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Abstract

Forest fragmentation increases the amount of edges in the landscape.

Differences in wind, radiation, and vegetation structure create edge-to-interior

gradients in forest microclimate, and these gradients are likely to be more pro-

nounced during droughts and heatwaves. Although the effects of climate

extremes on edge influences have potentially strong and long-lasting impacts on

forest understory biodiversity, they are not well understood and are not often

considered in management and landscape planning. Here we used a novel

method of retrospectively quantifying growth to assess biologically relevant edge

influences likely caused by microclimate using Hylocomium splendens, a moss

with annual segments. We examined how spatio-temporal variation in drought

across 3 years and 46 sites in central Sweden, affected the depth and magnitude

of edge influences. We also investigated whether edge effects during drought

were influenced by differences in forest structure. Edge effects were almost twice

as strong in the drought year compared to the non-drought years, but we did not

find clear evidence that they penetrated deeper into the forest in the drought

year. Edge influences were also greater in areas that had fewer days with rain

during the drought year. Higher levels of forest canopy cover and tree height

buffered the magnitude of edge influence in times of drought. Our results dem-

onstrate that edge effects are amplified by drought, suggesting that fragmenta-

tion effects are aggravated when droughts become more frequent and severe.

Our results suggest that dense edges and buffer zones with high canopy cover

can be important ways to mitigate negative drought impacts in forest edges.
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INTRODUCTION

Most of the earth’s terrestrial biodiversity occurs in
forests and this biodiversity is currently under threat

from both climate change and intensified land-use.
Not only does land-use directly degrade forest habitats, it
can also significantly change the vulnerability of
remaining forest patches to climatic extremes, not least at
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the edges (Chen et al., 1995; Schmidt et al., 2017).
Clear-cut forestry, agriculture and urbanization have dras-
tically increased the amount of forest edges, and currently
more than one-fifth of forests and associated biodiversity
resides within 100 m from edges (Haddad et al., 2015).
Still, little is known about how increased climate variation
and climate extremes, such as droughts, influences biodi-
versity at forest edges.

Edge habitats have biotic and abiotic conditions that dif-
fer from the forest interior and the surrounding matrix, and
these differences have important consequences for biodiver-
sity (Murcia, 1995; Schmidt et al., 2017). Solar radiation and
wind penetrating at the edge result in harsh microclimates
in terms of high air and soil temperatures and low humidity
(Chen et al., 1995; Schmidt et al., 2017). Edge-to-interior
gradients are commonly referred to as edge effects or edge
influences, and can extend deep into forests (Aune et al.,
2005; Hylander, 2005). Proximity to edges can therefore neg-
atively affect the growth and survival of forest interior spe-
cies that require humid and stable conditions (bryophytes:
Moen & Jonsson, 2003; liverworts and lichens; Boudreault
et al., 2008; Stewart & Mallik, 2006; soil fungi: Crockatt,
2012; invertebrates: Dambros et al., 2013).

Extreme droughts and heatwaves are likely to exacer-
bate microclimatic gradients at forest edges, as a result of
increased solar radiation, higher temperatures, and desic-
cating winds during these events. As a result, the already
existing adverse edge effects on sensitive forest under-
story species could be amplified, which might have long-
lasting effects on biodiversity. Theoretically, both the
strength and the depth of edge effects could increase.
Temporal variability in microclimatic gradients at forest
edges has seldom been studied in the context of climatic
extremes. This is problematic since climatic extremes
such as droughts and heatwaves are becoming more fre-
quent and intense (IPCC, 2021). From a management
perspective, it is important to identify means to mitigate
such aggravating effects under climate change. For exam-
ple, it has been shown that canopy structure can modify
the amount of penetrating solar radiation and wind at
edges (De Frenne et al., 2021).

