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a b s t r a c t

We used habitat suitability modeling to investigate whether the 15% ecosystem restoration
target set in the previous Convention of Biological Diversity (CBD) and EU Biodiversity
strategy targets, is sufficient to safeguard red-listed mire plant species. We assessed six
theoretical restoration scenarios for drained peatland landscapes by altering the propor-
tion of drained and undrained peatland area in 25-ha grid cells. The proportions repre-
sented steps when 15%, 30%, 45%, 60%, 75% and 100% of the drained peatland is restored.
We modelled the habitat suitability for 48 red-listed plant species in the aapa mire region
in boreal Finland. Model outcomes were assessed at the level of five species groups:
calcareous species, rich fen species, decaying wood species, mesotrophic fen species, and
spruce swamp species. The predicted distribution increased for 34 (71%) of the 48 red-
listed plant species when 15% of drained peatland area was predicted to be restored. At
the same time the potentially occupied area of species increased by 9%. In the scenario
where all peatlands were restored, the predicted distribution of 43 (90%) of species
increased, and on average the distribution of species quadrupled. According to our pre-
dictions, meeting the 15% ecosystem restoration target, set in the previous CBD and EU
Biodiversity strategy targets would be beneficial for most of the boreal red-listed mire
plant species, but a larger restoration area would expand their distribution considerably
more. Our study shows that a landscape level approach is important to assess thresholds
for the potential biodiversity benefits arising from peatland restoration. The models can
also be used to select suitable areas for restoration.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There is increasing concern about the way in which habitat loss, degradation, and fragmentation are negatively affecting
the long-termviability of rare and red-listed species (Hanski, 2015). Global targets, such as the Aichi Targets of the Convention
on Biological Diversity (CBD) and targets of the EU Biodiversity Strategy to 2020, have been set to halt the biodiversity loss, for
example by aiming to restore 15% of degraded ecosystems by 2020. Reaching these targets seems unlikely, hence more
ambitious targetsmight be needed for biodiversity to recover (Mace et al., 2018). At the same time, it is important to findways
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to provide information on how and where the environmental conditions for biodiversity recovery would improve if the
proportion of restoration areas initially targeted was reached.

Predictive habitat suitability models (HSM) provide a useful and cost-efficient approach for the planning of ecosystem
restoration on the landscape and regional scales. They can be used to identify high-priority species locations and areas
potentially suitable for restoration. They also provide a means to map and analyze biodiversity values for large and inac-
cessible areas before extensive field surveys, planning andmanagement are carried out (e.g. Franklin, 2013;Wang et al., 2015;
McCune, 2016). Although rare and threatened plant species in the boreal zone have a narrow habitat specificity, habitats
suitable for many species sharing similar preferences can be identified (Parviainen et al., 2009; Saarimaa et al., 2019).

Peatlands are among the ecosystemswith an urgent need for restoration as they have been, and still are, subject to various
human impacts, such as forestry, peat extraction and agriculture (Simil€a et al., 2014; Bonn et al., 2016; Andersen et al., 2017).
For example in boreal Finland more than half of the peatland area has been drained for forestry, which has led to the
degradation of habitats (Kontula and Raunio, 2019), reduced the species diversity and increased the number of red-listed
species. According to the most recent Red List of Finnish species (Hyv€arinen et al., 2019), mires (i.e. undrained peatlands
dominated by living peat-forming plants) are themain habitat of 280 red-listed species (4.2% of all red-listed species) and one
of the habitats of 538 species (8.1% of all red-listed species). The main reason for mire species being red-listed is forestry-
drainage, which has altered the hydrology and habitat characteristics and turned open mires into forested peatlands. To
counteract the degradation, approximately 32,000 ha of peatlands have been restored in Finland since the early 1990s, mostly
in nature conservation areas (The sixth National Report on the conservation of biodiversity in Finland, 2019). Restoration is
carried out principally by rewetting (IPCC, 2014), i.e. raising the water table level by blocking ditches, which has positive
effects on peatland vegetation (Laine et al., 2011, 2016; Maanavilja et al., 2014; Haapalehto et al., 2017; Taylor et al., 2018). The
rewetted area is still only 0.64% of the 5million hectares of drained and degraded peatland area. Notable improvements in the
conservation status of red-listed mire plant species may not therefore be expected unless the restoration area is considerably
increased, especially in areas that are considered suitable for their colonization.

