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Abstract

Conflicts among different ecosystem services have been shown to be common and potentially exacerbated
by management interventions. In order to improve the sustainability of natural resource use, the
occurrence of these conflicts and the effects that management actions have on them need to be
understood. We studied the conflicts between ecosystem services and the potential to solve them by
management choices in boreal production forests. Our study area consisted of nearly 30,000 forest stands
which were simulated for 50 years into the future under alternative management scenarios. The study
included four ecosystem services — timber production, bilberry production, carbon storage, and pest
regulation — and one biodiversity conservation objective defined as availability of deadwood resources. We
1) measured the conflicts among each pair of objectives, and 2) identified a compromise solution for each
pairwise conflict defined as one which simultaneously minimizes the losses for both objectives. Our results
show that conflicts between timber production and other objectives are typical, severe, and difficult to
solve, while non-extractive benefits including biodiversity conservation can be more easily reconciled with
each other. To mitigate the most severe conflicts in boreal forests, increased diversity in management

regimes is required.
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1 Introduction

Evaluating ecosystem services, or the diverse benefits people obtain from nature, may produce information
that assists ecosystem managers in balancing the multiple, often conflicting, interests that people place on
the environment (Albert et al., 2014; Bennett et al., 2009). Critical aspects of these evaluations include the
co-occurrence of multiple ecosystem services, their interactions, and the impacts human activities have on
their supply. The complexity of the relationships among different ecosystem services, aspects of
biodiversity, and social objectives was recognized already in the Millennium Ecosystem Assessment (MEA,
2005), and considerable effort has since gone into conceptualizing and clarifying these processes (e.g.

Kremen, 2005; Bennett et al., 2009).

A key first step in improving the sustainability of natural resource use is to identify patterns of trade-offs
and synergies among ecosystem services and how they are driven by management interventions. A trade-
off between ecosystem services occurs when the increased utilization of one service leads to a loss in
another service, and they may take place at varying spatial and temporal scales (Rodriguez et al., 2006). The
Millennium Ecosystem Assessment (MEA, 2005) established that ecosystem management to increase the
supply of one ecosystem service may deteriorate the supply of other services, and that these negative
trade-offs are particularly common between individual provisioning services and between provisioning and
other types of ecosystem services (regulating, supporting, and cultural services). An extreme case is the
conversion of natural ecosystems into managed monocultures, but also the extractive use of resources
from a (semi-)natural ecosystem may, by altering the structures and functions of the ecosystem, cause

more or less persistent changes in other ecosystem services.

Several recent studies have examined the relationships among ecosystem services and the effects of
management on their supply in forests, where timber harvesting and other management activities cause
changes in ecosystem structures and functions (e.g. Bradford and D’Amato, 2012; Edwards et al., 2014;
Brandt et al., 2014). Forests provide many important ecosystem services: they are a source of food and raw
materials, provide recreational opportunities, hold cultural meanings, harbor a variety of beneficial
organisms, regulate air, soil, and water quality, and play an important role in climate regulation. Even
where forest loss is not a major threat, forests are affected by increasing pressures, such as a rising demand
for forest biomass, the urgency to utilize forest ecosystems in climate change mitigation, and the need to
safeguard biodiversity. Additionally, forests undergo natural disturbances that are expected to intensify in
response to global change (Lindner et al., 2010; Seidl et al., 2016). These challenges create multiple
objectives for forest management as well as a mounting need to resolve the conflicts among them

(Bradford and D’Amato, 2012).



Boreal forests are extensively used for timber production, but are also a source of many locally and globally
important ecosystem services. Earlier studies from boreal forests have shown that conflicts between timber
production and other ecosystem services are common (e.g. Gamfeldt et al., 2013; Pohjanmies et al., 2017)
and that stand management can affect trade-offs among forest services (Trivifio et al., 2015; Zanchi et al.,
2014). Specifically, maximizing timber harvests has been found to reduce forests’ capacity to provide other
services, while less intensive use of timber resources can lead to compromise solutions where intermediate
levels of several objectives are maintained (Trivifio et al., 2015; Zanchi et al., 2014). However, these impacts
may be dependent on the ecosystem services in question and the properties of the forest (Biber et al.,
2015). Moreover, few studies have examined the occurrence of conflicts among non-timber benefits from

managed forests.

