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Summary

1. Forests are becoming increasingly fragmented worldwide, creating forest patches with reduced
area and greater exposure to human land uses along fragment edges. In this study, we predict the
future impacts of anthropogenic edges and fragment size on the future occupancy of deadwood-
dwelling fungi in boreal old-growth forest fragments.

2. We used Bayesian models fitted to empirical data to predict 40 years of occupancy dynamics
of logs by a group of old-growth forest indicator fungi and two common fungi under different
scenarios of clear-cutting in adjacent forest (0%, 25%, 50%, 100%) and fragment sizes (1-20
ha).

3. Small fragment size (1-3.14 ha) and intensified forestry with 50-100% clear-cutting of forest
around old-growth forest fragments lead to lower predicted occupancy of old-growth indicator
fungi whilst common generalist species like Fomitopsis pinicola increased.

4. There was a trade-off between fragment size and management, where increasing fragment size
buffered the negative long-term effects from increased adjacent clear-cutting. These changes in
fungal occupancy at the edge should be accounted for when working towards conservation
targets for protected areas, such as the Aichi target 11.

5. Synthesis and applications. Preserve what is left — but buffer for change. Small forest
fragments often represent the last vestiges of high habitat quality (i.e. species, structures) in
managed forest landscapes. As effective area-based conservation measures for the long-term
occupancy of old-growth fungi, small fragments need to be managed to protect species from
degrading transient edge effects. Management should focus on increasing the size of
conservation areas with permanent buffer zones. Alternatively, non-simultaneous adjacent clear-

cutting in a way that reduces the edge effect over time (i.e. dynamic buffers) may increase the
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effective area and improve performance of set-asides in protecting species of special concern for

conservation.

Key-words: boreal forests; common and indicator species; core:edge ratio; deadwood; edge

effect; fragment size; projection scenarios; protected areas; set asides

Introduction

Setting aside land as protected areas has been the foundation of global efforts to conserve
biodiversity (Rodrigues et al. 2004). In light of the proposed Aichi biodiversity target 11 to
protect ‘17% of terrestrial areas of particular importance for biodiversity and ecosystem services’
(CBD 2010), additional area-based conservation measures are needed to fulfil this target
(Butchart ef al. 2015). In regions with a long forest management history, the effort is often
focused on preserving the last vestiges of small and isolated old-growth forest fragments
independent of their current area (Gascon, Williamson & Fonseca 2000). For example, old-
growth forests currently represent <2% of European forests, excluding Russia (Parviainen et al.
2000). Degrading effects of fragmentation are typically most influential in small and isolated
forest remnants (Laurance & Yensen 1991; Magura, Téthmérész & Molnar 2001; Berglund &
Jonsson 2008; Ruete, Snill & Jonsson 2016), and these effects magnify with the passage of time
(Haddad et al. 2015). A recent review suggests that anthropogenic edges do not have as strong,
extensive or persistent influence on vegetation in boreal ecosystems, as in tropical or temperate
forest ecosystems (Harper et al. 2015). Nevertheless, notable differences between forest structure

and the response of several organism groups (Harper et al. 2015) to natural and anthropogenic

edges raise concerns about biodiversity implications of extensive creation of anthropogenic
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edges. For example, it is unclear if small protected areas and other set-asides that are heavily
affected by edges can sustain forest-dwelling species over time (Gascon et al. 2000; Timonen et
al. 2011). Half-way towards the 2020 Aichi Targets, a key question is whether very small forest
fragments (typically about 1-3 ha) should be included as ‘effective area-based conservation

measures’ in target 11? If so, how can they be effectively managed to sustain species over time?

Since conservation areas are typically embedded in a matrix of productive forest, the fragment
size and shape determine the core-area of effective forest-interior conditions (Laurance &
Yensen 1991). Therefore, in a landscape where the norm is small remnants of old-growth forest,
edge-effects play a critical role in determining what proportion of the fragment retains forest-
interior conditions (Aune, Jonsson & Moen 2005). Species show varying responses to edges
(e.g., positive, negative and neutral responses) depending on edge-to-interior gradients of
resources and microclimatic conditions (Ries & Sisk 2004; Ries et al. 2004; Ewers & Didham
2006; Laurance et al. 2011). For many sessile forest species, edge-influence may be even more
detrimental than the effects of habitat loss and isolation (Moen & Jonsson 2003). Declines in
abundance of old-growth forests species due to changes in substrate quality and exposure in
close proximity to younger clear-cut edges can be expected (Stokland & Kauserud 2004; Ruete
et al. 2016). At the same time, edge-effects can result in an influx of generalist species or species
adapted to specific conditions found at the interface between two environments (Duelli et al.
1990; Magura et al. 2001; Laurance et al. 2011; Ruete et al. 2016). Hence, as the fragment
core:edge ratio declines with decreasing fragment size, the ratio of generalist to specialist species
is likely to increase (Humphreys & Kitchener 1982; Magura et al. 2001; Matthews, Cottee-Jones

& Whittaker 2014). Therefore, the “preserve what is left” policy leaves open the question if

This article is protected by copyright. All rights reserved.



edge-effects will prevent small forest areas from functioning as refuges for forest-interior
specialist species (Aune et al. 2005; Rybicki & Hanski 2013). A recent systematic review
highlighted that evidence remains limited concerning the management regimes under which
protected areas succeed or fail to deliver conservation outcomes (Geldmann et al. 2013). In light
of edge-effect theory, the implementation of buffer zones as a standard practice around
fragments has been strongly recommended (Laurance & Yensen 1991), assuming that they are
completely surrounded by hard edges (i.e. clear-cuts in the case of forests). However, this is
often not the case. In the Swedish boreal forest it is estimated that 20 - 25% of the perimeter of
any random old-growth forest fragment is adjacent to a recent clear-cut (< 20 years) or a mature
stand subjected to imminent clear-cut (> 90 years and <110 years), given typical forest stand
sizes and current forest rotation times (Reese et al. 2003). Hence, management strategies aiming
to mitigate edge-effects needs to be based on a varied set of edge conditions, which should also
be transient in time and dependent on fragment size. Forecast studies of ecological dynamics are
increasingly important tools for identifying effective conservation strategies (Mouquet et al.
2015). However, there are no simulation studies investigating the future, possibly transient,
characteristics of edge-effects under different management scenarios. Such simulations could
help identify levels of anthropogenic edge creation around small old growth forest fragments that

would not jeopardize future biodiversity values.