Extreme climatic events are rare and unpredictable
(IPCC, 2021). It is therefore difficult to study their effects
on organisms and biodiversity, since pre-event data are
difficult to obtain. Several methods have been used to ret-
rospectively assess the effects of past climatic conditions.
Dendroclimatology uses the width of tree rings to assess
impacts of past climate and droughts on tree growth
(Buras et al., 2018; Tene et al., 2011), and remote sensing
techniques can be used to assess effects of past drought on
vegetation browning and productivity (Buras et al., 2020).
In forest understories, the growth of bryophytes can be a
good indicator of variation in microclimate, since their

metabolic activity is directly related to ambient moisture
levels and thus reflect local humidity and vapor pressure
deficit levels, but also temperatures and soil moisture
(Caners et al., 2010; Green & Lange, 1995; Hylander, 2005;
Man et al., 2022).

Here we applied a novel method based on annual
growth increments in the moss Hylocomium splendens to
assess how extreme drought impacts microclimate gradients
at forest edges. This species produces a distinct segment
each growing season (Tamm, 1953), making it possible to
assess previous years’ growth. H. splendens is also known to
be negatively affected at forest edges (Hylander, 2005), and
annual moss growth can be considered a biologically mean-
ingful indicator of the understory microclimate. We used
this method to examine how spatio-temporal variation in
drought intensity influenced the yearly growth of
H. splendens along forest edge-interior transects. The sum-
mer of 2018 in Sweden was characterized by an extreme
drought with significant positive temperature anomalies
(Buras et al., 2020; Peters et al., 2020; Schuldt et al., 2020).
Yet, drought intensity was spatially variable due to local
showers in some areas (Koelemeijer et al., 2022; SMHI,
2019). We were able to pick up fine-scale spatial and tempo-
ral variation using a novel high-resolution precipitation
dataset (Berg et al., 2016; van de Beek et al., n.d.).
We selected 46 south-facing forest edges distributed over a
spatial drought gradient in central Sweden, and at each site
quantified moss growth for the drought year 2018, as well
as for the two non-drought years 2016 and 2017 along forest
edge-to-interior transects. This allowed us to retrospectively
infer drought effects in the understory at forest edges.
We quantified moss-growth edge influences in terms of
magnitude (MEI, i.e., the difference in microclimate
between the edge and the interior) and depth (DEI, i.e., the
distance microclimatic edge effects penetrate into the
interior) (e.g., Harper et al., 2015; Meeussen et al., 2021),
and also assessed to what extent canopy cover and tree
height buffered edge influences. We hypothesize that both
the magnitude and depth of edge influence would be
reinforced (i.e., greater) during the drought year compared
with the non-drought years, but that vegetation structure
could buffer these effects. Furthermore, we hypothesized
that edge influences would be greater in sites that experi-
enced more intense drought in 2018.

METHODS

Study system

We conducted the study in a boreal landscape in central
Sweden (13.5–17.2� longitude and 60.2–62.5� latitude,
Figure 1a). Central Sweden has a long history of intensive
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forestry (Lundmark et al., 2013), with forest stands
dominated by Picea abies (L.) H. Karst., Pinus sylvestris L.,
and to a lesser extent Betula spp L. (the taxonomy follows
Dyntaxa.se). The landscape is characterized by a mosaic of
forest stands of different ages, clear-cuts, and some agricul-
tural fields. The older forest patches of conservation concern
are often isolated in a matrix of younger managed forest
(Aune et al., 2005; Johansson&Gustafsson, 2001).

The area has a cold temperate climate with a mean
annual temperature of 3�C, and a distinct seasonality
with warm summers (mean temperature of June–August
is 15�C) and cold winters with snowfall (mean tempera-
ture of December–February is −6�C) (SMHI, 2021).

In most years, precipitation falls mainly during the
summer. However, in 2018, there was a severe summer
drought (Buras et al., 2020; Peters et al., 2020; Schuldt
et al., 2020) combined with positive temperature anoma-
lies of +2–3�C (SMHI, 2019). Yet, precipitation during
this summer was variable across the landscape
(SMHI, 2019). For our study, we selected 46 forest edge
sites distributed over a precipitation gradient, ranging
from 145 to 276 mm (Figure 1a). This range corresponded
to anomalies in precipitation between –47% and −82%
compared to the average 2010–2017. The shortest dis-
tance from a study site to any other site ranged from
1.4 to 36 km (mean 14 km) (Figure 1a).
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F I GURE 1 Study design and variation in precipitation. (a) Summer precipitation 2013–2018 for the 46 study sites (left), a map of