In this study, we study the occurrence and severity of conflicts between ecosystem services in a large
production forest in Finland. Earlier studies in this landscape have shown that conventional, intensive forest
management may cause severe trade-offs between timber production and biodiversity (Monkkoénen et al.,
2014), climate regulation (Trivifio et al., 2015), and forest collectables (Peura et al., 2016). Here, we
measure the conflicts between timber production and non-timber forest benefits but also among non-
timber benefits. We thus aim to resolve whether the most severe conflicts are those between a
provisioning service (here, timber production) and other objectives, while non-extractive benefits including

biodiversity conservation can be more easily reconciled with each other.

Earlier work conducted in our study area has also shown that considerable benefits in terms of biodiversity
and ecosystem services can be gained by diversifying forest management regimes and optimizing their
application across the landscape (Mdnkkdnen et al., 2014; Trivifio et al., 2015). In these studies, forest
management has been optimized at the scale of the entire landscape, recognizing the possibility that only
some forest stands can produce high levels of several objectives simultaneously, while some can be
disproportionally good for targeting a single objective. Optimal management across the landscape may thus
be a combination of ‘land-sharing’ and ‘land-sparing’ strategies (e.g. Trivifio et al., 2015), the former
referring to a high supply of multiple ecosystem services from the same stand and the latter to
prioritization of a single ecosystem service in a stand (e.g. Edwards et al., 2014; Maskell et al., 2013). In our
study, we focus on ‘land-sharing’ strategies and measure the severity of conflicts among pairs of objectives
in each individual forest stand. We thus explore how achievable ‘land-sharing’ strategies are at the stand
level. The achievability of good ‘land-sharing’ solutions at the stand level provides additional information
on the severity of the pairwise conflicts and is important from a practical point of view. First, as a stand is
the basic operational unit of practical forestry (Makela and Pekkarinen, 2004), the stand level is the most
relevant for forest managers. Second, management plans that allow for single-objective prioritization in

parts of the target area may be misguided if demand for the objectives is not considered, that is,
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prioritization of an objective may be assigned to an area where there is no demand for it or vice versa. For
example, while it may make little difference exactly where the benefits are generated in the case of some
ecosystem services such as carbon storage, some ecosystem services may have very local demand (e.g.

recreation, forest collectables, and some regulating services). Finally, minimizing trade-offs in every parcel
of the landscape may help protect those objectives that are affected by the quality of neighboring stands;
particularly, conservation of biodiversity that requires both patches of high-quality habitat and a relatively

good-quality matrix (Kremen, 2015).

Our study includes five forest management objectives: four ecosystem services (timber production, bilberry
production, carbon storage, and pest regulation) and one biodiversity conservation objective, defined as
availability of deadwood resources. First, we measure the supply of each objective and the conflicts among
all pairs of objectives under alternative forest management regimes. Second, we identify a compromise
management solution for each pairwise conflict, defined as one which simultaneously minimizes the losses
in both objectives. Finally, we examine the distributions of alternative forest management regimes among
the compromise solutions and infer management recommendations for maintaining diverse benefits.
Specifically, we address the following questions: 1) How strong are the conflicts between all pairs of
objectives? 2) How efficiently can the pairwise conflicts be solved by optimizing management? 3) What kind
of forest management may be required to secure high levels of multiple ecosystem services and

biodiversity?

2 Materials and methods
2.1 Forest data and simulations

Our study area is a typical Finnish production forest landscape located in central Finland with forest
covering the majority of the land and the rest consisting of a mosaic of lakes, peat lands, small settlements,
and cultivated fields (Figure 1). The total forest area is 431 km? and consists of nearly 30,000 individual
stands. The stands are dominated by pine (Pinus sylvestris), spruce (Picea abies), birch (Betula pendula and
Betula pubescens), or a mix of the four species. Most of the landscape has been under active forest
management for several decades, and this is reflected in the current condition of the forest. Specifically,
the age distribution of the stands is asymmetric with over 30% of the stands being younger than 20 years,

over 60% younger than 50 years, and only about 5% older than 100 years.

In order to account for the long-term ability of the forest to provide ecosystem services, we simulated the
development of the stands under different management regimes for 50 years into the future. The initial