Deadwood-dwelling fungi are ubiquitous and functionally important organisms within forest
ecosystems worldwide, but with a substantial fraction of species red-listed due to old-growth
forest habitat loss and isolation (e.g. ArtDatabanken 2015). Generalist and specialist wood fungi

are known to respond differently to old-growth forest amount and isolation (Nordén et al. 2013),
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but little is known about their response to edge-effects (Snéll & Jonsson 2001; Junninen &
Komonen 2011; Crockatt 2012; Abrego & Salcedo 2014; Ruete et al. 2016). However, through a
recent study we do know that anthropogenic edges create transient edge-to-interior gradients that
at least temporally (within a time window of 40 years) reduces the occupancy of indicator fungi
whilst increasing the occupancy of common fungi (Ruete ef al. 2016). These new insights on the
spatio-temporal role of edges on deadwood-dwelling fungi allowed us to parameterize models
for the dynamic impact of anthropogenic edges surrounding forest fragments of different sizes on
the number and occupancy of logs by fungi, at time scales relevant from a forest management

perspective.

We aim to determine if forest fragments 1 to 20 ha in size set aside for conservation can sustain
deadwood-dwelling fungi under current forest management policies. We project the long-term
(40 years) future occupancy dynamics of logs by a group of old-growth indicator species and two
common species, using simulations fitted to empirical data (Ruete et al. 2016). The empirical
data on fungal occurrence and deadwood dynamics were obtained through a transect-based re-
inventory of 31 old-growth forest stands dominated by Norway spruce (Picea abies). We ran 16
scenarios combining four sizes of old growth forest fragment under four percentages of the
fragment’s perimeter that is adjacent to clear-cuts. This allowed us to quantify how the future
deadwood availability and occupancy of logs by deadwood-dwelling fungi may be influenced by
fragment size and edge creation as two intertwined factors. We hypothesize that trade-offs
between size and edge creation may influence the future occupancy levels of the focal species.

Spatially explicit projections of fungal occupancy of logs allowed us to better understand the
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long-term effectiveness of small area-based conservation measures within a managed and

fragmented boreal forest landscape.

Materials and methods

The study realm

The study realm covers forests in the middle and south boreal regions (sensu Ahti, Himet-Ahti &
Jalas 1968) in central Sweden. The forest landscape in the region is strongly influenced by
modern forestry, and characterized by even-aged monocultures of conifers, few old trees, and
low amounts of deadwood. Old-growth forest remnants are typically few and small, occurring
1solated in a matrix of managed forests and representing only a few percent of the landscape.
About 87 000 small (median size 1.4 ha) and isolated “woodland key habitats” (WKHs) have
been identified and set aside from forest management in Sweden because of their high
conservation values and potential to host and mitigate the decline of nationally red-listed forest-
dwelling species (Timonen et al. 2011). We applied recently published models of occupancy
probability of logs by deadwood-dwelling fungi derived from re-inventories of boreal old-growth
forest fragments dominated by Norway spruce (Picea abies) (Ruete et al. 2016; further details of

the model below).

Models to simulate logs and fungal occupancy dynamics

The models in Ruete et al. (2016) predict the occupancy probability of 12 deadwood-dwelling
fungal species (Table 1) in old-growth forest fragments in relation to distance from clear-cut
forest edges and natural edges (e.g., mires, lakes). The species grow chiefly on Norway spruce

logs and the models applied predict the dynamics of logs in relation to edges. Two species
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(Fomitopsis pinicola and Trichaptum abietinum) are non-fragmentation-sensitive and generalist
species in terms of deadwood substrate resource and forest type (Nordén et al. 2013), common
in the managed forest landscape and have a large influence on spruce deadwood dynamics
(Ottosson et al. 2014). The remaining 10 are indicator species for high nature conservation
values such as long-term continuity of deadwood and high naturalness (Nitare 2000; Niemeld
2005). They are highly fragmentation-sensitive and generally specialized on natural logs, large-
diameter dead trees, a particular tree species (spruce or pine) and stage of decay, and mainly
occur in closed forests (Nordén et al. 2013). We studied indicator species as a group because
there is no single deadwood-dwelling fungal species that alone would be a good indicator for all
deadwood-dwelling fungi (Halme et al. 2009; Junninen & Komonen 2011) and, because their
individual frequencies were generally too low to model them individually. In the analysis, we
refer to the species as indicator species, F. pinicola, and T. abietinum. Focusing our inventory on
species with relatively large and long-lived fruit bodies we minimized sampling bias in mycelia
presence and temporal fruiting patterns. Molecular studies have shown that such species with
high mycelia abundance typically also have a high fruiting rate (Ovaskainen et al. 2013) and low

temporal bias in fruiting (e.g. Abrego et al. 2016).

To simulate the impact of anthropogenic edges on old-growth forest substrate availability and
species occupancy over space and time, we used Bayesian hierarchical generalized linear models
accounting for the spatio-temporal effect of different edge types and edge ages (Ruete et al.
2016). The original models were parameterized using data from 1381 transect segments of 140
m” (hereafter referred to as sample units) from 31 boreal old-growth forest fragments in central

Sweden (see Table S1 in the Supporting Information). A first set of models estimated the effect
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of edges on the number of logs per sample unit and the change in number of logs per sample unit
between decades. These models show a transient increment in the number of fallen trees close to
young clear-cut edges. However, the rate of change in the number of logs after a decade was not
affected by distance to the edge but by the initial number of logs, as well as their volume and
decay class. Another set of models estimated the effect of distance to edge, edge type (i.e. clear-
cut vs natural), and edge age on the occupancy of logs by indicator and common species,
accounting for variation in the number of logs per sample unit. The probability of an indicator
and common species occurring on a log in a particular sample unit (i.e. log occupancy) was
based on binary presence-absence data and the number of logs per sample unit, assuming a
Binomial distribution. These models captured contrasting responses to clear-cut edges by
indicator and common species. Indicator species were negatively affected by proximity to young
clear-cut edges, while common species were positively affected (F. pinicola) or unaffected (7.
abietinum). Anthropogenic edge-effects were transient for indicator species (reduced over time),
but time-independent for the common species. The among-fragment variability and the change
over time in fragment-level mean log occupancy were retained in the models used for
simulations although no clear change was detected over a decade, i.e. the fungal populations
seemed to be stable. See Appendix S1 and Ruete et al. (2016) for detailed descriptions of the

model.

