goals (Deal et al., 2012). Unlike the cited literature 
employing aggregate data and focusing on landscape scale, we have site 
specific data from field surveys and cover both environmental benefits 
and conservation costs. The few multi-benefit PES programs typically 
target a bundle of services but do not explicitly define or measure the 
individual ES (see Montagnini and Finney, 2011 for an exception). We 
assess both biodiversity benefits and carbon sequestration based on the 
field survey data. The data is from three provinces in Finland from 
privately owned sites available for conservation. 

We specifically ask whether a forest biodiversity PES scheme could 
simultaneously promote biodiversity conservation and boost climate 
change mitigation by expanding the site selection criteria with carbon 
sequestration and increasing the conservation budget with money allo-
cated for climate change mitigation. Our objective is to examine how 
using combined indexes for biodiversity and carbon instead of a single 

biodiversity index impacts both goals. The carbon index is formulated as 
the current carbon storage of a stand or as future carbon sequestration 
potential that estimates how much the stand will sequestrate carbon in 
the next 50 years. In similar fashion, biodiversity values are maximized 
either as current ecological values or as potential ones estimated after 
50 years. Thus, we can compare the implications of maximizing either 
existing large carbon storage and biodiversity or fast-growing storage 
and evolving biodiversity values. Distinguishing between now and the 
future allows us to examine temporal and conservation cost trade-offs in 
conservation policy. 

We employ equal or differing weights for the indexes. By using 
relative weights, the social planner can express social preferences and 
prioritize a target that is regarded as more crucial or balance the possible 
trade-offs between the two targets. For instance, Conservation Reserve 
Program in the US has multiple objectives and uses combined indexes to 
estimate the environmental gain. The relative importance of a given 
environmental objective is expressed as a weight within the index 
(Claassen et al., 2008). We use a site selection model for the analysis that 
is formulated as an ecological–economic model that simultaneously 
accounts for ecological and economic aspects (e.g., Ando et al., 1998; 
Polasky et al., 2001; Juutinen et al., 2008). 

The rest of the paper is organized as follows. Section 2 first presents 
the conceptual approach of the analysis. Then, we present the data, the 
site selection model and the methods used to calculate biodiversity 
values and carbon stocks. Section 3 presents the results, and the last 
section discusses the results. 

2. Methods and data 

2.1. Conceptual approach 

We examined how supplementing a forest biodiversity PES scheme 
with a climate component can promote biodiversity conservation and 
simultaneously boost climate change mitigation. Our focus was that of 
the society: the society selects the best stands in terms of biodiversity or 
alternatively selects the stands by maximizing the sum of biodiversity 
and climate benefits. We took the cost-efficient pure biodiversity con-
servation solution as the baseline and asked how the selection of sites 
and their composition change in terms of ecological values, forest type 
and stand age when a carbon index is introduced. The conservation 
budget constrained the choice. The budget was increased1 as money 
allocated to climate change mitigation is assigned to the conservation 
budget. The conservation payment compensated for the economic loss of 
harvest revenue. 

We employed a site selection model for the analysis. Site selection 
models are a common way to examine conservation problems (e.g., 
Ando et al., 1998; Cabeza and Moilanen, 2001; Margules and Pressey, 
2000; Polasky et al., 2005; Strange et al., 2006). Most often they are used 
to promote species representativeness, and the concept of complemen-
tarity ensures that new, unrepresented species or other biodiversity 
features are maximized in the selection (Margules and Pressey, 2000). 
Our paper employed the model differently, to conservation of various 
types of habitats, which are regarded as important for biodiversity in 
boreal forests, and for instance, promoted in the Finnish METSO pro-
gram for biodiversity hotspots.2 Site selection in the METSO program is 

1 The size of the conservation budget is a decision for the society. We used a 
20% budget increase, which was enough to bring out the implications of 
changing the budget.  

2 The METSO Forest Biodiversity Programme is a voluntary-based approach 
in which landowners offer their forests either for temporary conservation or for 
permanent protection. Habitats close to their natural state or with good po-
tential for restoration, habitats with rare or endangered species, or habitats 
with connectivity to valuable ecosystems are preferred when selecting sites in 
the program (Ministry of … 2015). 
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based on habitat-type specific criteria that include structural features 
important for boreal forest biodiversity (including old-growth stands, 
high amounts of dead wood, diverse stand structure including deciduous 
trees) (Ministry of the Environment and Ministry of Agriculture and 
Forestry, 2015). These elements are currently undersupplied, mainly 
due to forestry, and are urgently needed to support forest-dwelling 
species (Hyvärinen et al., 2019). 

Our site selection model maximized a given target in the conserva-
tion network; to do that, it selected stands so that the increment in 
biodiversity value or combined biodiversity value and the amount of 
carbon sequestrated in biomass were as high as possible (Juutinen et al., 
2008). We employed as the target a composite index value (ELITE index) 
that measures similar components that are a focus of the METSO pro-
gram. Similar biodiversity components have also been used in forest 
conservation prioritization in Finland (Forsius et al., 2021; Mikkonen 
et al., 2018). Similar approaches using the weighted sum of several in-
dexes have been used in existing PES programs, for example, the US 
Conservation Reserve Program (Claassen et al., 2008). Thus, total ben-
efits were maximized for the given conservation budget. The model 
allowed us to compare cost-effective solutions under different targets 
constrained by the conservation budget. We used data from sites that are 
permanently protected in a Finnish PES scheme called the METSO Forest 
Biodiversity Programme, which is the key policy tool in Finnish forest 
biodiversity conservation. 