Hotspots of 48 red-listed mire plant species and the main environmental correlates related to their distribution patterns
were identified in a study by Saarimaa et al., in 2019. The results showed that the habitat requirements differ between species
groups, which implies that also the management of a specific area by restoration may benefit species groups differently. In
this study we utilized the outcomes of their analysis by asking how the distribution of these species might change if the
restoration area was hypothetically increased. We assessed six theoretical restoration scenarios in which differing percent-
ages of drained peatland were restored, and modelled the distribution for the 48 red-listed plant species at the resolution of
25 ha in the aapa mire region in Finland, to answer the question: would the 15% ecosystem restoration target, set in the
previous CBD and EU Biodiversity strategy targets, be sufficient to safeguard these species, or is a larger area needed?

2. Material and methods

The modelling study was carried out in the aapa mire region, between 63� and 68� latitudes in Finland (Fig. 1). The mean
annual temperature ranges between �2 �C and þ5 �C and the annual precipitation varies between 450 and 750 mm in the
region (Pirinen et al., 2012). Peatlands (38% of the land area), pine and spruce-dominated forests (44%), and lakes and rivers
(7%) are frequent in the landscape of the study area. The study area was divided into grid cells of 25 ha (500 m � 500 m).
Undrained mires and forestry-drained peatlands of all site types were considered and cells with peatland cover under 5%
were excluded from the study. The final study area was therefore 500,545 grid cells that covered 125,136 km2.

We used the presence-only records of the red-listed mire plant species modelled in Saarimaa et al. (2019), using the
national database governed by the Finnish Environment Institute (Rassi et al., 2010). In total 48 plant species with ten or more
records covering the whole study area were used in the analyses (Appendix A). The dataset includes presence-only data; only
observations with an accuracy better than 100 m and made in 1990 or later were selected. In total 17 local habitat feature
variables were used to explain the distribution of red-listed species (Appendix B). The correlations between explanatory
variables, described in detail in Saarimaa et al. (2019), were moderate (Spearman’s correlation coefficient, IrI <0.70).

The presence-only habitat suitability modelling method Maxent v3.3.3k (Phillips et al., 2006) was used to predict the
distribution of target species across the study area. The average test AUC across all species was 0.86 and ranged between 0.61
and 0.96 (Saarimaa et al., 2019). Continuous Maxent output maps were classified into binary maps of suitable (1) and un-
suitable (0), using a threshold value of 0.9 for all species. Choosing a high threshold ensured that only areas of a very high
modelled habitat suitability were identified.

Maxent’s original distributionwas projected into different restoration scenarios, extrapolating the present environmental
conditions to include novel combinations of predictor variables (Elith et al., 2010). Six theoretical restoration scenarios were
created for all 25-ha grid cells that contained forestry-drained peatland by simulating the proportional decrease of drained
peatland area and increase of undrained peatland area in each cell. These represented steps in a future restoration process, in
which 15%, 30%, 45%, 60%, 75% and 100% of the drained peatland would be theoretically restored. The scenarios are referred to
hereafter as the 15 scenario, 30 scenario and so forth, to avoid confusion with other percent values given in the results.

The modeling was straightforward in that the changes in the proportions of drained and undrained peatland areas did not
influence other variables used in the modelling process. The reason for the straightforward modeling was that the drainage
variables, in terms of drained and undrained peatland areas, were the most important variables in explaining the distribution
of the studied species in Saarimaa et al. (2019). This approach, i.e. focusing on one or a few key variables has been used in



Fig. 1. Position of the study area in boreal Finland, in northern Europe, and the predicted number of red-listed mire plant species based on species distributions in
the present state and under the six restoration scenarios (15e100). Colors indicate the number of species for which the habitat is suitable according to the model
(threshold 0.9 and 20 km dispersal limit). The total number of modelled species was 48. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

A. Tolvanen et al. / Global Ecology and Conservation 23 (2020) e01160 3
conservation planning (Angelieri et al., 2016) and when estimating the impacts of climate change scenarios (e.g. Qin et al.,
2017; Guo et al., 2017). Following earlier studies that expect limits on future species distribution (Moilanen and Nieminen,
2002) we set the dispersal limitation of each species to 20 km, assuming therefore that any peatland area with a habitat
suitability value > 0.9 for a given species and within 20 km of an observed occurrence of the species would be occupied by
that species. The limitation, used also in Parviainen et al. (2008), was based on field records showing that the minimum
distance between individual species observations could be as long as 20 km. The assumptionwas therefore that these species
can disperse at least 20 km across the landscape. Since some other species have shorter dispersal patterns, 20 km was
regarded a good compromise value.