Fragment sizes and management scenarios simulated
Spatially explicit simulations were run on 140 m* hexagonal grid cells (i.e. the same area as the
surveyed sample units) covering the closest approximation to circular forest stands (Fig. 1) of

sizes 1, 3.14, 10 and 20 ha (i.e. 56, 100, 178 and 252 m in radius, respectively). Selected stand
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sizes represent a range of potential old-growth forest stands found in the landscape, specifically

including stands with radius equal to the maximum depth of edge influence (DEI = 100 m)

assumed in the model fitting process (Ruete ef al. 2016). Initial conditions for the number and

quality of logs and logs occupancy by fungi within grid cells followed the probability
distributions estimated for the forest interior in Ruete et al. (2016). Subsequent inter-decadal
dynamics also followed the dynamics estimated for the forest interior, unless the grid cell
centroids were within the maximum DEI of 100 m (Fig. 1) where the fitted distance-to-edge
models were used. The simulated number of logs per cell excludes further log inputs than those
predicted after the edge creation and applies the rate of deadwood decomposition observed in the
field. These are reasonable assumptions based on the knowledge that it is during the initial
exposure of surrounding clear-cutting that the majority of old-growth Norway spruce trees are

killed (e.g. Jonsson et al. 2007). Simulations were run for five time steps at decadal intervals (i.e.

0, 10, 20, 30 and 40 years), allowing sufficient time for forest re-growth in adjacent clear-cuts.

Forty years is also the average log decomposition time in central Sweden (Kruys, Jonsson &

Stahl 2002). Four realistic scenarios of adjacent forest management were used:

e Reference: 0% of the surrounding forest is clear-cut; i.e. all cells in the forest stand are
simulated as forest interior.

e Current: 25% of the surrounding forest is clear-cut at ¢ = 0. This scenario represents the
estimated edge proportion of any random old-growth forest fragment adjacent to a clear-cut,
given current forest rotation times and forest stand sizes in the study region. We inferred from
data published by the Swedish National Forest Inventory (Reese et al. 2003) that 25% of all

forest stands in the study region have recently been clear-cut (< 20 years) or may imminently
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be clear-cut (>90 and <110 years). The edge was simulated as a single continuous section of
the stands’ perimeter.

e Intensive: 50% of the surrounding forest is clear-cut at # = 0. This scenario represents an
hypothetical situation where rotation times are significantly shortened, which is possible
given current trends towards more intensive forestry and increased extraction of forest
biomass in the future (Strengbom ez al. 2011). The edge was simulated as a single continuous
section of the stands’ perimeter.

e Extreme: 100% of the surrounding forest is clear-cut at # = 0. This scenario represents an

extreme case that can happen in particular locations.

Simulations were run in R 3.1 (R Development Core Team 2014). For each combination of
forest stand sizes and forestry scenarios we ran 10 000 simulation replicates each using a
particular set of parameters from the full parameter posterior distributions (Ruete et al. 2016). In
this way, we obtained a probability distribution for the response variable for each sample unit

(i.e. hexagonal grid cell; Fig. S1 in Supporting Information).

Results

Edge effects and forest fragment size

In fragments smaller than 3.14 ha (£100 m radius) more than 60% of the area was influenced by
the edge when 25% of the fragment’s edge was adjacent to a clear-cut (see Table S2). Extreme
deadwood inputs occurred on cells closer to clear-cut edges within the first decade after clear-
cutting (Fig. 2). Log numbers were highest in small fragments and decreased over time (Fig. 3a).

There were clear opposite spatial edge-to-interior gradients between the log occupancy
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probabilities by indicator species and by F. pinicola (Fig. 2). The occupancy probability of
indicator species was negatively affected by decreasing distance from the edge, whilst the
opposite pattern was projected for F. pinicola. The species T. abietinum was unaffected by
distance from the edge, but there was a marginal difference in mean occupancy levels between
the edge habitat (i.e. forest within 100 m from the edge) and the forest interior (i.e. forest beyond

100 m from the edge) (Fig. 2).

The mean occupancy of logs by indicator species was higher in large fragments, and was
projected to increase marginally or remain stable in the future (Fig. 3b). The mean occupancy of
logs by F. pinicola was initially lower in larger fragments, but was projected to increase to levels
similar to smaller fragments over time (Fig. 3c). The mean occupancy of logs by T. abietinum
was lower in larger fragments, and decreased marginally over time (Fig. 3d). These trends in the
reference scenario (0% clear-cut scenario and only forest interior conditions) shows the projected
decadal change in mean stand occupancy estimated with the original model assuming forest
interior conditions (Fig. 3). Differences from this reference scenario (Fig. 4 showing differences
compared to the reference scenario, over time) were driven by the transient character of the edge-
effect and the implicit forest regrowth on the adjacent clear-cut. The future number of logs (Fig.
4a) and occupancy of logs by common species (Fig. 4c-d) tend to converge to the reference
scenario after 40 years of exposure in both large and small fragments (note varying scales on Fig.
4). The exceptions were indicator species, for which occupancy of logs will decrease due to
exposure to anthropogenic edges. While occupancy levels are stable in the future for the largest

forest fragments, they continue decreasing in smaller forest fragments (Fig. 4b).
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Edge effects and forest management scenarios

Mean log numbers was higher in fragments exposed to a greater proportion of adjacent clear-
cutting (Fig. 3a), but was projected to converge to the reference scenario after 40 years (Fig. 4a).
The mean occupancy of logs by indicator species was higher in management scenarios with
lower proportions of adjacent clear-cutting, and was projected to increase marginally or remain
stable over time (Fig. 3b). The mean occupancy of logs by F. pinicola was initially lower under
reference and current scenarios, but increased to levels similar to intensive and extreme scenarios
over time (Fig. 3c). The mean occupancy of logs by T. abietinum was lower in scenarios with
less adjacent clear-cutting, and decreased marginally over time (Fig. 3d). Projections of the
occupancy of logs by common species tend to converge to the reference scenario after 40 years
of exposure under all management scenarios (Fig. 4c-d). In contrast, the future mean occupancy
of logs by indicator species was projected to remain lower than the reference levels under any

management scenario (Fig. 4b).