Fig. 1 represents the general framework of our analysis. The starting 
point was a given set of forest stands for which we calculated the index 
values for biodiversity and the carbon stock to maximize their sum. 
Furthermore, we calculated the payments for landowners to reflect the 
conservation costs. Our calculation was based empirically on data from 
50 sites protected permanently in the METSO program. We ran forest 
simulations with the stand simulation model MOTTI over a 50-year time 
period using data on each site’s current tree stand. The software, 
developed by the Natural Resources Institute Finland (Luke), predicts 
the growth of forests based on the key results of the forest growth and 
yield research (Hynynen et al., 2005). The biodiversity and carbon 
values were calculated based on the current stand and the simulations 
(Section 2.3). Conservation payments were calculated as the revenue 
from the current stand after an optimal rotation period and from all 
future rotations in net present value (Section 2.4). We assumed that the 
sites are of equal size (1 ha). 

The site selections were run by maximizing the current biodiversity 
and carbon values as well as maximizing the future values estimated 
based on the simulations. Thus, comparisons can be made between 
selecting the sites for conservation based on their current state at the 
time the conservation agreement is made and based on estimations of 
how their biodiversity values will develop and how much they will 
sequestrate carbon during the next decades. Furthermore, the site se-
lections were run with equal weights for both biodiversity and carbon 
indexes and with differing weights. 

2.2. Site selection model 

We used a site selection model following Juutinen et al. (2008) and 
ran the modeling with What’s Best! spreadsheet optimization software 
(Lindo Systems, 2000). Consider a given geographical area with n 
different sites suitable to be conserved. The status of a stand is denoted 
by a binary variable xj (j = 1, …, m) that obtains a value 1 if the stand is 
conserved in the program and 0 otherwise. We denoted the biodiversity 
value of site j by ej. We scaled the biodiversity values between 0 and 1 
using the ELITE biodiversity index (Section 2.3). Not all sites can be 
included in the program due to the limited conservation budget, C. The 
cost (cj) represents the conservation payment that is equivalent to the 
revenue from the current stand after an optimal rotation period and 
from all future rotations in net present value (Section 2.4). Inventory 
costs were not included. In the baseline, the goal of the society was to 
maximize the sum of biodiversity values in the selection of sites subject 
to the budget constraint: 

max
xj

∑m

j=1
ejxj (1) 

s.t. 

∑m

j=1
cjxj ≤ C (2)  

xj ∈ {0, 1}. (3) 

The objective function (1) sums the biodiversity values over the 
selected stands. This selection is constrained by the conservation budget 
(2), which indicates that the sum of conservation costs cannot exceed the 

Fig. 1. The outline of the analysis.  
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budget and by technical requirement (3), which indicates that the choice 
variables must be binary and each site is either selected or not. 

To add carbon values to the site selection criteria, we modified the 
objective function. Given that the biodiversity value, ej, is scaled be-
tween 0 and 1, we scaled carbon in a similar way. Let Dj denote the 
amount of carbon in each forest stand, measured in CO2 tons, and dj the 
scaled values in the objective function (4). Parameter αi denotes weights 
given to the indexes. Thus, the constraints remained the same and the 
objective function was defined as follows: 

max
xj

∑m

j=1

(
α1ej +α2dj

)
xj (4) 

s.t. 

∑m

j=1
cjxj ≤ C (5)  

xj ∈ {0, 1} (6) 

The weights are dimensionless, meaning that the absolute figures do 
not have an impact on the selection, but the relative amounts do. In our 
case, the weights were scaled as follows: α1 + α2 = 2. Thus, equal 
weights 1:1 can be given or if one index is placed with a higher weight, 
the other index is downweighted. 

2.3. Making biodiversity and carbon targets operational 

We needed to determine the numerical biodiversity value, ej, of each 
site to solve the optimization problem. While acknowledging that nu-
merical measurement of biodiversity is challenging, we used the so- 
called ELITE index that is a habitat-based calculation method origi-
nally developed for estimating the degree of degradation compared to 
the natural state of ecosystems in Finland (Kangas et al., 2021; Kotiaho 
et al., 2016). The ecological state is calculated using habitat-specific, 
ecologically most relevant structural components (Table 1). The cur-
rent state is compared to a predefined reference state for each structural 
component. Weights are also defined for each component and represent 
the fraction of the ecosystem’s overall condition lost if the component in 
question is completely degraded. The ELITE index values range from 0 to 
1, where 1 is the reference state (natural or target state) and 0 implies 
that an ecosystem is completely degraded. 

The ELITE index calculates the biodiversity value by assuming 
multiplicative effects of the components as follows: 

e =

∏Nk

n=1

(

1 − Lk
n

(

1 − ncurr
nref

))

−
∏Nk

n=1

(
1 − Lk

n

)

1–
∏Nk

n=1

(
1 − Lk

n

)
. (7) 

In Eq. (7), e denotes the current condition of the ecosystem, that is, 
the biodiversity value we maximized. Nk is the number of structural 
components for a habitat type k, and Ln

k is the weight for component n. 
Parameters ncurr and nref are the current and the reference state of 
component n, respectively (Kangas et al., 2021). 

The structural components include the volume of dead wood, the 
number of large trees and broad-leaved trees or burned area (Table 1). 
Our data did not provide information on the number of large trees, so we 
replaced it with stand age that correlates with tree size. The size of 
burned forest area in xeric and barren heath forests was ignored in the 
calculations, because it is very challenging to predict whether the site 
burns or not during the 50-year time scale. 