Sweden showing our study area (center), and spatial variation in precipitation during 2018 with the 46 study sites marked by black dots

(right). (b) A schematic forest edge, showing the inter-plot distances where we collected replicated moss samples. (c) A shoot of Hylocomium

splendens, showing its growth pattern with yearly segments at the time of collection.
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The moss Hylocomium splendens (Hedw.) Schimp.
(family Hylocomiaceae) is a common pleurocarp moss in
boreal forests. It is frequently the main ground covering
species in spruce forests in Sweden, where it forms car-
pets on soils, litter, logs, and rocks (Hylander, 2005).
H. splendens has key ecosystem functions in the boreal
understory, by hosting nitrogen (N2)-fixing microbial
communities, as thermal insulators of the soil, and as pri-
mary producers and litter production (Lindo et al., 2013).
It produces a distinct segment each year, enabling quanti-
fication of yearly growth 3–4 years back in time. Growth
of new segments occurs mainly from May through
September, and is minimal during winter months (Busby
et al., 1978). Segments elongate slightly (~3%
unpublished dataset) during the summer the next year,
but mainly side branches have been recorded to grow
(Busby et al., 1978; Tamm, 1953). Like all bryophytes,
H. splendens lacks a vascular system and metabolic activ-
ity is directly related to ambient water and humidity
levels. During desiccation, growth rates are reduced or
halted, and growth thus reflects local climatic conditions
(Busby et al., 1978; Green & Lange, 1995). Bryophytes
have previously been shown to be useful indicators of
variation in microclimate conditions (Caners et al., 2010;
Dynesius et al., 2008; Hylander, 2005; Man et al., 2022),
but they have rarely been used to retrospectively quantify
growth in different years and across environmental gradi-
ents (but see Thiemer et al., 2018).

Study design and data collection

The canopy in the 46 forest edges of south-facing orienta-
tion selected for the study, was dominated by P. abies. The
understory vegetation consisted of dwarf shrubs (primarily
Vaccinium myrtillus L. and Vaccinium vitis-idaea L.) and
mosses (mainly H. splendens, but also Pleurozium schreberi
(Brid.) Mitt. and Ptilium crista-castrensis (Hedw.) De Not.).
Forest edges were adjacent to recent clear-cuts (up to
approximately 3 years old) (n = 28), clear-cuts with young
regenerating forest (<2 m height) (n = 11), or agricultural
fields (n = 7). We did not include edges created by linear
corridors, such as roads and powerlines, nor natural forest
edges generated by lakes, streams, or wetlands. The forest
patches differed in structure, which possibly could influ-
ence the strength of edge effects. To get a comparable mea-
sure of canopy cover and tree height at the site level, we
measured these variables at five locations approximately
10 m apart along a transect parallel to the edge but located
50 m from the edge in the forest interior (Figure 1b). At
each of these locations, we took hemispherical photos,
from which we calculated canopy cover using the
software ImageJ v. 1.53A with the plug-in Hemisperical 2.0.

Canopy cover levels of our sites ranged from 61% to 90%
(mean 79%). Tree height was measured with a clinometer
and measure-tape, and ranged from 15 to 33 m (mean
22 m) in our sites.

We collected H. splendens samples from June 24th to
August 2nd 2019. Samples were collected along transects,
at 0, 5, 10, 20, 30, and 50 m from the forest edges into the
forest interiors, with 0 m located at the first tree trunks of
the forest patch (Figure 1b). The locations at 50 m from
the forest edge was considered as forest interior based on
previous studies in similar systems (Harper et al., 2015;
Hylander, 2005). Three moss samples (each with a mini-
mum of seven shoots), approximately 1–3 m apart
depending on the local terrain and vegetation, were taken
perpendicular to the transect at each distance. We only
selected moss patches growing on soil and avoided
patches under logs, right behind large trees, or on top of
rocks, which are known to have different microclimates
(e.g., Hylander, 2005; Schmalholz & Hylander, 2011).
Samples were air-dried after collection and rehydrated
before measuring.