Trade-offs between forest fragment size and management scenarios

Especially for indicator species, both fragment size and the extent of clear-cutting in the adjacent
forest were important to sustain future stable occupancy levels. Figure 5 illustrates the trade-off
effects between all fragment sizes and management scenarios, compared to the reference
scenario, at two time points (t < 10 years; t = 40 years). We found largest departures from the
reference scenario under the intensive and extreme management scenarios (i.e. 50 and 100%
clear-cut), although the differences between management regimes were lower in the smallest 1
ha forest fragment (Fig. 5b). The increase in number of logs and in occupancy of logs by

common species after adjacent clear-cutting was transient and independent of the fragment size
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or management regime (Fig. 5a, c-d). However, the negative edge effects observed for the
occupancy of indicator species seems to range from almost stable to declining in the future for

the two smallest fragments with more than 50% of its perimeter facing clear-cuts (Fig. 5b).

An interesting result was that all species groups had similar future occupancy levels in 100 m-
radius fragments (3.14 ha) with a quarter of its perimeter exposed to clear-cuts as in 252 m-

radius fragments (20 ha) with its entire perimeter exposed to clear-cuts (Fig. Sb-d). Hence, the
forest fragment size was a major variable in regulating the future impact of the different forest

management scenarios.

Discussion

Understanding the future responses of species to fragmentation and edge creation is essential
when developing and implementing cost-effective management actions to mitigate further
species losses. This study is the first projection that investigates the dynamic edge effects of
different forest fragment sizes and clear-cutting management scenarios on the future occupancy

of logs by deadwood-dwelling fungi.

Our results showed that the effectiveness of area-based conservation strategies, such as
woodland key habitats, depend on both fragment size and the management of the surrounding
productive forest. We projected that future intensified forestry with extensive creation of
anthropogenic edges around old-growth forest fragments will lead to declining occupancy of old-
growth specialist deadwood-dwelling fungi whilst some common generalist species like F.

pinicola may increase. Two important results were derived. First, as expected, larger forest
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fragments were more resistant to negative impacts on occupancy levels of indicator species in the
future. In the smallest 1 ha fragments occupancy levels of indicator species, relative to the
reference scenario, were projected to continue to decline in the future. Relative occupancy levels
in fragments > 3.14 ha, however, were projected to remain stable in the future at levels below the
reference scenario (interior forest conditions), at least under current and intensive management
scenarios. Occupancy levels of the common species F. pinicola was instead lower in larger
fragments, but was projected to increase in the future. Second, even in larger fragments (up to 20
ha) with a substantial interior core area, intensive clear-cutting (50-100%) around the fragment
would compromise the long-term persistence of old-growth forest indicator species. There are
some precautionary principles to be aware of when applying our results to particular forest
management cases. These simulations are optimistic because they handle only the optimal stand
shape (i.e. a circle having the lowest possible shape index). Increased shape index will certainly
reduce the core:edge ratio, significantly reducing the area with forest interior conditions (Figure
S2; Laurance & Yensen 1991; Aune ef al. 2005). We may also underestimate the impact of
adjacent suboptimal older productive forest. We assume that adjacent forests that are not clear-
cut, are forest interior, while the most likely situation is that these forests are dominated by
middle-aged to mature productive forest. Climate change effects are likely to become more
influential in the future, possibly also influencing future fungal responses at the forest edge.
There is evidence for changes in fungal fruiting patterns over time with changing climate for
some fungal groups (e.g. Kauserud et al. 2010), but for deadwood-dwelling species with a
northern geographical distribution knowledge is lacking. Therefore, whilst the forecast of fungal
responses under climate change is in its infancy, we cannot wait for it to develop in order to

simulate and manage nature the best way we can given current knowledge (Urban et al. 2016).
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In agreement with our simulations of future fungal occupancy, declines in the occurrence of old-
growth indicator species have been shown to take place already in a few decades in small
(generally <10 ha) forest fragments (Berglund & Jonsson 2005, 2008), but more evident after c.
50 or more years (Gu, Heikkild & Hanski 2002; Sverdrup-Thygeson & Lindenmayer 2003;
Penttild et al. 2006; Paltto er al. 2006; Ranius et al. 2008). Increasing occupancy of common
species like F. pinicola in edge environments of small conservation areas has not been reported
earlier. Between the two common generalist species, the stronger buffering potential of F.
pinicola against clear-cut edges and microclimatic changes compared to 7. abietinum could be a
result of the former species larger and more long-lived fruit bodies and mycelia. Also, the
mycelia of F. pinicola occur in the heartwood, whereas the mycelia of 7. abietinum concentrate
in the sapwood and may thus be more affected by drying and microclimatic conditions at the
edge (Ryvarden & Melo 2014). However, the overall role of different ecological traits in
regulating fungal responses to forest edge environments needs further research. One recent forest
management simulation study incorporated snap-shot occupancy data of deadwood-dwelling
fungi to project the future polypore diversity based on deadwood dynamics in managed and
natural Norway spruce forests (Peltoniemi, Penttild & Mikipda 2013). They projected that
increased deadwood stocks and qualities were required to elevate fungal diversity of spruce
stands to levels in natural-like stands. They also concluded that managed forests are unlikely to
reach the deadwood volumes and naturalness needed to conserve many old-growth specialist
fungi, and for these species a functional network of forest conservation areas seems to be the best
way to ensure viable populations. Our study highlights that transient anthropogenic edge effects

and fragment size needs to be considered if conservation areas within such a network are to be
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functional for the future conservation of fungi. Simulation studies that examine how area and
edge effects influence local biodiversity in the future are relatively few (but see Ries & Sisk
2004; Didham & Ewers 2012), especially for lesser studied organisms like sessile cryptogams
(but see Roberge et al. 2011; Fedrowitz, Kuusinen & Snill 2012). For wood fungi, we do know
that edge effect is one of the variables explaining lower occupancies in small fragments (Snill &
Jonsson 2001; Siitonen, Lehtinen & Siitonen 2005; Abrego & Salcedo 2014). Our study extends
this knowledge by showing that smaller fragments with lower occupancy levels of indicator
fungi are also more likely to experience declining populations in the future, and that such
declines will be dependent on the extent of the adjacent clear-cut creation. These future declines
are partly linked to the altered substrate dynamics in the edge environment (Soderstrom 1988;
Snill, Ribeiro & Rydin 2003; Roberge et al. 2011; Ruete et al. 2016), but may also be linked to

altered microclimate conditions.