Turning next to carbon, the site selection model required a measure 
of the CO2 sequestered in the forest biomass. The amount of carbon 
dioxide, D, was calculated as follows: 

D = V
(
(
a+ be− 0,01t)∙0 , 5∙

44
12

)

. (8) 

V stands for the stemwood volume. When the current CO2 storage 
was maximized, the stemwood volume was calculated at the time the 
conservation agreement was made. When the future CO2 sink based on 
the simulations was used in the carbon index, the stemwood volume was 
calculated as the difference between the volume after 50 years and the 
current one. The term (a + be− 0, 01t) converts stemwood volumes into 
biomass (Mg m− 3) with biomass expansion factors from Lehtonen et al. 
(2004), dependent on stand age (t, years) and the dominant tree species. 
We considered only the carbon stock of forest biomass, excluding soil. 
Dead wood was included in the calculations. The biomass expansion 
factors for broad-leaved trees include only the total aboveground 
biomass, including stem, foliage, living branches, dead branches and 
bark (Lehtonen et al., 2004). Table 2 presents the parameter values for a 

Table 1 
Parameters for calculating the ELITE index. Abbreviations: OMT = herb-rich 
heath forest, MT = mesic heath forest, VT = sub-xeric heath forest, CT = xeric 
heath forest, CIT = barren heath forest.   

Structural components Reference 
values 

Weights 

Herb-rich forests 

Dead wood, m3 100 0.6 
Broad-leaved trees, 
m3 100 0.4 

Age*, years 100 0.4 

Heathland forests: OMT, MT, 
VT 

Dead wood, m3 80 0.4 
Broad-leaved trees, 
m3 50 0.6 

Age*, years 120 0.4 

Heathland forests: CT, CIT 
Dead wood, m3 40 0.4 
Age*, years 140 0.4  

* A modification to the original index. 

Table 2 
Biomass expansion factors (Lehtonen et al., 2004).   

a b 

Scots pine 0.7018 0.0058 
Norway spruce 0.7406 0.1494 
Broad-leaved trees 0.5616 − 0.0179  

Fig. 2. Location of the study sites.  
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and b. The ratio 0.5 converts biomass to carbon, assuming that 50% of 
the biomass is carbon (IPCC, 2006), and carbon is converted to carbon 
dioxide with the ratio 44/12, which is the ratio of the molecular weights 
of carbon and carbon dioxide. As previously indicated, the amount of 
carbon in the site selection model was scaled between 0 and 1 (param-
eter dj) to be comparable with the biodiversity values by dividing each 
site’s CO2 value with the maximum value in the data. 

2.4. The determination of the conservation payments 

We calculated the conservation payment (cj) by taking into account 
the value of the stand as well as the lost future revenue by using 
Faustmannian bare land value, the present value of the net returns from 
all continuing series of rotations in perpetuity. The calculations for the 
bare land value (J) were performed with the MOTTI model using a 3% 
discount rate. The financial compensation included the revenue from the 
current stand after an optimal rotation period and from all future rota-
tions in net present value: 

cj = J + gV(t*)(1 + r)− τ
, if t < t* (9)  

cj = J + gV(t), if t > t* (10)  

where t* denotes the stand age in the end of the optimal rotation period. 
Table B.1 in Appendix B provides the timber prices used in our calcu-
lation. The values were taken from the statistics for prices in industrial 
roundwood trade generated by the Natural Resources Institute Finland 
(Natural Resources Institute Finland (Luke), 2020). 

2.5. Data and study sites 

Our data included 50 sites that have been protected permanently in 
the METSO program. The data were collected by Parks & Wildlife 
Finland, which manages state-owned nature reserves in Finland (SAKTI, 
2019). The study sites are located in three regions: North Karelia in 
eastern Finland, Southwest Finland and Satakunta in western Finland 
(Fig. 2). Forest ownership in these areas is fragmented, and the majority 
of the forests are owned by non-industrial private forest owners – 
approximately 80% in the western regions and 53% in North Karelia 
(Peltola et al., 2019). Protected forest areas cover approximately 5% of 
forested land area in Southwest Finland and Satakunta and 7% in North 
Karelia (Peltola et al., 2019). Most of the protected areas in Finland are 
located in the northern part of the country, where 28% of forests are 
protected (Peltola et al., 2019). Thus, there is an urgent need to conserve 
more biodiversity-rich forests in the south (Hyvärinen et al., 2019). 

The field assessments by forest experts provided basic information on 
the forest site type, tree species, volume of broad-leaved trees, stand age, 
and amount of decaying wood (Table 3). The data cover all Finnish 
forest site types that are classified based on fertility (see e.g., Tonteri 
et al., 1990).3 The sites vary also in age (15–230 years) and dominant 
tree species (Norway spruce, Scots pine, downy birch, silver birch). This 

Table 3 
The data: forest site types, initial stand age, dominating tree species, components 
of the ELITE index, the amount of carbon sequestrated and bare land values. 
Note that in calculating the ELITE index, stand age is +50 years. Abbreviations: 
OMaT = herb-rich forest, OMT = herb-rich heath forest, MT = mesic heath 
forest, VT = sub-xeric heath forest, CT = xeric heath forest, CIT = barren heath 
forest.  