stand-level data was compiled from forest inventory data administered by the Finnish Forest Centre
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(Finnish Forest Centre, 2016) to include the variables needed for the simulations, e.g. basal area of trees,
tree species composition, ages of tree cohorts, and site fertility. Forest growth simulations were
implemented with the MOTTI stand simulator (Hynynen et al., 2002; Salminen et al., 2005). MOTTI predicts
the development of a stand based on its initial characteristics and the forestry operations applied during
the simulation. In MOTTI, a set of empirical-statistical models are integrated into software that predicts the
growth and mortality of trees on the basis of the quality of the site, the growth potential of the tree and
the competition effects imposed by other trees. We simulated each stand under seven alternative
management regimes that form a gradient of management intensity (Table 1): the recommended regime
for private forestry in Finland or ‘business-as-usual’ (Hyvédn metsdnhoidon suositukset, 2006); the
recommended regime modified by increased green tree retention, postponed final harvesting (two
options), or no thinnings (two options); and set-aside. The recommended regime and the set-aside
represent the extremes among the alternatives, while the other five regimes correspond to currently
implemented strategies to mitigate biodiversity loss in commercial forests in Finland (M6énkkdnen et al.,
2014). Postponing the final harvesting, refraining from thinnings, and applying green tree retention are
intended to increase the amount of deadwood and enhance the structural diversity within the forest. In
general, they may lead to losses in harvest revenues due to delayed harvests (postponed final harvesting),
reduced harvest volumes (green tree retention) or smaller sized trees (no thinnings). The simulation period
was divided into 5-year time steps, giving a total of 11 model runs. For more details on the forest growth

simulations, see Appendix A.
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Figure 1. Map showing the location of the study area in Finland (in dark green color).

Table 1. The seven alternative management regimes used in the forest growth simulations. The
development of each stand in the study area was simulated under all of the alternative regimes (adapted

from Monkkonen et al., 2014).

Management regime Acronym Description
Recommended management: average rotation length 80 years;
Business-as-usual BAU site preparation, planting or seedling trees; 1-3 thinnings; final
harvest with green tree retention level of 5 trees/ha.
Green tree retention GTR30 BAU with 30 green trees retained/ha at final harvest.
. BAU with final harvest postponed by 10 years (i.e. average rotation
Extended rotation (10 years) EXT10
length 90 years).
. BAU with final harvest postponed by >30 years (i.e. average
Extended rotation (30 years) EXT30 .
rotation length 115 years).
No thinnings (minimum final NTSR BAU with no thinnings & final harvest adjusted so that rotation
harvest threshold values) does not prolong: average rotation length 77 years.
No thinnings (final harvest NTLR BAU with no thinning & final harvest allowed to be delayed:
threshold values as in BAU) average rotation length 86 years.
Set-aside SA No silvicultural operations, no harvest.

2.2 Ecosystem service and biodiversity indicators



We measured the provision of ecosystem services and biodiversity under each management regime. We
considered four ecosystem services: timber production, bilberry production, carbon storage, and pest
regulation. This selection represents all ecosystem service categories (provisioning, regulating, and cultural)
and a range of spatial scales in which the benefits are realized (local — global). The objective of biodiversity

conservation was measured as the availability of deadwood resources.

As timber production is the primary source of revenue to the forest owner, it is usually the main focus of
forest management. Timber production was measured as the total amount of harvested commercial
timber. This consisted of both pulpwood and saw logs collected during the first and intermediate thinnings
as well as final harvesting, as applied in the forest growth simulations. Harvesting of energy wood (e.g.

stumps and branches) was not considered.

Bilberry (Vaccinium myrtillus) is one of the economically most important wild berries in Finland and bilberry
picking has a provisioning as well as a recreational function (Vaara et al., 2013). We used the data on
bilberry yield estimates from Peura et al. (2016), where bilberry production was estimated using the
models of Miina et al. (2009). Carbon storage by boreal forests has an important role in global climate
regulation and maintaining this function is essential for climate change mitigation (Moen et al., 2014; Pan
et al., 2011). We used the carbon storage data from Trivifo et al. (2015), where the amount of carbon
stored in a stand was calculated as the amount of carbon in living trees, deadwood, and extracted timber.
We used habitat availability for three-toed woodpecker (Picoides tridactylus) as a proxy for pest regulation,
as the species is an important natural predator of bark beetles and has been found to have a potentially
significant role in regulating bark beetle outbreaks (Fayt et al., 2005). Additionally, three-toed woodpecker
is suggested to be an indicator of bird species richness in Finnish forests (Pakkala, 2012). Estimates of
habitat availability for three-toed woodpecker were taken from Ménkkonen et al. (2014), where habitat
availability was calculated with a model that estimates a habitat suitability index related to the probability

of presence of the species based on stand characteristics (Ménkkonen et al., 2014).