The contrasting future development between forest interior specialists and common fungi are
likely explained by the specialists’ greater vulnerability to changes in forest stand characteristics,
effects of logging, and habitat fragmentation (e.g. Junninen & Komonen 2011; Stokland,
Siitonen & Jonsson 2012; Nordén et al. 2013). A high temporal variability in the occupancy of
logs even in core areas suggests that indicator species are particularly vulnerable to future
environmental and demographic stochasticity (Boyce et al. 2006; Ruete, Wiklund & Snill 2012;
Shriver, Cutler & Doak 2012). The future increased occupancy of common fungi is likely also
due to commonly altered forest landscapes dominated by man-made deadwood substrate types

(Nordén et al. 2013; Komonen et al. 2014). These substrate types favor common species like F.
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pinicola, whose increased establishment, fruiting, and spore deposition (i.e. a so-called bulk

effect) may disfavor interior specialist species (Nordén et al. 2013).

Preserve what is left, but buffer for changes

The trade-off between fragment size and the extent of anthropogenic edge-creation has clear
implications for forest management policies and actions. Forest fragment size was a major
variable regulating the future impact of adjacent forest management. The larger the forest
fragment, the more room for achieving positive management results and for trade-offs in each
particular case. For example, the same future occupancy levels of logs by indicator species was
obtained in a 20 ha forest fragment where 100% of the surrounding forest was clear-cut as in a 3
ha forest fragment where only 25% was clear-cut. Identifying such trade-offs and management
options is highly relevant for forest management policies, enabling managers of forest
ecosystems to understand and balance the pros and cons of different management scenarios. A
mixture of approaches might be the best way to improve the viability of forest-dwelling species
at the landscape scale (e.g. Peltoniemi et al. 2013). However, given that 50% of the old-growth
forest remnants in Sweden are small fragments of 1.4 ha or less (Swedish Forestry Agency
2013), the general situation is towards the worst-case scenario for indicator species. This limits
management options and calls for stronger national scale policies promoting larger set-asides and

buffer zones.

The Swedish FSC standard for forest certification states that “Managers shall demarcate as care-

demanding patches (a) small habitats with specific biodiversity values and (b) any buffer zones

required adjacent to habitats with specific biodiversity values” (Forest Stewardship Council
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2010). In order to maintain the long-term conservation capacity, or effective size, of small
conservation areas, we advocate that buffer zones of productive forest are left uncut around these
habitats. It is important to preserve the high quality fragments that are left in the managed forest
landscape regardless of their size, but equally important to buffer for anticipated future change in
relation to the effective fragment size. If small old-growth forest fragments are to be included as
effective area measures in the Aichi target 11, surrounding forests need to be managed to protect
species in such fragments from degrading temporal edge effects. The Swedish FSC does not
provide any specific recommendations for buffer zone widths, likely because buffer zones are
highly context dependent in relation to aspect, forest type, and the taxonomic group considered.
Nonetheless, buffer zones between 25-100 m are likely relevant for reducing edge effects for
many specialized deadwood-dwelling fungi (Snéll & Jonsson 2001; Ruete et al. 2016). Our
results highlight the importance of longer rotation times adjacent to small protected areas and
forest set-asides as previously suggested by Dettki and Esseen (2003), Siitonen et al. (2005), and
Berglund and Jonsson (2008). Longer rotation times may increase the chances of indicator
species recolonizing the restored once-edge forest habitat. As an alternative to permanent buffer
zones, non-simultaneous clear-cuts of surrounding productive forest in a way that reduces the
edge effect over time (i.e. dynamic buffers) may increase the core area of small old-growth forest
fragments and improve their performance in protecting species of special concern for

conservation.

Acknowledgements

We are grateful to Olle Kellner and Urban Gunnarsson at Gévleborg and Dalarna County

Administrative Board, respectively, for their help in providing monitoring data, selecting the

This article is protected by copyright. All rights reserved.



study sites and contacting landowners. We thank two anonymous reviewers, Anders Dahlberg,
Hakan Berglund, Jenni Nordén and Panu Halme whose comments helped us improve the
manuscript. The study was funded by the Swedish Forest Society (Skogssillskapet) and the

Faculty of Natural Resources and Agricultural Sciences, SLU.

Data accessibility
R script for simulations and shape files are available are available in Figshare

https://dx.doi.org/10.6084/m9.figshare.4129821.v1 (Ruete 2016).

References

Abrego, N., Halme, P., Purhonen, J. & Ovaskainen, O. (2016) Fruit body based inventories in wood-
inhabiting fungi: Should we replicate in space or time? Fungal Ecology, 20, 225-232.

Abrego, N. & Salcedo, I. (2014) Response of wood-inhabiting fungal community to fragmentation in a
beech forest landscape. Fungal Ecology, 8, 18-27.

Ahti, T., Hdmet-Ahti, L. & Jalas, J. (1968) Vegetation zones and their sections in northwestern Europe.
Annales Botanici Fennici, 5, 169-211.

ArtDatabanken. (2015) Rédlistade Arter | Sverige 2015 = The 2015 Red List of Swedish Species.
ArtDatabanken, SLU, Uppsala, Sweden.

Aune, K., Jonsson, B.G. & Moen, J. (2005) Isolation and edge effects among woodland key habitats in
Sweden: Is forest policy promoting fragmentation? Biological Conservation, 124, 89-95.

Berglund, H. & Jonsson, B.G. (2005) Verifying an extinction debt among lichens and fungi in northern
Swedish boreal forests. Conservation Biology, 19, 338—-348.

Berglund, H. & Jonsson, B.G. (2008) Assessing the extinction vulnerability of wood-inhabiting fungal
species in fragmented northern Swedish boreal forests. Biological Conservation, 141, 3029—
3039.

Boyce, M.S., Haridas, C.V., Lee, C.T. & the NCEAS Stochastic Demography Working Group. (2006)
Demography in an increasingly variable world. Trends in Ecology & Evolution, 21, 141-148.

This article is protected by copyright. All rights reserved.