Site Forest 
type 

Dominating 
tree species 

Stand 
age, 
years 

Dead 
wood, 
m3 

Broad- 
leaved 
trees, 
m3 

tCO2 

ha− 1 
Bare 
land 
value, 
€ 

1 CIT Scots pine 90 6 – 246 162 
2 Scots pine 50 4 – 215 45 
3 Scots pine 140 1 – 165 228 
4 

CT 

Scots pine 57 12 – 261 701 
5 Scots pine 110 8 – 273 2811 
6 Scots pine 35 30 – 277 9 32 
7 Scots pine 105 7 – 235 2866 
8 

VT 

Scots pine 43 120 0 331 360 
9 Scots pine 95 38 63 312 954 

10 downy 
birch 

16 3 110 164 0 

11 
downy 
birch 68 77 321 156 0 

12 
downy 
birch 25 166 505 379 490 

13 silver birch 70 23 331 228 1525 
14 Scots pine 31 49 34 454 445 
15 Scots pine 71 54 9 527 653 
16 Scots pine 107 26 7 394 1145 
17 Scots pine 145 26 11 394 1145 
18 Scots pine 100 17 33 202 0 
19 Scots pine 230 32 29 173 0 
20 Scots pine 27 57 0 369 64 
21 Scots pine 120 40 0 278 221 

22 

MT 

Norway 
spruce 

48 75 46 615 800 

23 
Norway 
spruce 110 37 56 660 1885 

24 
Norway 
spruce 140 47 23 542 1885 

25 Norway 
spruce 

80 19 0 312 1243 

26 Norway 
spruce 

114 23 0 267 1671 

27 
Norway 
spruce 35 30 22 483 898 

28 
Norway 
spruce 90 11 0 337 2526 

29 Norway 
spruce 

15 52 22 466 350 

30 Norway 
spruce 

116 56 101 344 1885 

31 
Norway 
spruce 27 98 60 361 232 

32 
Norway 
spruce 60 34 21 375 472 

33 Norway 
spruce 

90 33 51 206 1100 

34 Norway 
spruce 

130 35 10 321 1100 

35 
Norway 
spruce 165 27 0 267 1146 

36 Scots pine 90 54 79 441 2146 
37 Scots pine 135 165 0 475 2146 
38 

OMT 

mixed 158 28 112 286 2118 
39 mixed 203 70 187 358 2118 

40 Norway 
spruce 

48 14 0 499 2262 

41 
Norway 
spruce 65 20 0 448 2866 

42 
Norway 
spruce 

90 35 0 419 4465 

43 mixed 60 27 84 478 2162 
44 mixed 95 58 217 421 3905 
45 

OMaT 
mixed 50 58 56 533 1394 

46 mixed 113 69 83 371 3383  

Table 3 (continued ) 

Site Forest 
type 

Dominating 
tree species 

Stand 
age, 
years 

Dead 
wood, 
m3 

Broad- 
leaved 
trees, 
m3 

tCO2 

ha− 1 
Bare 
land 
value, 
€ 

47 mixed 40 127 508 361 2231 
48 mixed 60 36 308 395 3741 
49 mixed 25 73 276 258 761 
50 mixed 125 20 71 273 2487  

3 Forest site types are categorized in the Finnish system into a hierarchy that 
reflects increasing capacity of the sites to produce stemwood, from dry and 
barren sites to moist and fertile ones (Tonteri et al., 1990). 
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allows comparisons between fertile and barren sites as well as between 
different age classes. 

3. Results 

3.1. Baseline: biodiversity conservation only 

The conservation network in the baseline was established only by 

drawing on the ecological values (either current or future values after 
50 years based on the stand simulations). The sum of the biodiversity 
(BD) index values was maximized in the site selection model (Eqs. (1)– 
(3)). The results of the site selection are represented in Table 4, where 
green diamonds indicate the baseline choice. The cost-efficient optimi-
zation selected mainly the sites with the highest BD index values to be 
conserved. When the current BD index values were maximized, the 
highest selected index value was 0.66 and the lowest 0.04. When the 

Table 4 
Results for the model inputs: biodiversity (BD) values, scaled CO2 values and conservation payments. Results for the 
site selections: the shapes indicate whether the site is selected to be conserved in each case: biodiversity only 
(baseline) = , biodiversity + CO2 = , biodiversity + CO2 with increased budget = , not selected = . 