We retrospectively quantified yearly growth of seven
randomly picked H. splendens shoots from each sample
(Figure 1c), resulting in 21 shoots at each distance along
the transect. We measured the segment length for 2016,
2017 and 2018, resulting in a total of 17,293 measure-
ments. We measured the yearly segment length between
the base of the segment to the apical tip using a ruler to
the nearest 1 mm (Appendix S1: Figure S1a). Since some
segments were broken and degraded, we also measured
the length from the start of the segment to the start of
the new years’ segment (Appendix S1: Figure S1b).
Based on the relationship between these two measures
on each segment, we imputed values of the length
for the segments that were broken (Appendix S1:
Section S1).

H. splendens quite frequently produces multiple seg-
ments in 1 year. We tested and confirmed that branching
was not influenced by distance from the forest edge
(Appendix S1: Section S2), suggesting that including shoots
with multiple segments did not influence our inferences
regarding edge influences. When multiple segments were
produced in 1 year (n = 3023), we recorded the total num-
ber of segments produced in each year andmeasured one of
the segments per year per shoot, since shoots were mostly
very similar in length, and used this in further analyses.

Spatial variation in drought intensity

We determined drought intensity across the study area
based on a novel high temporal–spatial resolution dataset
called HIPRAD (HIgh-resolution Precipitation from
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gauge-adjusted weather RADar, Berg et al., 2016; van de Beek
et al., n.d., Figure 1b). HIPRAD is a high spatio-temporal
resolution weather radar dataset (15 min; 2 km), in which
non-precipitation echoes are systematically filtered out,
and the data are homogenized to a gridded station-based
dataset. We calculated two drought indices: First, we
summed the total precipitation during the period
1 May–31 August 2018. Second, we counted the number
of days with rain, assuming that the number of days
when a moss is hydrated may be more important for
growth than the total rainfall. We included only days
with rainfall of more than 3 mm, to prevent interference
of possible non-precipitation echoes left in the data
despite automatic methods to remove such noise.

Statistical analyses

All statistical analyses were conducted in R version
1.2.5019 (R Core Team, 2021).

Between-year variation in drought intensity

To test whether edge effects were greater in the drought
year than in the two non-drought years, we modeled
moss growth as a function of distance from the forest
edge in interaction with year. We used a linear mixed
effect model using the lme4 package (Bates et al., 2015)
and included site, sample and individual shoot as nested
random effects. We log-transformed the distance from
the forest edge (e.g., Govaert et al., 2020; Meeussen
et al., 2021), after adding an increment of 2.5 to be able to
handle zeros in the log-transformation. We performed a
post hoc test with a Tukey correction to compare slopes
between years, using the lstrends function from the
lsmeans package. The relationship between moss growth
and distance to the forest edge is both driven by the mag-
nitude and the depth of edge influences. To further
explore which aspect of edge influences that changed
during drought, we conducted separate analyses to quan-
tify magnitude and the depth.

To test if the magnitude of edge influence was
enhanced in the drought year, we calculated the relative
reduction in growth at the forest edge compared to in the
forest interior in all sites for the 3 years using the following
formula: strength = (i − e)/(i + e), where i is mean growth
in the forest interior (50 m) and e is mean growth at the
edge (0 m) (Harper & Macdonald, 2011). H. splendens was
absent at 0 m in three sites. For these sites, we imputed
growth at the forest edge based on moss growth at 5 m
from the forest edge (Appendix S1: Section S3). We then
modeled magnitude of edge influence as a function of year

and included site as a random effect. To test whether
canopy structure could buffer the magnitude of edge
effects during drought, we included canopy cover and tree
height of the forest-patch interior in the models in interac-
tion with year. We only tested buffering effects for the
magnitude of edge influences and not for models on moss
growth in order to avoid models including three-way
interactions. We conducted post hoc tests with a Tukey
correction to compare the magnitude of edge influence and
slopes from the significant interaction terms, between years,
using themultcomp and lsmeans packages, respectively. We
assumed a Gaussian distribution after checking the resid-
uals. Since we modeled only the mean magnitude value for
each site, we included 1/SE as weights in the model to
account for differences in standard errors of estimates, with
SE being the standard error around the mean growth at the
edge and in the forest interior combined.