Model outcomes were assessed at the level of five important species groups which are characteristic for different habitats:
calcareous species, rich fen species, decayingwood species, mesotrophic fen species, and spruce swamp species. The grouping
was based on expert knowledge and on an analyzed association of each species with the various environmental predictors
(Saarimaa et al., 2019). Maps were created to demonstrate the increase in the predicted total number of species under the six
restoration scenarios. Concerning the 100 restoration scenario; a separate map for each species group was created to locate
areas where the benefits arising from restoration would be the greatest for a specific species group.
3. Results

3.1. Potential trends in predicted distributions under different restoration scenarios

The predicted distribution increased for 34 (71%) out of 48 species in the 15 restoration scenario, i.e. when 15% of the
drained peatland area was changed back to undrained peatland in the landscape. When changing all the drained peatland
areas to undrained areas (the 100 scenario) the number of positively impacted species increased to 43 (90% of all species). In
the present state, the predicted distribution per species was on average 75 km2, ranging between 6 and 251 km2 depending
on the species. The distribution increased almost exponentially to 82 km2 (range 7e273 km2), 90 km2 (range 7e302 km2),
103 km2 (range 8e332 km2), 125 km2 (range 10e374 km2), 162 km2 (range 19e575) and 311 km2 (range 22e2882 km2) in the
15, 30, 45, 60, 75 and 100 restoration scenarios, respectively. The corresponding proportional area increase relative to the
present state was on average 9%, 21%, 38%, 66% 116% and 316%, respectively. There was a considerable ‘jump’ in the predicted
distribution between the 75 and 100 scenarios, which was caused by some individual species responding strongly to the 100
scenario. The map shows that the predicted distribution increased in awide range of the study area, when all 48 species were
considered (Fig. 1).
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All plant species groups showed a positive response to the 15 restoration scenario (Fig. 2A). The threshold scenario where
all species per species group benefited from restoration was 60 for spruce swamp species, 75 for rich fen species and 100 for
decaying wood species. Calcareous species reached their maximum level, 18 out of 22 (82%) benefiting from restoration in the
75 and 100 restoration scenarios. For the mesotrophic fen species, the most positive effects were seen in the 15 and 30
scenarios, but the species number declined from 6 to 5 for all subsequent scenarios. This was due to one species showing a
very slight response to restoration: it barely exceeded the 0.9 threshold in the 15 and 30 scenarios and fell slightly below the
threshold thereafter.

The predicted distribution increased exponentially for the plant species groups, except for the calcareous species, for
which it only doubled (increased by 91%) in the 100 restoration scenario (Fig. 2B). In the 15 restoration scenario, the predicted
distribution of calcareous species, rich fen species, and spruce swamp species increased by 5e8% relative to the present state,
whereas the distribution of mesotrophic fen and decaying wood species increased by 17%. The species groups benefited from
the 100 restoration scenario in different parts of the study area: most of the habitat occupied potentially by calcareous species
was in the north, by rich fen and mesotrophic fen species in the west, by decaying-wood species in the southeast, and by
spruce swamp species (only three species) quite evenly throughout the study area (Fig. 3).
4. Discussion

Despite the simplifications made in our approach the results highlight the potential of using habitat suitability models
when evaluating the potential benefits of restoration for red-listed species. Our models show that 71% of the 48 studied red-
listed mire plant species would be likely to expand their range if 15% of the currently drained peatland areawas restored. The
predicted distribution would increase only by 9% however, apparently since other habitat characteristics than drainage still
constrain the species distribution. Thus, according to our predictions, meeting the 15% ecosystem restoration target, set in the
previous CBD and EU Biodiversity strategy targets would be beneficial for most of the red-listed mire plant species, but a
larger restoration area would expand their distribution considerably more.

An increase in the restoration area would especially benefit those plant species which are constrained largely by drainage.
Especially rich fen and mesotrophic fen species favor open peatland landscapes and are strongly influenced by drainage and
rewetting. Hence their predicted distribution increased to 6-fold or 3-fold with restoration, respectively. Some individual
species showed an exceptionally strong relationship with the proportion of undrained mires in the model (Saarimaa et al.,
2019). These species responded most strongly to the 100 scenario in this study. The distribution of decaying wood species
Fig. 2. Number of red-listed mire plant species in each species group, for which the predicted distribution increased in different restoration scenarios relative to
the present state (A). The total number of species within each species group is shown in brackets. The proportional increase of the potentially occupied area by
each species group relative to the present state (B). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)



Fig. 3. Predicted number of red-listed mire plant species within the five species groups based on habitat suitability in the 100 restoration scenario. For the
location of the study area and the present situation without restoration see Fig. 1. The total number of species within each species group is shown in brackets.
Please note that the color scale is different between the upper and lower figures. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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was best explained by variables related to drainage (Saarimaa et al., 2019) and hence they also benefited considerably from
rewetting. Nevertheless, decaying wood species are dependent on the availability of decomposing wood as well, indicating
that also other measures than rewetting alone are needed to safeguard their distribution. For calcareous species, the suitable
area only doubled even in the 100 restoration scenario. Calcareous species, by default, require calcareous soil (Rytt€ari et al.,
2012), the distribution of which is not influenced by drainage or rewetting.