Site 
BD value, 
current

BD value, 
future

CO2 

current
CO2 future

Conserva�on 
payment, €

Current BD 
and CO2

BD and CO2

future
1 0.41 0.59 0.27 0.37 4 504
2 0.32 0.47 0.08 0.33 1 613
3 0.51 0.52 0.10 0.25 2 300
4 0.34 0.57 0.15 0.40 2 861
5 0.45 0.62 0.38 0.41 8 138
6 0.29 0.71 0.26 0.42 4 129
7 0.66 0.59 0.31 0.36 7 401
8 0.13 0.47 0.78 0.50 6 975
9 0.18 0.63 0.53 0.47 8 700
10 0.04 0.24 0.02 0.25 575
11 0.22 0.96 0.35 0.24 1 662
12 0.15 0.83 0.27 0.57 1 667
13 0.22 0.50 0.22 0.35 3 612
14 0.04 0.52 0.27 0.69 5 372
15 0.08 0.46 0.23 0.80 7 496
16 0.12 0.29 0.36 0.60 7 017
17 0.16 0.31 0.25 0.60 6 995
18 0.10 0.37 0.46 0.31 5 993
19 0.18 0.46 0.84 0.26 11 093
20 0.03 0.33 0.28 0.56 3 738
21 0.11 0.32 0.58 0.42 8 803
22 0.08 0.83 0.59 0.93 8 586
23 0.19 0.63 0.37 1.00 10 394
24 0.21 0.52 0.78 0.82 16 972
25 0.07 0.21 0.53 0.47 7 821
26 0.11 0.23 0.69 0.40 9 943
27 0.05 0.33 0.33 0.73 8 335
28 0.08 0.17 0.40 0.51 8 912
29 0.03 0.41 0.09 0.71 4 044
30 0.29 0.79 0.65 0.52 13 563
31 0.05 0.83 0.32 0.55 4 651
32 0.07 0.39 0.43 0.57 8 205
33 0.19 0.59 0.62 0.31 8 270
34 0.14 0.36 0.74 0.49 12 055
35 0.11 0.26 0.62 0.40 10 680
36 0.30 0.78 0.58 0.67 10 611
37 0.21 0.53 0.28 0.72 6 478
38 0.45 0.55 0.78 0.43 17 537
39 0.56 0.91 0.64 0.54 16 157
40 0.14 0.16 0.59 0.76 14 596
41 0.10 0.21 1,00 0.68 20 457
42 0.31 0.30 0.84 0.63 21 734
43 0.24 0.53 0.76 0.72 15 650
44 0.26 0.81 0.81 0.64 19 972
45 0.11 0.55 0.18 0.81 8 650
46 0.30 0.75 0.74 0.56 15 149
47 0.37 0.95 0.31 0.55 4 799
48 0.42 0.70 0.31 0.60 7 154
49 0.32 0.77 0.28 0.39 2 457
50 0.31 0.49 0.78 0.41 12 928
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future BD index values were maximized, the highest selected index value 
was 0.96 and lowest 0.24. Very expensive sites were an exception: sites 
with very high cost were not selected despite their high ecological 
quality; the highest rejected stand had a current index value of 0.31 and 
a future index value of 0.81. As more fertile sites (MT, OMT, OMaT) 
were on average more expensive than less fertile types (CIT, CT, VT), the 
selections preferred the less fertile stands. 

Table 5 condenses the average and cumulative biodiversity values 
and average stand age in the conservation network. We also report 
associated CO2 values and combined index values even though they 
were not used in the selection.4 To make the differences between the 
selections as clear as possible, we report the averages and sums of 
biodiversity and CO2 index values at both the current and future mo-
ments. Furthermore, to highlight the role of cost-efficiency in the se-
lection, we produced for comparison a purely ecological choice, where 
the best stands are enrolled in conservation up to the point where the 
conservation budget is exhausted. 

Table 5 shows that a minor temporal trade-off is evident for biodi-
versity whereas it is absent for CO2 storage values. The trade-off for 
biodiversity shows up in that under current selection, the sum of current 
BD index values was higher but future values were lower than under 

future selection. The difference in favor of current BD selection is 
notable as the cumulative biodiversity values under future BD selection 
were lower at the current state even though the conservation area was 
bigger. However, the sum of future BD index values were clearly higher 
with the future selection. The additional sites that the future option 
selected, but the current option did not, had low current BD index 
values, but some sites had very good future values (e.g., sites 22 and 31 
in Table 4). The future option could select more sites as the sites that had 
good future BD index values were less expensive to conserve because 
they are younger, which is shown in the average stand age. Targeting 
future BD led as a side effect to higher CO2 storage, both current and 
future total storage. 

Ecological choice shows much higher average BD index values, but 
on the negative side, conservation area was smaller and the sum of BD 
index values was lower. Finally, we resorted to a simple correlation 
analysis to see whether biodiversity conservation promotes carbon 
sequestration. The Pearson correlation coefficient was 0.03 in the data 
(Table 3), 0.07 for the cost-efficient baseline in Table 4, and − 0.10 for 
the ecological choice. Hence, the pure biodiversity selection did not 
efficiently promote carbon sequestration as a co-benefit. 

Fig. 3 illustrates the results in regard to future biodiversity values 
and the CO2 sinks. The colored shapes indicate the sites selected to be 
conserved, and the crosses represent the sites that did not become 
conserved in any case. Fig. 3 is divided into quadrants to show how the 
BD and CO2 index values of the chosen stands are correlated. Most of the 

Table 5 
Baseline choice: cost-efficient and ecological choice for biodiversity only.   

Cost-efficient: current BD Ecological: current BD Cost-efficient: BD future Ecological: BD future 

Conservation budget, € 150,000 150,000 150,000 150,000 
Area 22 16 27 17 
Stand age, avg. 86 93 69 80 
BD index value, avg. 0.33 0.40 0.62 0.77 
Index values combined, sum* 15.9 13.2 29.9 22.5 
BD index value at t = 0, sum 7.2 6.3 6.7 5.1 
BD index value at t = 50, sum 14.2 10.3 16.7 13.1 
Storage at t = 0, avg., tCO2 192 209 169 222 
Storage at t = 0, sum, tCO2 4230 3340 4580 3770 
Storage at t = 50, avg., tCO2 474 511 488 591 
Storage at t = 50, sum, tCO2 10,430 8170 13,170 10,040  

* Calculated as the sum of total biodiversity and carbon index values in the conservation network. 
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Fig. 3. The selected sites in terms of biodiversity value (y-axis) and CO2 sink (x-axis).  

4 Note that the average biodiversity index values and combined index values 
are not comparable between current and future options as they are calculated at 
different points in time. 
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sites selected in the baseline are situated in the upper part of the figure. 
However, some sites with below 0.5 BD index values are selected. Fig. 4 
represents the impact of the conservation costs on the enrollment of sites 
and shows that the costs dominated the selection. The sites that were left 
out of the conservation network were associated with high conservation 
costs and/or low biodiversity values. The only exception in the baseline 
was site number 39, which stands out in Fig. 4 in the upper right corner. 