Availability of deadwood resources was selected as the measure of the biodiversity objective given the
strong evidence of deadwood as an indicator of broad biodiversity (Gao et al., 2015), and because loss of
deadwood is estimated to be the most common cause of species endangerment in Finnish forests (Rassi et
al., 2010; Tikkanen et al., 2006). Availability of deadwood was described as the product of its total volume
and its diversity, which was measured as the Simpson diversity of different deadwood types (different tree
species and decay stages). By taking into account both the volume and the diversity of deadwood, the
measure is more likely to be a genuine indicator of deadwood dependent biodiversity (Lassauce et al.,
2011). For further details on the calculations of the ecosystem service and biodiversity indicators, see

Appendix B.



Timber production was measured across the entire simulation period, i.e. as the total amount of harvested
timber over the 50 years. All of the other measures were calculated for each time step of the simulation

period and then averaged across time. These average values were used in the analyses.

2.3 Measures of conflicts and compromise solutions

We measured the pairwise conflicts between the objectives listed in the previous section using the
methodology of Mazziotta et al. (2017). This method describes a pairwise conflict between objectives a and
b as their tolerance of each other. Tolerance is measured as the proportion of objective a that can be
achieved while objective b is maximized, and vice versa (Figure 2A). The method thus results in two values,
a’s tolerance of b and b’s tolerance of g, recognizing that the conflicts may be asymmetric as management
actions may affect different objectives in different, even opposite ways (Mazziotta et al., 2017). The conflict
between objectives a and b is asymmetric if, for example, maximizing a leads to a substantial loss in b, but
maximizing b leads only to a small loss in a. We measured the pairwise conflicts among all five objectives,

resulting in 20 (5 x 4) pairwise tolerance indices.

For example, to calculate timber production’s tolerance of bilberry production, we identified the forest
management regime out of the seven alternatives that maximizes bilberry production and compared the
amount of timber production under this regime to timber production’s potential maximum. The tolerance
index is thus the percentage of maximal timber production (achieved under timber-focused management)
that is achieved under bilberry-focused management. If this percentage is low, the conflict between the

two objectives is severe.

Following the methodology of Mazziotta et al. (2017), the conflict between two objectives may be solved
by finding a compromise solution: an optimal management plan that simultaneously minimizes the losses in
both objectives when compared to their maximal values (Figure 2B). We implemented this method to
identify the compromise management option for each stand and for each pair of objectives. We then
compared the values achieved under the compromise management to the maximal values of the

objectives.

For each objective, we thus obtained two metrics: the value when another objective was maximized, and
the value under compromise management with another objective. Both were expressed as percentage of
the maximal achievable value. In order to evaluate conflict severity we obtained the frequency distribution
of these conflict measurements by pooling information from all stands. Additionally, we examined the

distributions of the management regimes that were identified as providing the compromise solutions.
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Figure 2. lllustration of the method used to calculate pairwise tolerance indices and to identify compromise
solutions for pairs of objectives. The points show the outcomes of two objectives (a and b) under different
management scenarios. The two red points in (A) show the solutions that maximize the two objectives,
respectively. The ratio between the dashed vertical lines measures objective a’s tolerance of objective b,
and the ratio between the dashed horizontal lines measures objective b’s tolerance of objective a. The
single red point in (B) shows the compromise outcome, i.e. the solution that minimizes the losses in both
objectives when compared to their maximal values. Here, the ratios between the dashed vertical and
horizontal lines measure the goodness of the compromise solution in terms of objective a and b,
respectively.

3 Results

3.1 Ecosystem service potential of the landscape

The forest stands in the study area were highly variable in the potential to provide the measured objectives
(Figure 3). The distributions of the maximal values of all of the objectives were more or less skewed
towards low values, but particularly so were the values of the biodiversity objective of deadwood

availability. This is likely due to the history of the landscape as production forest (cf. Siitonen, 2001).
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Figure 3. Distributions of the maximal achievable stand-level values of the five objectives. The values for
timber production show the total amount of harvested timber over the 50-year simulation period. The
values for the other four measures show the average yearly value over the simulation period. The acronym
TTWO refers to three-toed woodpecker. We note that deadwood availability was measured as the volume
of deadwood multiplied by its diversity; its unit is thus m* ha™ but the values have been weighed by the
diversity index and as such do not tell the true volume of deadwood in the stand.

3.2 Strength of the pairwise conflicts

There was high variability in the strength of the conflicts among pairs of objectives. A first indicator of the
severity of the conflicts was the compatibility of optimal management regimes among pairs of objectives,
i.e. the share of stands where both objectives could be maximized by the same management regime. This
share of stands was low when one of the objectives in the pair was timber production (1.4% — 31.2% of
stands; Figure 4) or bilberry production (25.1% — 34.7% of stands; Figure 4). For all other pairs the same

management regime was the most favorable in a majority of stands (80.5% — 90.8%; Figure 4).