The identification of hotspot areas with a high number of potentially suitable habitats can be used to target restoration
measures to the most suitable areas (Saarimaa et al., 2019), which increases the cost-effectiveness of restoration planning
(Kelly et al., 2001; Gibson et al., 2004). According to the 100 restoration scenario, the most potential areas for calcareous
species would be the west-northwestern part, while for rich fen and mesotrophic fen species the western part would be the
most suitable, and for decaying wood species the southeastern part of the study area would be the most beneficial. The total
species number would therefore increase in a wide range of the study area contrary to Saarimaa et al. (2019) who assumed
that the total species number might benefit most from restoration in the north, where the drainage percentage is low. In
Saarimaa et al. (2019) the argument was not based on future predictions as in this study, but on the assumption that less
degraded peatland habitats in the north might recover more quickly after restoration.

We recognize the highly hypothetical nature of this study, resulting from the spatial configuration of restoration, the way
how restoration scenarios were simulated, and the bias in the data. The spatial configuration of the species distributionmight
have been different, if we had changed the restoration percentage in the landscape instead of changing it within each cell. In
our approach all restoration scenarios were applied throughout the study area, whichmay not be a realistic option in practice.
In reality, restoration would be applied around the actual species observations to maximize the potential benefits to the
species. Changing the restoration percentage close to species observations might have resulted into higher increases in
predicted species distributions compared with the present results, since we can assume that the environmental conditions
are most suitable close to the actual distribution of the species.

The straightforward modeling approach used also for projections under climate change scenarios has been questioned by
arguing that the evaluation procedure does not incorporate uncertainty issues into the projections (Araújo et al., 2005). The
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restoration of forested peatlands undoubtedly also changes other environmental characteristics in addition to the drainage
area. Althoughwe only considered rewetting, the restoration of forested peatlands generally involves other interventions that
also influence environmental characteristics. For example, removing the tree layer influences the hydrology through reduced
evapotranspiration (Anderson et al., 2016) and changes the light penetration levels to the ground by opening the canopy. The
water table, following an initial rapid rise to the level of undrained peatlands, may continue to fluctuate due to the changed
peat properties (bulk density, porosity) linked to subsidence (Vasander et al., 2003). All these variables influence the suit-
ability of the habitat for peatland species and were not considered here.

Presence-only data are commonly biased towards easily accessed areas or easily identifiable species. This may lead to
overprediction of species distributions in well-surveyed areas and underprediction in poorly surveyed areas (Kramer-Schadt
et al., 2013). The bias may also influence the environmental variables selected to the model, which in turn influences the
predicted distributions and, consequently, model quality. Although theory and methodologies have been developed and
tested to tackle sample bias in species distribution models the bias has received little attention (Phillips et al., 2009).
Following earlier studies using the same data (Parviainen et al., 2008, 2009; Saarimaa et al., 2019) we did not correct our data
for sampling bias either, but the topic remains to be addressed in future studies.

There is obviously no guarantee that the restored areas would be occupied by the studied plant species. Despite using a
high threshold level and a quite short 20 km dispersal limitation we assume that our models were overestimates rather than
underestimates. The reason is that our models show a potential ecological niche where the species can live, but red-listed
species typically have highly specific habitat requirements and are found sporadically across the landscape (Parviainen
et al., 2009). The distribution of the species would not be likely to increase in the future if they cannot disperse to the
new suitable habitats (Minayeva et al., 2016), which does not depend on distance alone. Other studies have considered
dispersal limitations to impose realistic constraints on future distributions, and even tighter restrictions have been set than
the 20 km range used in our study, depending on the species in question (e.g. Carvalho et al., 2011). In our study, alternative
options would be the use of species-specific dispersal limitations for the 48 red-listed species or testing how the area of
suitable habitats would change with different dispersal limitation distances. These approaches would be worth testing in
future modelling exercises.

5. Conclusions

Our models show that meeting the 15% ecosystem restoration target, set in the previous CBD and EU Biodiversity strategy
targets would be beneficial for 71% of the 48 boreal red-listed mire plant species. Nevertheless, on average their predicted
distribution would increase only by 9%. Hence a larger restoration area would expand their distribution considerably more,
although all species-specific habitat constraints cannot be alleviated by rewetting. An assessment of the species groups
provides information which helps to locate areas where the benefits would be the greatest for a specific group and pinpoint
groups that require more measures than just ecosystem restoration to safeguard their existence. The most extensive biodi-
versity losses in peatlands are initiated by activities occurring at the landscape level (Minayeva et al., 2016). Hence a landscape
level approach is important for assessing potential thresholds for biodiversity benefits arising from the restoration of peatland
ecosystems.
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