3.2. Combined biodiversity and carbon index with equal weights 

The impact of adding the carbon index to the site selection criteria 
was examined with a constant and increased conservation budget as well 
as with current biodiversity and carbon values and future potential ones. 
Table 4 shows the selection by yellow and orange shapes. The cost- 
efficient optimization selected the sites with the highest combined BD 
and CO2 index values. The area of the conservation network increased 
from the baseline under both the constant budget and the increased 
budget. The selection left out some sites with high ecological values and 
replaced them with good storage or sinks. This can be seen from Table 4: 
when the current index values were maximized, for instance, sites 29 
and 38 were left out when the carbon index was introduced and replaced 
with sites 8 and 19. When the future index values were maximized, for 
instance, sites 33 and 39 were left out, and instead, sites 23 and 45 were 
selected. However, the sites with the best BD index values, 0.66 (cur-
rent) and 0.96 (future), were still conserved. The very expensive sites 
were again left out: sites 24, 40 and 43 had very good CO2 storage and 

future sinks but were not selected either in current or future value op-
timizations. Adding the carbon index and increasing the budget 
increased the share of more fertile stands slightly. 

From Table 6 we can see that irrespective of using current or future 
values, when the budget was kept constant, the conservation network 
had slightly lower average BD index values but higher CO2 values 
compared to Table 5. Thus, there was a trade-off from average BD values 
to CO2 values. However, the combined index values increased from the 
baseline. When the budget was 20% higher, the CO2 values continued to 
increase. The biodiversity values remained approximately the same on 
average, but as more sites became conserved with the higher budget, the 
sum of BD values increased and were higher than in the baseline. 
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Fig. 4. The selected sites in terms of biodiversity value (y-axis) and conservation payment (x-axis).  

Table 6 
Results with equal weights (1:1).   

Current BD + CO2 storage BD future + CO2 sink 

Conservation budget, € 150,000 180,000 150,000 180,000 

Area 26 28 28 31 
Stand age, avg. 78 85 68 67 
BD index value, avg. 0.25 0.26 0.58 0.58 
Index values combined, sum 17.0 19.3 31.3 34.6 
BD index value at t = 0, sum 6.6 7.3 6.4 6.8 
BD index value at t = 50, sum 15.7 16.7 16.3 17.9 
Storage at t = 0, avg., tCO2 194 208 150 161 
Storage at t = 0, sum, tCO2 5060 5820 4210 4980 
Storage at t = 50, avg., tCO2 484 496 496 512 
Storage at t = 50, sum, tCO2 12,570 13,900 13,880 15,860  

Table 7 
Results with giving biodiversity a higher weight, conservation budget 180,000 €.   

Baseline, 
current 

Current BD + CO2 

storage 
Baseline, 
future 

BD future + CO2 

sink 

Weights – 1:1 1.5 – 1:1 1.5 
Area 22 28 26 27 31 30 
Stand age, 

avg. 
86 85 92 69 67 67 

BD index 
value, avg. 

0.33 0.26 0.30 0.62 0.58 0.61 

Index values 
combined, 
sum 

15.9 19.3 19.0 29.9 34.6 34.3 

BD index 
value at t 
= 0, sum 

7.2 7.3 7.7 6.7 6.8 7.0 

BD index 
value at t 
= 50, sum 

14.2 16.7 15.9 16.7 17.9 18.2 

Storage at t 
= 0, avg., 
tCO2 

192 208 177 169 161 161 

Storage at t 
= 0, sum, 
tCO2 

4230 5820 5480 4580 4980 4990 

Storage at t 
= 50, avg., 
tCO2 

474 496 408 488 512 498 

Storage at t 
= 50, sum, 
tCO2 

10,430 13,900 12,640 13,170 15,860 15,430  
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A temporal trade-off in biodiversity index values is present, as 
selecting sites based on their future BD index values led to moderately 
lower cumulative values on the current state compared to current BD 
index selection. The sum of future biodiversity values is clearly higher in 
the future selection, because sites that had low current BD index values 
but rather good future BD values (e.g., site 14) were conserved in the 
future selection, but not in the current selection. The future selection led 
to younger stands than the current value selection, as young stands had 
fast-growing CO2 stocks (sites 27 and 45), but the average stand age 
decreased in both options when the carbon index was introduced. 

Comparing the site selection with either maximizing the current 
biodiversity values and CO2 storage or future biodiversity values and 
CO2 sink shows that, in this case, there was also a clear temporal trade- 
off in CO2 values as well: when the current values were maximized, the 
current storage was higher and the future storage was lower than in the 
future selection and vice versa. The current selection left out sites that 
had rather low storage but very good future CO2 sequestration (sites 23, 
29 and 45). On the other hand, the future selection left out a few good 
current storage sites that were conserved in the current selection (19 and 
50). The size of the conservation areas was smaller than in the baseline 
selection. 

Figs. 3 and 4 show that changes in the selection of sites were rather 
minor when we added the climate index, and mainly the same sites were 
selected. The number of good sites in regard to CO2 but not biodiversity 
increased moderately when the climate index was introduced (sites in 
the lower right quadrant in Fig. 3). The cost from the conservation 
payment was a dominant factor in the site selection (Fig. 4), and the least 
expensive sites were always selected. Low future CO2 sequestration did 
not impact the selection as clearly (Fig. 3) – several sites with low CO2 
values were always selected to be conserved. Due to the budget 
constraint, some high value sites in regard to both biodiversity and CO2 
were always left out of the conservation network. 