Butchart, S.H.M., Clarke, M., Smith, R.J., Sykes, R.E., Scharlemann, J.P.W., Harfoot, M., Buchanan, G.M.,
Angulo, A., Balmford, A., Bertzky, B., Brooks, T.M., Carpenter, K.E., Comeros-Raynal, M.T.,
Cornell, J., Ficetola, G.F., Fishpool, L.D.C., Fuller, R.A., Geldmann, J., Harwell, H., Hilton-Taylor, C.,
Hoffmann, M., Joolia, A., Joppa, L., Kingston, N., May, I., Milam, A., Polidoro, B., Ralph, G.,
Richman, N., Rondinini, C., Segan, D.B., Skolnik, B., Spalding, M.D., Stuart, S.N., Symes, A., Taylor,
J., Visconti, P., Watson, J.E.M., Wood, L. & Burgess, N.D. (2015) Shortfalls and Solutions for
Meeting National and Global Conservation Area Targets. Conservation Letters, 8, 329-337.

CBD. (2010) Convention on Biological Diversity: Decision X/2: The Strategic Plan for Biodiversity 2011-
2020 and the Aichi Biodiversity Targets.

Crockatt, M.E. (2012) Are there edge effects on forest fungi and if so, do they matter? Fungal Biology
Reviews, 26, 94-101.

Dettki, H. & Esseen, P.A. (2003) Modelling long-term effects of forest management on epiphytic lichens
in northern Sweden. Forest Ecology and Management, 175, 223-238.

Didham, R.K. & Ewers, R.M. (2012) Predicting the impacts of edge effects in fragmented habitats:
Laurance and Yensen’s core area model revisited. Biological Conservation, 155, 104—110.

Duelli, P., Studer, M., Marchand, I. & Jakob, S. (1990) Population movements of arthropods between
natural and cultivated areas. Biological Conservation, 54, 193—-207.

Ewers, R.M. & Didham, R.K. (2006) Confounding factors in the detection of species responses to habitat
fragmentation. Biological Reviews, 81, 117-142.

Fedrowitz, K., Kuusinen, M. & Snéll, T. (2012) Metapopulation dynamics and future persistence of
epiphytic cyanolichens in a European boreal forest ecosystem. Journal of Applied Ecology, 49,
493-502.

Forest Stewardship Council. (2010) Swedish FSC Standard for Forest Certification Including SLIM
Indicators. FSC, Sweden.

Gascon, C., Williamson, G.B. & Fonseca, G.A.B. da. (2000) Receding forest edges and vanishing reserves.
Science, 288, 1356—1358.

Geldmann, J., Barnes, M., Coad, L., Craigie, I.D., Hockings, M. & Burgess, N.D. (2013) Effectiveness of
terrestrial protected areas in reducing habitat loss and population declines. Biological
Conservation, 161, 230-238.

Gu, W., Heikkila, R. & Hanski, |. (2002) Estimating the consequences of habitat fragmentation on
extinction risk in dynamic landscapes. Landscape Ecology, 17, 699-710.

Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.D., Lovejoy, T.E., Sexton, J.O.,
Austin, M.P., Collins, C.D., Cook, W.M., Damschen, E.l., Ewers, R.M., Foster, B.L., Jenkins, C.N.,
King, A.J., Laurance, W.F., Levey, D.J., Margules, C.R., Melbourne, B.A., Nicholls, A.O., Orrock,
J.L., Song, D.-X. & Townshend, J.R. (2015) Habitat fragmentation and its lasting impact on Earth’s
ecosystems. Science Advances, 1, e1500052.

This article is protected by copyright. All rights reserved.



Halme, P., Monkkonen, M., Kotiaho, J.S., Ylisirnio, A.-L. & Markkanen, A. (2009) Quantifying the indicator
power of an indicator species. Conservation Biology, 23, 1008-1016.

Harper, K.A., Macdonald, S.E., Mayerhofer, M.S., Biswas, S.R., Esseen, P.-A., Hylander, K., Stewart, K.J.,
Mallik, A.U., Drapeau, P., Jonsson, B.-G., Lesieur, D., Kouki, J. & Bergeron, Y. (2015) Edge
influence on vegetation at natural and anthropogenic edges of boreal forests in Canada and
Fennoscandia. Journal of Ecology, 103, 550-562.

Humphreys, W.F. & Kitchener, D.J. (1982) The effect of habitat utilization on species-area curves:
implications for optimal reserve area. Journal of Biogeography, 9, 391-396.

Jonsson, M.T., Fraver, S., Jonsson, B.G., Dynesius, M., Rydgard, M. & Esseen, P.-A. (2007) Eighteen years
of tree mortality and structural change in an experimentally fragmented Norway spruce forest.
Forest Ecology and Management, 242, 306—313.

Junninen, K. & Komonen, A. (2011) Conservation ecology of boreal polypores: A review. Biological
Conservation, 144, 11-20.

Kauserud, H., Heegaard, E., Semenov, M.A., Boddy, L., Halvorsen, R., Stige, L.C., Sparks, T.H., Gange, A.C.
& Stenseth, N.C. (2010) Climate change and spring-fruiting fungi. Proceedings of the Royal
Society of London B: Biological Sciences, 277, 1169-1177.

Komonen, A., Halme, P, Jantti, M., Koskela, T., Kotiaho, J. & Toivanen, T. (2014) Created substrates do
not fully mimic natural substrates in restoration: the occurrence of polypores on spruce logs.
Silva Fennica, 48, 980.

Kruys, N., Jonsson, B.G. & Stahl, G. (2002) A stage-based matrix model for decay-class dynamics of
woody debris. Ecological Applications, 12, 773-781.

Laurance, W.F., Camargo, J.L.C., Luizdo, R.C.C,, Laurance, S.G., Pimm, S.L., Bruna, E.M., Stouffer, P.C.,
Bruce Williamson, G., Benitez-Malvido, J., Vasconcelos, H.L., Van Houtan, K.S., Zartman, C.E.,
Boyle, S.A., Didham, R.K., Andrade, A. & Lovejoy, T.E. (2011) The fate of Amazonian forest
fragments: A 32-year investigation. Biological Conservation, 144, 56-67.

Laurance, W.F. & Yensen, E. (1991) Predicting the impacts of edge effects in fragmented habitats.
Biological Conservation, 55, 77-92.

Magura, T., T6thmérész, B. & Molnar, T. (2001) Forest edge and diversity: carabids along forest-
grassland transects. Biodiversity & Conservation, 10, 287-300.

Matthews, T.J., Cottee-Jones, H.E. & Whittaker, R.J. (2014) Habitat fragmentation and the species—area
relationship: a focus on total species richness obscures the impact of habitat loss on habitat
specialists. Diversity and Distributions, 20, 1136—-1146.