When the same management regime could maximize both objectives in a given stand, there was no conflict
between them in that stand. To focus on the cases where the objectives were not completely compatible
and could thus potentially be reconciled by management choices, we report here the pairwise tolerance
indices and the compromise solutions only for those stands where the two objectives required different
management regimes to reach their maximal values. This means 9.2% — 98.6% of the stands, depending on

the pair of objectives (Figure 4). The results for the full set of stands are reported in Appendix C.
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Figure 4. Proportions of stands where two objectives were (‘Match’) or were not (‘No match’) maximized
by the same management regime. The acronym TTWO refers to three-toed woodpecker.

Measured by the pairwise tolerance indices, timber production showed the greatest level of conflict with
the rest of the evaluated objectives: very low values of harvested timber were reached as compared to its
achievable maximum when another objective was maximized (median values of 0% — 17.3%; Figure 5A-D).
Likewise, maximizing timber production led to losses in the other objectives as shown by their low
tolerances of timber production (median values ranging between 39.3% and 83.6%; Figure 5A-D). The
second strongest conflict was between three-toed woodpecker habitat and bilberry production (median
value for three-toed woodpecker habitat when bilberry production was maximized was 26.2%, Figure 5F).
The tolerance indices for the rest of the pairs were not notably higher (45.7% — 82.4%; Figure 5E, G-J), but,
as explained above, these values correspond only to a small proportion of the stands, whereas in a majority

of stands the tolerance indices for these pairs were 100% (Figure C1 in Appendix C).

Some of the observed conflicts between the objectives could be mitigated by finding compromise solutions.
In particular, the compromise solutions were very favorable for timber: the median values of timber under
the compromise solutions were 100% for all pairs (Figure 6A-D). However, when compromised with timber
production, the solutions were notably less favorable for the other objectives as they could reach values
that were only some percentage points higher than their respective tolerances of timber production

(median values of 48.7% — 88.7%; Figure 6A-D).

The compromise solutions were slightly more balanced for the second most conflicting pairs, i.e. those
involving bilberry production, as here both objectives reached median values ranging between 80.3% and

100% (Figure 6E-G). For the rest of the pairs among carbon storage, three-toed woodpecker habitat, and
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deadwood availability, which had shown moderately strong conflicts, the compromise solutions were

outstandingly good (median values of 96.5% — 100%; Figure 6H-J). For example, when carbon storage was

maximized, three-toed woodpecker habitat could reach only 52.0% of its maximum (Figure 51). Under the

compromise solution, three-toed woodpecker habitat could reach 100% of its maximum while at the same

time 97.0% of maximal carbon storage was maintained (Figure 6l).
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the stands where both objectives were not maximized by the same management regime. The acronym
TTWO refers to three-toed woodpecker.
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Figure 6. Compromise solutions for all pairs of objectives. In each plot, the red point shows the median
value and the error bars the second and third quartiles of stand-level values of the two objectives under the
compromise solution. The two grey points show the median values of the tolerance indices for comparison
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corner of each plot shows the proportion of the entire set of stands meeting this condition. The acronym
TTWO refers to three-toed woodpecker.



3.3 Management regimes

Identifying a single management regime as the compromise solution for two objectives was not always
possible due to the fact that two or more management options could lead to similar outcomes. This was
usually because, despite being different by definition, in practice they included the same combination of
management actions (thinnings and final harvest) during the 50 year simulation period. Some patterns in
the compromise solutions between pairs of objectives nevertheless stood out clearly. When timber
production was one of the two objectives, the compromise regimes were more or less evenly distributed
among ‘business-as-usual’ (the regime following current Finnish stand management recommendations) and
the modified versions of ‘business-as-usual’ (increased green tree retention, postponed final harvesting, or
no thinnings) with proportions ranging between 4% — 35% (Figure 7). For the pairs not including timber
production, the solutions were dominated by the set-aside option with set-aside identified as the

compromise regime in 46% — 95% of the stands (Figure 7).