3.3. Combined biodiversity and carbon index with differing weights 

Introducing the carbon index to the biodiversity conservation 
scheme led to a trade-off between average biodiversity and CO2 values. 
Depending on social preferences, weights can be used to tailor the choice 
to balance the trade-off. To examine the role of weights, we gave the 
biodiversity index a weight of 1.5 and decreased the carbon index by 
0.5. 

Table 7 represents the condensed results, and the detailed results for 
the site selections can be found in Appendix A. Placing the biodiversity 
index with a higher weight balanced the trade-off between biodiversity 
and CO2. Average and total biodiversity values increased in the con-
servation network. Some good stands with high current CO2 values (22, 
25) were replaced by sites with good current BD index values (30, 38), 
and good future sinks (16, 17) were replaced by a site with very good 
future BD index value (39). The total BD index values were higher than 
in the case of equal weights or in the baseline. Both current and future 
CO2 storage was higher than in the baseline but lower than with equal 

weights. The combined index value decreased when using differing 
weights.5 

3.4. Improved efficiency? An application to the Finnish PES programme 
METSO 

The analysis so far followed economically sound calculation princi-
ples for the conservation payment. Currently, the Finnish METSO pro-
gramme follows a different approach, and landowners receive financial 
compensation equal to the value of timber at the conserved site at the 
time the conservation agreement is made, omitting future harvest rev-
enue lost. Thus, the conservation payments are considerably lower than 
in the economically sound solution, young stands in particular. We now 
examine whether the efficiency of the METSO programme can be 
improved by including carbon values in the selection. The conservation 
budget was set at a level that would cover the METSO conservation costs 
in the baseline selection in Section 3.1. The budget increase was again 
20%. The detailed calculation for this conservation payment and the site 
selection results can be found in Appendix B. Table 8 represents the 
condensed results. 

The METSO program selects sites based on their current biodiversity 
values. Thus, the carbon index was expressed as the current CO2 storage. 
Introducing the carbon index led to a selection of younger stands, and 
the average and total biodiversity values decreased, but the size of the 
conservation network, the total CO2 storage and the combined index 
value increased. The average CO2 storage did not change. Two older 
expensive stands were left out (30, 37), and instead, younger stands with 
good CO2 storage but low BD index values were selected (e.g., 22, 31, 
32). Increasing the budget and weighting the BD index led to only minor 
changes. With a higher conservation budget, the sum of the BD index 
and the average CO2 value increased from the baseline. Using a 1.5 
weight to emphasize biodiversity values in the selection increased the 
sum of the BD index only by 0.03. 

4. Discussion and conclusions 

We analyzed a policy tool that promotes both biodiversity conser-
vation and climate change mitigation in forests by considering CO2 
sequestration in a PES scheme primarily targeting biodiversity. We 
found some synergies but also trade-offs between climate and biodi-
versity goals and time. More specifically, the total benefits measured as 
combined index values increased when the carbon index was introduced 
compared to the baseline, where carbon values were not considered in 
the site selection. Furthermore, there was a minor trade-off between 
biodiversity and carbon benefits but larger temporal trade-off between 
selecting current high quality sites or potential sites with high quality in 
the future. 

Adding the carbon index to the site selection without increasing the 
conservation budget led to a decrease in BD index values, but if money 
allocated to climate change mitigation was used to increase the con-
servation budget, the ecological quality of the conservation network 
benefited as well, and the total BD index value increased. This result is in 
line with many studies that have found a positive correlation between 
biodiversity and carbon (e.g., Chan et al., 2006; Forsius et al., 2021), but 
biodiversity hotspots overlap more with other ES than carbon hotspots 
(Locatelli et al., 2014). The budget constraint had a significant role, 
especially because introducing the carbon index without increasing the 
conservation budget weakened the biodiversity conservation objective 
of the PES scheme. Nelson et al. (2008) examined joint species conser-
vation and carbon sequestration and conclude that if multiple environ-
mental benefits are targeted, one may have to settle for lower level of 
individual services. Weights can be used to balance the biodiversity 

Table 8 
Results for the Finnish METSO programme.   

Baseline: current 
BD 

Current BD + CO2 storage 

Weight – 1:1 1:1 1.5 
Conservation budget 100,000 100,000 120,000 120,000 
Area 29 32 34 35 
Stand age, avg. 78 73 75 76 
BD index value, avg. 0.27 0.24 0.24 0.23 
Index values combined, 

sum 
18.5 19.4 21.4 21.3 

BD index value at t = 0, 
sum 

7.8 7.6 8.1 8.1 

Storage at t = 0, avg., tCO2 180 180 190 184 
Storage at t = 0, sum, tCO2 5230 5740 6480 6450  

5 Appendix A shows the results of giving CO2 a higher weight. This increased 
the trade-off between the two targets. 
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impacts of adding the carbon index in the selection, but it decreases the 
combined index values. In our analysis, placing the biodiversity index 
with a higher weight secured more biodiversity values than equal 
weighting to the conservation network while still promoting synergy 
gains from carbon sequestration, even though CO2 values decreased 
when biodiversity values were given a higher weight in the selection. 