Moen, J. & Jonsson, B.G. (2003) Edge effects on liverworts and lichens in forest patches in a mosaic of
boreal forest and wetland. Conservation Biology, 17, 380—388.

Mouquet, N., Lagadeuc, Y., Devictor, V., Doyen, L., Duputié, A., Eveillard, D., Faure, D., Garnier, E.,
Gimenez, O., Huneman, P., Jabot, F., Jarne, P., Joly, D., Julliard, R., Kéfi, S., Kergoat, G.J., Lavorel,

This article is protected by copyright. All rights reserved.



S., Le Gall, L., Meslin, L., Morand, S., Morin, X., Morlon, H., Pinay, G., Pradel, R., Schurr, F.M.,
Thuiller, W. & Loreau, M. (2015) Predictive ecology in a changing world. Journal of Applied
Ecology, 52, 1293-1310.

Niemeld, T. (2005) Polypores, lignicolous fungi. Norrlinia, 13, 1-320.

Nitare, J. (2000) Indicator species for assessing the nature conservation value of woodland sites: a flora
of selected cryptogams. Skogsstyrelsen Forlag, Jonkoping.

Nordén, J., Penttilg, R., Siitonen, J., Tomppo, E. & Ovaskainen, O. (2013) Specialist species of wood-
inhabiting fungi struggle while generalists thrive in fragmented boreal forests. Journal of
Ecology, 101, 701-712.

Ottosson, E., Nordén, J., Dahlberg, A., Edman, M., Jonsson, M., Larsson, K.-H., Olsson, J., Penttil3, R.,
Stenlid, J. & Ovaskainen, O. (2014) Species associations during the succession of wood-
inhabiting fungal communities. Fungal Ecology, 11, 17-28.

Ovaskainen, 0., Schigel, D., Ali-Kovero, H., Auvinen, P., Paulin, L., Nordén, B. & Nordén, J. (2013)
Combining high-throughput sequencing with fruit body surveys reveals contrasting life-history
strategies in fungi. The ISME Journal, 7, 1696—1709.

Paltto, H., Nordén, B., Gétmark, F. & Franc, N. (2006) At which spatial and temporal scales does
landscape context affect local density of Red Data Book and Indicator species? Biological
Conservation, 133, 442-454.

Parviainen, J., Bicking, W., Vandekerkhove, K., Schuck, A. & Paivinen, R. (2000) Strict forest reserves in
Europe: efforts to enhance biodiversity and research on forests left for free development in
Europe (EU-COST-Action E4). Forestry, 73, 107-118.

Peltoniemi, M., Penttila, R. & Makip&a, R. (2013) Temporal variation of polypore diversity based on
modelled dead wood dynamics in managed and natural Norway spruce forests. Forest Ecology
and Management, 310, 523-530.

Penttila, R., Lindgren, M., Miettinen, O., Rita, H. & Hanski, I. (2006) Consequences of forest
fragmentation for polyporous fungi at two spatial scales. Oikos, 114, 225-240.

R Development Core Team. (2014) R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Ranius, T., Johansson, P., Berg, N. & Niklasson, M. (2008) The influence of tree age and microhabitat
quality on the occurrence of crustose lichens associated with old oaks. Journal of Vegetation
Science, 19, 653-662.

Reese, H., Nilsson, M., Pahlén, T.G., Hagner, O., Joyce, S., Tingelof, U., Egberth, M. & Olsson, H. (2003)

Countrywide estimates of forest variables using satellite data and field data from the national
forest inventory. AMBIO: A Journal of the Human Environment, 32, 542—-548.

This article is protected by copyright. All rights reserved.



Ries, L., Jr., R.J.F., Battin, J. & Sisk, T.D. (2004) Ecological responses to habitat edges: mechanisms,
models, and variability explained. Annual Review of Ecology, Evolution, and Systematics, 35,
491-522.

Ries, L. & Sisk, T.D. (2004) A predictive model of edge effects. Ecology, 85, 2917-2926.

Roberge, J.-M., Bengtsson, S.B.K., Wulff, S. & Snéll, T. (2011) Edge creation and tree dieback influence
the patch-tracking metapopulation dynamics of a red-listed epiphytic bryophyte. Journal of
Applied Ecology, 48, 650—658.

Rodrigues, A.S.L., Andelman, S.J., Bakarr, M.I., Boitani, L., Brooks, T.M., Cowling, R.M., Fishpool, L.D.C.,
da Fonseca, G.A.B., Gaston, K.J., Hoffmann, M., Long, J.S., Marquet, P.A., Pilgrim, J.D., Pressey,
R.L., Schipper, J., Sechrest, W., Stuart, S.N., Underhill, L.G., Waller, R.W., Watts, M.E.J. & Yan, X.
(2004) Effectiveness of the global protected area network in representing species diversity.
Nature, 428, 640-643.

Ruete, Alejandro (2016): R scripts for simulation of edge effects on dead wood fungi. figshare.
https://dx.doi.org/10.6084/m9.figshare.4129821.v1

Ruete, A., Snall, T. & Jonsson, M. (2016) Dynamic anthropogenic edge effects on the distribution and
diversity of fungi in fragmented old-growth forests. Ecological Applications, 26, 1475-1485.

Ruete, A., Wiklund, K. & Snall, T. (2012) Hierarchical Bayesian estimation of the population viability of an
epixylic moss. Journal of Ecology, 100, 497-507.

Rybicki, J. & Hanski, I. (2013) Species—area relationships and extinctions caused by habitat loss and
fragmentation. Ecology Letters, 16, 27—38.

Ryvarden, L. & Melo, I. (2014) Poroid Fungi of Europe. Fungiflora, Oslo, Norway.

Shriver, R.K., Cutler, K. & Doak, D.F. (2012) Comparative demography of an epiphytic lichen: support for
general life history patterns and solutions to common problems in demographic parameter
estimation. Oecologia, 170, 137-146.

Siitonen, P., Lehtinen, A. & Siitonen, M. (2005) Effects of forest edges on the distribution, abundance,
and regional persistence of wood-rotting fungi. Conservation Biology, 19, 250-260.

Snéll, T. & Jonsson, B.G. (2001) Edge effects on six polyporous fungi used as old-growth indicators in
Swedish boreal forest. Ecological Bulletins, 49, 255-262.