To test if the depth of edge influence was greater in the
drought year, we used three different approaches out of the
many different methods that have been proposed to calcu-
late this property of edge influence (e.g., Chen et al., 1995;
Harper & Macdonald, 2011; Hylander, 2005; Meeussen
et al., 2021; Pohlman et al., 2009; Toms& Lesperance, 2003).
First, we determined the furthest distance from the edge that
was different from the interior, by contrasting the distances
0–30 to 50 m using the emmeans package. We did this sepa-
rately for each year and included site and sample as random
effects. The downside is that estimates will not be precise,
since it is restricted to the distances measured in the field
and is based on statistical difference rather than effect size.
Second, we estimated the breaking point in a piece-wise
linear regression using the package Segmented (Muggeo,
2017) for the 3 years separately. Third, we fitted aMichealis-
Menten curve to the data for the different years and esti-
mated where two-thirds of the asymptote was reached in
each year. For this, we used the nlme package for non-linear
mixed effect models (Pinheiro et al., 2022) with growth as a
function of d + (a × Distance)/(b + Distance). We esti-
mated the parameters a, b, and d for the different years, and
let d change with site, sample, and shoot (in other words,
this was a nested random intercept).

Among-site variation in drought intensity

To test whether edge effects were related to differences in
drought intensity among sites in 2018, we modeled moss
growth in 2018 as a function of distance from the forest
edge (log-transformed) in interaction with either summer
precipitation or the number of days with rainfall. To test
if canopy cover and tree height modified edge effects in
2018, we included their interactions with distance from
the forest edge in the models. We conducted a linear
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mixed effect model and included site and sample as
nested random effects. We added segment length of the
previous years (mean of 2016 and 2017) as a covariate in
order to account for differences in factors influencing
growth among and within sites not included in the
model.

To test whether the magnitude of edge influence was
reinforced in sites that experienced more intense
drought, we modeled the magnitude of edge influence
values (calculated as described in section Between-year
variation in drought intensity) in 2018 as a function of the
total precipitation in one model, and the number of days
with rainfall in another. To test if canopy structure buff-
ered the magnitude of edge effects during drought, we
included canopy cover and tree height in the models in
interaction with the precipitation measures. We included
1/(SE of the interior and edge moss growth values) as
weights.

For all models, we standardized continuous explana-
tory variables (total precipitation, number of days with
rainfall, canopy cover, and tree height). This was done,
for each observed value, by subtracting the mean and by
dividing by the standard deviation, using the scale() func-
tion. A correlation matrix between the explanatory vari-
ables can be found in Appendix S1: Table S1. We checked
model assumptions using the Performance and the
DHARMa package (Hartig, 2020; Lüdecke et al., 2021).
We obtained adjusted R2 values for the linear models
from the summary output, and for the linear mixed effect
models using the MuMIN package (Barton, 2009). We
present the conditional and marginal R2 values for the
mixed effect models.

RESULTS

Between-year variation in drought
intensity

We found negative edge effects, in terms of reduced moss
growth toward the forest edge, in all years (Appendix S1:
Table S2, Figure 2a). Moss growth in the drought year
2018 was lower at all distances from the edge compared
to the two non-drought years (2016 and 2017), but the
reduction in moss growth in 2018 compared with the two
other years and was larger toward the forest edge than in
the forest interior (Appendix S1: Table S2, Figure 2a). A
post hoc test confirmed that edge-to-interior gradients in
moss growth were steeper in 2018 than in the other
2 years (p < 0.001).

The magnitude of edge influence was greater in 2018
compared to the pre-drought years (Appendix S1:
Table S3, Figure 2b left). Forest interior canopy cover

interacted with the magnitude of edge influence in 2018.
In sites with relatively open canopy, the edge influence
in 2018 was more than twice that in the non-drought
years, whereas in sites with denser canopy cover the
difference was minimal (Appendix S1: Table S3,
Figure 2b right).

Estimates of the depth of edge influence ranged
between 17 and 34 m. We found no consistent effect of
the drought year on the depth of edge influence and the
different approaches used suggested different rankings of
the three different years (Figure 2c).