To mitigate climate change, it is important to protect both sites with 
existing high carbon storage and sites that will sequestrate a high 
amount of CO2 in the future. The conservation network will be different 
depending on which goal is maximized, either existing biodiversity 
values and storage or sites where biodiversity values develop well and 
which will sequestrate a high amount of carbon in the coming decades. 
Our analysis showed a temporal trade-off in both biodiversity and CO2 
values between the options of maximizing current or future biodiversity 
and carbon values. With the current selection, current BD index values 
were higher, but future values lower than in the future selection, and 
vice versa. A similar temporal trade-off was present between current 
CO2 storage and future storage when the carbon index was used. The 
future selection led to larger conservation areas. However, when only 
biodiversity values were considered in the selection, the impact of the 
larger conservation area was stronger and the future selection led to 
higher CO2 storage, measured as both current storage and the storage 
after 50 years. The future selection was more cost-efficient in conserving 
good storage because it selected younger stands (i.e., fast growing car-
bon stocks and developing biodiversity values) that were less expensive 
and could thus conserve a bigger area. 

The selection of sites was tilted towards younger and slightly more 
fertile sites with the carbon index. Thus, one needs to assess whether 
these changes should be regarded as a trade-off between the climate and 
biodiversity goals. Stand age is one important indicator of ecological 
value in boreal forests, and some of the selected young stands also have 
low biodiversity index values. The larger representation of more fertile 
stands can be contrasted to the representation of habitats, which is at the 
core of biodiversity conservation. However, the limited number of sites 
decreases the generalizability of these results. The size of the conser-
vation budget has the most significant impact to the proportions of 
different forest types. A budget increase without including carbon in the 
objective function showed that the sites are older and more fertile on 
average, but the carbon sequestration values do not increase as clearly. 
Thus, relaxing only the budget constraint does not add the co-benefits of 
carbon and biodiversity. It is not a surprise that the role of the budget 
matters. For example, Juutinen and Ollikainen (2010) made the same 
observation. They also found that gradually increasing the conservation 
budget started to reduce the average biodiversity values, as a higher 
budget allowed the selection of expensive biodiversity hotspots, but the 
number of high-quality sites is limited and conserving them is expensive, 
so more stands with lower biodiversity values are conserved. 

Our data is from sites already protected in the METSO program 
causing a selection bias. Would an inclusion of sites not yet protected in 
METSO to the data change the results? Our answer is: most likely not, as 
there are many sites with high biodiversity values not currently enrolled 
in METSO. The funding of the METSO program is insufficient, and many 
ecologically valuable sites are left out due to the low compensation for 
good sites (Section 3.4, Appendix B) and limited conservation budget. A 
report identifying Finnish forest areas important for biodiversity (Mik-
konen et al., 2018) recognizes large biodiversity hotspot areas in land-
scapes where the conservation network is scattered and inadequate. 
Most of the remaining high-quality non-protected forests are privately 
owned (Lehtomäki et al., 2009). Securing these biodiversity rich sites 
would require a higher funding for METSO and economically sound 
compensations for landowners. Thus, if the conservation budget were 
increased from climate funding, there would be ecologically valuable 
sites available to conservation. Eventually, however, biodiversity values 
would decrease with increasing conservation budget, because the 
number of most valuable sites is limited in the short run. 

The site selection model produces a cost-efficient choice of the target 

function. We described the desired biodiversity outcome using the ELITE 
index, while the data, that is, the actually conserved forest sites, have 
been selected using much discretion and ambiguity. Therefore, we used 
the cost-efficient, pure biodiversity choice as the baseline. This baseline 
omits the question of how well the ELITE index works as the basis of the 
choice.6 The use of various indexes in biodiversity conservation is 
widespread (see, e.g., Claassen et al., 2008 for the US Conservation 
Reserve Program, DSE, 2004 for Australian Habitat Hectares, and Zu 
Ermgassen et al., 2021 for the Biodiversity Metric in the UK). Compar-
isons of such indexes are rare, but some studies conclude that multi-
plicative indexes, such as the ELITE index, perform better than additive 
indexes (McCarthy et al., 2004; Kangas et al., 2021). All indexes are, 
nevertheless, simplifications of reality and can be improved. Our data 
are too limited to make any deeper conclusions of the possible weak-
nesses of the ELITE index, but it is certainly an interesting question for 
further work. 

Our approach employed indexes to cope with multiple benefits for a 
site selection problem. The Conservation Reserve Program in the US has 
employed composite indexes since the 1960s, not for a site selection per 
se but for a voluntary conservation auction on retired lands (e.g. 
Claassen et al., 2008; Hansen, 2007; Hellerstein, 2017). Lankoski et al. 
(2015) examined stacking of carbon and water credits produced in 
respective markets making it, again, difficult to compare our results to 
those. Thus far, literature using composite indexes has not focused on 
trade-offs relating to included targets. This will be a topic for future 
research. 

Overall, our analysis is encouraging. Allocating resources for climate 
to biodiversity to promote the twin goals of biodiversity conservation 
and mitigating climate change would enable higher conservation bud-
gets, and our analysis shows that it could support these goals in a socially 
efficient manner. Trade-offs between climate and biodiversity can be 
reduced. Setting up individual policy tools causes transaction costs and 
with a single tool, these can be avoided. We conclude that provided that 
the conservation budget is increased, introducing a climate index in the 
site selection criteria is beneficial for both biodiversity conservation and 
climate change mitigation. Thus, a policy tool such as examined here 
could potentially promote both targets efficiently and in a flexible 
manner. In the absence of market prices for biodiversity and carbon, 
weights can be used to tailor the selection of sites to reflect the prefer-
ences of the society. Also, a choice must be made between prioritizing 
current or future biodiversity and carbon values. For example, an im-
mediate threat to the most valuable ecosystems would require selecting 
sites that have high current ecological value, while under past favorable 
conservation decisions, the focus would be on future values. 
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Supplementary data to this article can be found online at https://doi. 
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