Snéll, T., Ribeiro, P.J. & Rydin, H. (2003) Spatial occurrence and colonisations in patch-tracking
metapopulations: Local conditions versus dispersal. Oikos, 103, 566—-578.

Soéderstrom, L. (1988) Sequence of bryophytes and lichens in relation to substrate variables of decaying
coniferous wood in Northern Sweden. Nordic Journal of Botany, 8, 89-97.

Stokland, J. & Kauserud, H. (2004) Phellinus nigrolimitatus—a wood-decomposing fungus highly
influenced by forestry. Forest Ecology and Management, 187, 333—-343.

This article is protected by copyright. All rights reserved.



Stokland, J.N., Siitonen, J. & Jonsson, B.G. (2012) Biodiversity in Dead Wood. Cambridge University Press,
Cambridge, UK.

Strengbom, J., Dahlberg, A., Larsson, A., Lindelow, A., Sandstrém, J., Widenfalk, O. & Gustafsson, L.
(2011) Introducing Intensively Managed Spruce Plantations in Swedish Forest Landscapes will
Impair Biodiversity Decline. Forests, 2, 610-630.

Sverdrup-Thygeson, A. & Lindenmayer, D.. (2003) Ecological continuity and assumed indicator fungi in
boreal forest: the importance of the landscape matrix. Forest Ecology and Management, 174,
353-363.

Swedish Forestry Agency. (2013) Woodland key habitats on land owned by individual owners by habitat
type.

Timonen, J., Gustafsson, L., Kotiaho, J.S. & Mdnkkénen, M. (2011) Hotspots in cold climate: Conservation
value of woodland key habitats in boreal forests. Biological Conservation, 144, 2061-2067.

Urban, M.C., Bocedi, G., Hendry, A.P., Mihoub, J.-B., Pe’er, G., Singer, A., Bridle, J.R., Crozier, L.G.,
Meester, L.D., Godsoe, W., Gonzalez, A., Hellmann, J.J., Holt, R.D., Huth, A., Johst, K., Krug, C.B.,
Leadley, P.W., Palmer, S.C.F., Pantel, J.H., Schmitz, A., Zollner, P.A. & Travis, J.M.J. (2016)
Improving the forecast for biodiversity under climate change. Science, 353, aad8466.

This article is protected by copyright. All rights reserved.



Tables

Table 1. Key ecological characteristics of the studied indicator and common species. Red-list
status according to Artdatabanken (2015).

Scientific name Red-list Status Rot type Fruiting body life span
Asterodon ferruginosus NT White Annual
Climacocystis borealis LC White Annual
Cystostereum murraii NT White Perennial
Fomitopsis pinicola* LC Brown Perennial
Fomitopsis rosea NT Brown Perennial
Leptoporus mollis NT Brown Annual
Phellinus chrysoloma NT White Perennial
Phellinus ferrugineofuscus NT White Perennial
Phellinus nigrolimitatus  NT White Perennial
Phellinus viticola LC White Perennial
Trichaptum abietinum* LC White Perennial
Trichaptum laricinum NT White Perennial

*: Common species. Else, indicator species following Nitare (2000)
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Figure 1: Schematic representation of the spatially explicit simulation set-up of edge-effects on
forest fragments. r: radius; FI: forest interior; C: clear-cut. Each hexagonal cell is a study unit of
140 m?” (out of scale). Edge habitat models were applied for pink hexagons, and forest interior

models were applied for green hexagons.

Figure 2: Starting conditions predicted by models at t < 10 years under current forestry
management conditions; that is 25% of the forest fragment edge adjacent to a clear-cut (pink
square). The color scale of each cell (140 m? sample units) shows the median value of the
posterior distribution of the number of logs (No. Logs) or occupancy of logs (Occ.) by indicator

species, Fomitopsis pinicola, and Trichaptum abietinum.

Figure 3: Projections of the future mean values for a) the number of logs per cell and occupancy
probability of logs by b) indicator species, ¢) Fomitopsis pinicola and d) Trichaptum abietinum
in cells of old-growth forest fragments over time. Projections are shown only for the smallest and
largest forest fragment sizes. Line colors indicate management scenarios, where 0% is the
reference (forest interior) scenario with no adjacent clear-cut, 25% is the current scenario with a
quarter of the surrounding forest clear-cut, 50% is the intensive scenario with half of the
surrounding forest clear-cut, and 100% is the extreme scenario with all of the surrounding forest
clear-cut. Note the varying scale between the panels. In 3d, the lines for the smallest forest

fragments (25-100% clear-cutting) overlap.

Figure 4: Projections of the differences in future mean values for a) the number of logs per cell
and occupancy of logs by b) indicator species (note negative scale), ¢) Fomitopsis pinicola and

d) Trichaptum abietinum in cells of old-growth forest fragments over time compared to the

This article is protected by copyright. All rights reserved.



projected levels for the reference scenario (i.e. 0% clear-cut). Projections are shown only for the
smallest and largest forest fragment sizes. Line colors indicate management scenarios, where 0%
is the reference (forest interior) scenario with no adjacent clear-cut, 25% is the current scenario
with a quarter of the surrounding forest clear-cut, 50% is the intensive scenario with half of the
surrounding forest clear-cut, and 100% is the extreme scenario with all of the surrounding forest
clear-cut. Note the varying scale between the panels. In 4d, the lines for the smallest forest

fragments (25-100% clear-cutting) overlap.

Figure 5: Projections of the differences in future mean values for a) the number of logs per cell
and occupancy of logs by b) indicator species (note negative scale), ¢) Fomitopsis pinicola and
d) Trichaptum abietinum in cells of old-growth forest fragments at two time points ¢ < 10 (filled
circles) and at ¢ = 40 years (empty circles) compared to the projected levels for the reference
scenario (0% clear-cut). Circle size represents forest fragment size (i.e. 1, 3.14, 10, 20 ha).
Colors of circles and the x-axis indicate management scenarios, where green is the current
scenario with a quarter of the surrounding forest clear-cut, yellow is the intensive scenario with
half of the surrounding forest clear-cut, and red is the extreme scenario with all of the

surrounding forest clear-cut. Note the varying scale between the panels.
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Supporting Information

Appendix S1. Survey of the focal forest fragments

Table S1. Characteristics of the forest stands surveyed

Table S2. Affected area given combination of fragment sizes and proportion of edge

Figure S1. Expected Variability among sample units

Figure S2. Effects of shape index and depth of edge influence on core area affected
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