Among-site variation in drought intensity

Total rainfall during the summer 2018 ranged from
142 to 272 mm (mean = 201 mm) across sites and the
number of days with rain more than 3 mm ranged
from 12 to 27 (mean = 19). We did not find a signifi-
cant main effect of drought intensity on moss growth
among the sites in the drought year. However, there
was an effect of the interaction between number of
days with rain (but not total precipitation) and dis-
tance to the forest edge on moss growth, with stronger
effects of edges at sites with high drought intensities
(Appendix S1: Table S5, Figure 3a). In both models,
we found negative interactive effects of distance to the
forest edge and canopy structure on moss growth in
2018, indicating that dense canopy cover and high
trees buffered edge effects on moss growth during
the drought year (Appendix S1: Tables S4 and S5,
Figure 3b,c).

We detected no effects of spatial variation in drought
intensity variables on magnitude of edge influence, but
the magnitude of edge effects in 2018 was reduced by tree
height (Appendix S1: Tables S6 and S7).

DISCUSSION

We successfully applied a novel method that utilized
the annual growth pattern of the understory moss
H. splendens to investigate how an extreme drought
affected microclimatic edge influences. We showed that
edge influences were much stronger during a drought
year compared to two non-drought years, while evi-
dence of whether the effect penetrated deeper into
the forest was conflicting. Similarly, across a spatial
drought intensity gradient, edge effects were stronger in
places that had fewer days with rainfall. Finally, we
show that microclimatic edge effects during the drought
year were less pronounced in forest patches with denser
canopies.
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Between-year variation in drought
intensity

Our results show that extreme climatic events can rein-
force edge effects in the forest understory. Sunny, warm,
and windy days have previously been shown to increase
the magnitude of microclimatic edge effects (e.g., Chen
et al., 1995; Gignac & Dale, 2005; Schmidt et al., 2017), as
have air humidity (e.g., dry season vs. wet season,
Pohlman et al., 2009), and the contrast between open
habitat and the forest edge (the offset) is larger when
temperatures are higher (Meeussen et al., 2021).
However, between-year variability in edge effects and the
impact of extreme events remains unknown. The edge
gradients in moss growth, assumed to reflect microcli-
mate gradients, in our study were steeper in the drought

year compared to the regular years, and the magnitude of
edge influence was almost twice as large. This is likely
due to the enhanced cumulative solar radiation, warmer
temperatures, and desiccating winds penetrating at forest
edges during episodes with unusually dry and sunny con-
ditions (Chen et al., 1995; Gignac & Dale, 2005; Schmidt
et al., 2017). The reinforcing effect of the drought year on
the magnitude of edge effects was particularly profound
in forests with low canopy cover, and less so in forests
with denser canopies. The reason behind that pattern is
likely to be that higher canopy cover buffers effects of
drought due to shielding of incoming solar radiation
(De Frenne et al., 2021). Unfortunately, we did not have
estimates of how canopy cover changed from edge to
interior in each site. Such data could have further helped
in explaining variation in edge-effects between sites, and
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F I GURE 2 Edge influence on moss growth in the three different years. (a) Showing the predicted relationships between growth and

distance from the forest edge from our models and the raw datapoints (the mean growth for each site at each measured distance).

Significance is indicated top left in the plot as ***p < 0.001. See Appendix S1: Table S2 for further statistical inference. (b) The magnitude of

the edge influence (MEI) in (left) different years and (right) related to forest canopy cover. MEI was calculated as the relative growth

reduction at the forest edge (0 m) compared to the forest interior (50 m). Significance is indicated top left, and further statistical inference,

such as slope estimates, can be found in Appendix S1: Table S3. (c) Estimates of the depth of edge influence (DEI) for the different years

using the different methods: (left) the pairwise comparison, (middle) the breaking point in a piece-wise regression, (right) the curve fitting

method where DEI is estimated as 2/3th of the asymptote. The dashed vertical lines indicate the estimated depth and the exact estimates are

shown in the gray boxes. N = 46.
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the lack of these data may have caused some noise and
unexplained variation in our models.