Timber production + Bilberry production
Timber production + Carbon storage
Timber production + TTWO habitat

Timber production + Deadwood availability
Bilberry production + Carbon storage
Bilberry production + TTWO habitat
Bilberry production + Deadwood availability
Carbon storage + TTWO habitat

Carbon storage + Deadwood availability

TTWO habitat + Deadwood availability
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Figure 7. Distribution of optimal management regimes (compromise solutions) among stands for different
pairs of objectives. The regime acronyms stand for: SA — set-aside; NTLR and NTSR — no thinnings; EXT10
and EXT30 — extended rotation time; GTR30 — green tree retention; BAU — business-as-usual. More details
are given in Table 1. ‘SA or other’ refers to cases where set-aside and one or more regimes gave equal
outcomes, and ‘BAU or other’ or business-as-usual and one or more regimes gave equal outcomes (see
text). The acronym TTWO refers to three-toed woodpecker.

4 Discussion
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In this study, we compared the outcomes of forest management targeting a single objective and
management aiming to reconcile two objectives. We measured the supply of each objective when another
objective was maximized (‘tolerance’) and when management was optimized to simultaneously minimize
the losses in both objectives (‘compromise solution’). Both measures characterize the conflict between the
two objectives. We found severe conflicts between timber production and the other objectives, moderate
conflicts between bilberry production and the other objectives, and weak conflicts among carbon storage,
pest regulation, and biodiversity conservation. Compromise management could mitigate the conflicts, but

to varying extents.

Based on previous findings of trade-offs between timber production and other forest benefits (e.g. Duncker
et al., 2012; Gamfeldt et al., 2013; Schwenk et al., 2012), we expected the conflicts between timber
production and other objectives to be the most severe, and this was indeed the case. When any of the non-
timber objectives were prioritized, timber production reached very low values, and when timber
production was prioritized, the other objectives reached low (three-toed woodpecker habitat, deadwood
availability) to moderate values (bilberry production, carbon storage) (Figure 5A-D). As generalized by the
MEA (2005), intensive management for a single provisioning service changes the ecosystem and results in
losses in other ecosystem services. Out of the non-timber objectives, bilberry production was the most
compatible with timber production (Figure 5D). Other studies have also found non-timber forest products
like berries to benefit from stand management activities under certain conditions (Clason et al., 2008; De-
Miguel et al., 2014; Nybakken et al., 2013). The high tolerance of carbon storage to timber production
(Figure 5C), then again, was likely affected by the calculation method for this objective. Carbon fixed in the
biomass of extracted timber was one of the carbon pools included into the measure of total carbon
storage, producing values that may favor timber-oriented management unrealistically as the fate of this
carbon is not actually known. The fate of carbon fixed in harvested wood products may critically affect
whether production forests act as carbon sources or sinks (Liski et al., 2001). Like timber production,
bilberry production was in strong conflict particularly with three-toed woodpecker habitat and deadwood
availability (Figure 5E-F). Conversely, carbon storage, three-toed woodpecker habitat, and deadwood

availability were all highly compatible with each other (Figure 5H-J).

The compromise solutions showed the most prominent improvements in terms of timber production.
Timber production reached very low levels when other objectives were prioritized (Figure 5A-D) but very
high levels under the compromise solutions (Figure 6A-D). However, these results should not be
misinterpreted as indicating an efficient solution to the conflict, because there was notable asymmetry in
the goodness of the compromise solutions between objectives. The levels of the other objectives under the
compromise solutions were only slightly higher than their tolerances of timber production whereas timber

production was at or close to its maximum (Figure 6A-D), meaning that the compromise solutions were, in
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fact, only slightly different from prioritizing timber production. The non-timber objectives could be
reconciled with each other with more balanced outcomes, with particularly carbon storage, three-toed
woodpecker habitat, and deadwood availability all reaching very high levels (Figure 6H-J). The conflicts
between timber production and the other objectives were thus not only the most severe but also the most

difficult to solve.

It should be noted that the results of our study are influenced by the selection of management regimes
included in the study. In particular, timber production’s low tolerance of carbon storage, three-toed
woodpecker habitat, and deadwood availability is probably for the most part due to the predominance of
the set-aside regime in maximizing these objectives. In this regime, by definition, the stand is not harvested
at all and timber production is thus zero. Consequently, when timber production was among the objectives,
the set-aside regime was not identified as the compromise solution in any of the stands, and timber
production reached much higher levels. The low values of the non-timber objectives under the compromise
solutions suggest that in most stands the management regimes other than set-aside are more or less
equally bad in terms of these objectives, limiting the possibilities to find efficient compromises and true
‘land-sharing’ solutions. This is further indicated by the high proportion of the set-aside option as the

management to solve the conflicts between bilberry production and other objectives.