In contrast to our hypothesis, we did not find any
conclusive evidence that the depth of edge influences dif-
fered between drought and non-drought years, but results
differed between the different methods used to calculate
the depth of edge influence. Previous studies found
deeper edge influences during sunny and dry conditions,
and in the dry season compared to wet season (Chen
et al., 1995; Pohlman et al., 2009). However, windspeeds
were also significantly larger in those cases, making it
hard to disentangle if it was drought or windspeed that
drove these patterns, since wind is a large driver of depth
of edge influences by affecting evapotranspiration and
enhancing conductivity for heat and gasses (Chen et al.,
1995; Cienciala et al., 2002; Davies-Colley et al., 2000;
Schmidt et al., 2017). On the contrary, deeper edge influ-
ence in places with a cooler climate has also been
reported (Meeussen et al., 2021). The fact that results dif-
fered depending on the method used, suggests that values
of depth of edge influence should be interpreted with
some care when studies base their estimate on only one
method. The depth of edge influence is intrinsically diffi-
cult to measure, since by definition the difference
between places influenced by the edge and the true
interior, and thus statistical power to detect effects,
become smaller and smaller when moving from the
edge (using the pairwise comparisons and the breaking
point method). Curve fitting methods handle this prob-
lem better, but depend instead on assumptions, as well
as choices about which model to select and which pro-
portion of the asymptote reached to be considered

interior conditions. An important aspect of depth of
microclimatic edge influence in relation to biodiversity
is that the sensitivity may differ between species, micro-
climate variable tested, and forest type (e.g., Boucher
et al., 2011; Meeussen et al., 2021; Schmidt et al., 2017).
Bearing these methodological problems in mind, all our
values were between 17 and 34 m, which are commonly
reported depths of edge influences in similar forests
(Harper et al., 2015; Hylander, 2005).

Among-site variation in drought intensity

Spatial variation in drought intensity and canopy struc-
ture among sites, influenced the strength of edge effects.
In sites that experienced more days with rain during the
drought, edge effects were smaller, further supporting
our conclusion that drought reinforces microclimatic
edge effects. Sites with denser canopy cover and higher
trees displayed weaker edge effects during the summer of
2018, again highlighting the role that canopy structure
can play in buffering drought effects at forest edges. How-
ever, high canopy cover seemed to negatively affect moss
growth in the interior. This needs further scrutiny, but
might be due to light limitations in the most shaded
places, and could suggest a potential trade-off between
suitable microclimates during extreme events and opti-
mal light conditions. The number of days with rain was
more important for moss growth at the forest edge than
the summed summer precipitation during the drought,
presumably because it determines the number of days
suitable for growth. We did see clear effects of summer
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F I GURE 3 Interactive effects of distance from the forest edge and drought intensity, as well as canopy structure, on annual moss

growth during the drought year 2018. (a) The interaction with the number of days with rain in 2018. (b) The interaction with canopy cover.

(c) The interaction with tree height. Estimates for the interaction terms are shown top left in each plot and significance is indicated as

**p < 0.01, *p < 0.05. For further statistical inference, see Appendix S1: Table S5. N = 46.
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precipitation in combination with forest edge exposure in
another study in the same landscape on the presence of
rare and sensitive understory species (Koelemeijer et al.,
2022). This highlights that it is difficult to find one
drought index that similarly well explains biological
responses of different species.

Implications for conservation and forest
management

Climatic extremes are important drivers of biodiversity
patterns, and are expected to become more frequent in
the coming decades (Maxwell et al., 2019). The negative
effects of an increased frequency of climatic extremes on
biodiversity might be exacerbated by ongoing changes in
land use. One example of such potentially important, but
little studied, interactive effects, is climate driven tempo-
ral variation in edge influences. Edge effects are likely to
become stronger with climate change. Thus, the results
of our study suggest that reducing the amount of edge
habitat should be an even more important goal in conser-
vation planning when also adapting forest biodiversity
conservation to climate change (see also Hylander et al.,
2022). Taking actions to protect forest patches of high
conservation concern from edge influences, for example
by creating buffer zones around them, is already men-
tioned as example of important measures (Lundström
et al., 2018). In light of our results, we further recom-
mend forest managers and conservationists to increase
the microclimate buffering efficiency of buffer zones by
increasing their canopy cover, tree height, and using
tree species with a high shade casting ability (Garrett
et al., 2021).
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