Another important consideration is that the measures of the conflicts used here are calculated based on
the maximal achievable level of each objective under the alternative management regimes over the 50-year
simulation period. They are thus conditional to what is achievable under these management regimes and
over this time period. For example, the maximal total volume of deadwood as predicted by our simulations
was on average 10m>ha™, which seems very low as there may be manifold amounts of deadwood in natural
old-growth forests (Siitonen, 2001). If the simulation time had been longer and the forests had had more
time to recover from their past as production forest, even higher maximal values could have been
achievable for deadwood availability and the other non-timber objectives, and as a consequence the

conflicts between them and timber production would have potentially appeared even more intense.

In short, in most of the stands in our study area, comparatively high levels of bilberry production, carbon
storage, three-toed woodpecker habitat, and deadwood availability could be simultaneously achieved by
permanent set-aside of the stand, whereas substantial losses in particularly three-toed woodpecker habitat
and deadwood availability appear inevitable when timber production is also targeted. The situation is
further aggravated by findings suggesting that targeting timber production may increase the conflicts
between other objectives (Trivifio et al., 2017). Naturally, permanent set-aside of large parts of the
production forest may not be in the interest of the land-owners. However, as explained above, the

selection of alternative management regimes most likely affects the results. Securing high levels of

16



ecosystem services and biodiversity while also harvesting for wood may be possible, but require adoption
of stand management regimes that differ from the current ‘business-as-usual’ even more strongly than the
alternative regimes included here (for example, selective logging; Kuuluvainen et al., 2012; Pukkala, 2016).
The next step is to identify the exact mechanisms causing the losses in ecosystem services to inform
development of forestry regimes that minimize these harmful impacts so that better compromises can be
achieved. This requires a deeper understanding of the nature of the relationships between the different
objectives, including whether they are interacting with each other or just affected by the same drivers

(Bennett et al., 2009).

Earlier work has shown that conflicts among timber production and other ecosystem services may be
mitigated by optimizing the application of management regimes at a landscape level (Miina et al., 2010;
Monkkonen et al., 2014; Schwenk et al., 2012; Trivifio et al., 2015). This may involve, for example, setting
aside the stands that are most favorable for biodiversity objectives, and applying intensive management in
the stands that are best at producing timber. These types of ‘land-sparing’ options were explicitly not
considered in the present study. The effect of spatial scale and the effects of other spatial factors (e.g.
location of demand for the services) on the achievability of good compromise solutions remain questions
for future research. Besides spatial, also the time frame of the study and the temporal variation of supply
and demand of different ecosystem services should be considered. Here, for example, we considered the
supply of each objective averaged over the simulation time, but not its evenness over time. Of particular
importance may be, for example, the evenness of timber supply, or the temporal continuity of deadwood

resources for biodiversity conservation (Jonsson et al., 2005; Siitonen et al., 2000).

Our study shows that in boreal production forests the conflicts between the primary provisioning service of
timber and other benefits are real, severe, and challenging to solve. Research into the processes affecting
the supply of different forest ecosystem services may aid in the design of forestry practices and planning
management regimes that protect diverse forest benefits. Here, forestry policies may also play an
important role. A recent review by Howe et al. (2014) showed that trade-offs among ecosystem services
are especially likely to occur when one of the services is a provisioning service and one of the stakeholders
involved has a private interest in the benefits. This is exactly the case in privately owned production forests,
where the financial gains of the forest owner may contrast with public benefits such as recreational use,
water quality regulation, and climate change mitigation. Besides new management practices, new
regulations and/or incentives such as certification schemes or payments for ecosystem services (e.g.
Patterson and Coelho, 2009) may be required to encourage the adoption of more sustainable management

practices and to improve the protection of public interests in boreal production forests.
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Appendix A: Details on the forest growth simulations

We simulated the development of the forest stands with the MOTTI stand simulator (Hynynen et al., 2002;
Salminen et al., 2005). MOTTI projects the development of a stand based on its initial characteristics and
the forestry operations applied during the simulation. The system core comprises distance-independent
tree-level models for growth and mortality operating at 1-5 year steps. The parameterization of tree
growth in MOTTI is based on extensive field data from sample plots on forestry land in Finland and
representing prevailing growing conditions and management regimes. The uncertainty of predictions
increases when individual models are used outside their intended range. This may be the case when

simulating the most extreme options.

The stand development was simulated for 50 years into the future. We selected the simulation time of 50
years as it is a compromise between the typical rotation length in the area and the validity of MOTTI

simulations.

It should be noted that the effects of climate change on forest growth were not taken into account in the
simulations. Climate change is expected to have significant effects on forest growth; however, these are
expected to become evident only towards the end of the 21st century and remain inconsequential within
the next 50 years (Kellomaki et al., 2008). For this reason we did not take them into account in the

simulations.

Appendix B: Additional details on the calculations of the ecosystem service and biodiversity indicators

Bilberry production

Bilberry (Vaccinium myrtillus) production data was taken from Peura et al. (2016), where bilberry
production was estimated using the models and methods of Miina et al. (2010, 2009). These models predict
bilberry coverage and yield based on stand characteristics (e.g. dominant tree species, stand age, and stand

basal area).

Carbon storage

The carbon storage data was taken from Trivifio et al. (2015). Here, carbon storage was calculated as the

amount of carbon stored in living trees, deadwood, and extracted timber at a given time (for each time
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step of the simulation period). The total tree biomass (living, extracted, and cutting residues) was
estimated from the MOTTI predictions of timber volume, and the amount of carbon in the biomass was
calculated by multiplying it by 0.5. For deadwood and cutting residues, the decaying rate of the biomass

was taken into account. For further details, see Trivifio et al. (2015).
Habitat availability for three-toed woodpecker

Estimates of habitat availability for three-toed woodpecker (Picoides tridactylus) were taken from
Monkkonen et al. (2014). Three-toed woodpecker prefers mature forests with abundant fresh deadwood to
use as feeding and nesting resources. Monkkdnen et al. (2014) calculated estimates of habitat availability
for the species with a model that estimates a habitat suitability index related to the probability of presence
of the species. It is estimated based on the total basal area of recently died trees (BA) and the total stem
volume of living trees (V). The model combines the logistic regression model constructed by Roberge et al.
(2008) linking BA and occurrence of the species, and threshold values for site quality measured as V
suggested by Pakkala et al. (2002). Monkkonen et al. (2014) calculated the habitat suitability index as the
product of these two models, so that the value of the index varies between zero and one. It gets a value of
zero if Vis < 60 m?, increases as BA and V increase, and is close to one when BA is > 2.5 m*ha™ and Vis >

200 m>.
Availability of deadwood resources

The MOTTI simulations produce estimates of the volume of deadwood (kg/ha) in a stand at each time step.
Deadwood volume is estimated separately for 20 different deadwood types, given by four tree species x
five decay stages. The four tree species are the four most dominant species in the region: pine (Pinus
sylvestris), spruce (Picea abies), and birch (Betula pendula and Betula pubescens). The five decay stages are
based on Makinen et al. (2006) and are the following ones: 1) recently dead tree; 2) weakly decayed; 3)
medium decayed; 4) very decayed; and 5) almost decomposed. We measured the diversity of deadwood
using Simpson’s diversity index (D) calculated over the 20 deadwood types. The availability of deadwood
resources (DWA) in a stand was then calculated as the product of the total volume of deadwood and its

diversity:

DWA=(1-D)X2,Vol:.

Appendix C: Results for the full data set

When the stands in which the same management regime could maximize both objectives were not

excluded, the pairwise tolerance indices were naturally higher and the compromise solutions better, and
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this was especially evident for the pairs of objectives which were the most compatible (i.e., those among

carbon storage, TTWO habitat, and deadwood availability). Still, the conflicts were the strongest between

timber production and the other objectives, and the second strongest for pairs involving bilberry

production (Figure C1). Conversely, the tolerance indices were high (median values of 100%, i.e. no conflict

in majority of the stands) for all pairs among carbon storage, three-toed woodpecker habitat, and

deadwood availability (Figure C1). The goodness of the compromise solutions followed the same patterns:

the most severe conflicts could not be solved with balanced outcomes, whereas the compromises were

very good when the conflicts between the objectives were weak to begin with (Figure C2).
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Figure C1. Pairwise tolerance indices for all pairs of objectives. The black points show the median values
and the error bars the second and third quartiles of stand-level values. The tolerance indices are expressed
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as percentage of the maximal achievable value; units on all axes are thus percentages (%). Dashed grey
lines have been added to all plots at y = 100% and x = 100% for graphical comparison. TTWO stands for
three-toed woodpecker.
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Figure C2. Compromise solutions for all pairs of objectives. In each plot, the red point shows the median

value and the error bars the second and third quartiles of stand-level values of the two objectives under the
compromise solution. The two grey points show the median values of the tolerance indices for comparison
(same as in Figure S1). Units on all axes are percentages (%). Dashed grey lines have been added to all plots

aty =100% and x = 100% for graphical comparison. The closer to the point (100, 100) the compromise is,
the better it is in terms of the two objectives. TTWO stands for three-toed woodpecker.
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