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Abstract

Vaccinium myrtillus is a foundation species and of high importance for ecosystem functions and services in many eco-
systems of boreal Europe. Climate change now threatens the integrity of these cold-adapted ecosystems, with droughts
and heat waves expected to increase in both frequency and intensity. In this study we investigated the occurrence of
drought damage (desiccated twigs and mortality) on V. myrtillus ramets following several years with spring and/or summer
droughts in southern Sweden. From the 26 524 ramets that were classified according to vitality, 21% were either dead or
had more than 50% dead biomass. The proportion of damaged ramets varied according to forest structure and soil mois-
ture. The impact of forest density was strongly dependent on tree species composition. While the proportion of damage
decreased with forest density in forest dominated by Pinus sylvestris, it increased with density in forest dominated by
Picea abies. Additionally, the proportion of damaged ramets was higher on elevated microhabitats such as rocks or stumps,
and lower where V. myrtillus co-occurred with hygrophytic bryophytes. Damage was also inversely related to thickness of
the humus layer. While the long-term effects on both V. myrtillus and the ecosystem remain largely unknown, our results
indicate that climate change may have considerable direct impacts on this species. Importantly, our results indicate an
interaction between climate change and forest composition, suggesting that forest management could potentially mediate
the effects of droughts by altering tree species composition.

Keywords Bilberry - Dwarf shrub - Global change - Understory vegetation - Taiga

Introduction

Ericaceous dwarf shrubs are recognized as foundation spe-
cies in the boreal biome due to their high copiousness and
importance for ecosystem functions and services (Nilsson
and Wardle 2005). In northern Europe, the forest floor vege-
tation is often dominated by Vaccinium myrtillus (bilberry).
For example, it accounts for approximately 28% of the total
ground cover of vascular plants on forestland in Sweden
(SLU 2023). Due to its high abundance, this species plays
an important role in multiple ecosystem functions and pro-
cesses and provides a wide range of ecosystem services. For
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example, it can contribute substantially to net primary pro-
duction and ecosystem-level carbon sequestration (Nilsson
and Wardle 2005; Wardle et al. 2012). Further, it provides
sustenance for many forest species (Atlegrim 1989; Lakka
and Kouki 2009; Selés et al. 2011). For example, V. myrtil-
lus constitutes a substantial share of the diet of large wild
ungulates (Felton et al. 2020; Spitzer et al. 2023), and the
quantity and quality of this species can influence popula-
tion growth of these animals (Selas et al. 2011; Spitzer et al.
2021). Additionally, it produces berries of large economical
and recreational value (Miina et al. 2010; Pouta et al. 2006).
However, during recent decades, the cover of this shrub spe-
cies has declined dramatically in southern Sweden (Hedwall
et al. 2019, 2021), and its ecosystem functions may now
be further threatened by global climate change, particularly
through more frequent and intense summer droughts (Ma et
al. 2012; Gutierrez Lopez et al. 2021).

The life-history traits of V. myrtillus, such as slow
growth and nutrient conservatism, likely make it sensitive
to changes in disturbance regimes and nutrient cycling.
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Declines in dwarf-shrub-dominated heathlands across
Western Europe over the last century are associated with
high levels of anthropogenic nitrogen deposition (Bobbink
et al. 2010), but nitrogen deposition is probably only one
of several factors contributing to the decline of V. myrtil-
lus in southern Sweden (Hedwall et al. 2016; Hedwall et
al. 2019; Hedwall et al. 2021). Because declines also occur
outside areas with high nitrogen deposition, other drivers
are likely involved, including intensified forest management
(Reinkainen et al. 2000; Hedwall et al. 2016; Hedwall et al.
2019). For example, forest density and tree species compo-
sition typical of conifer production forests strongly influ-
ence both the abundance (Hedwall et al. 2025) and growth
(Juvany 2023) of this species. Much less is known about the
effects of climate change, but these effects likely depend on
where the species is positioned within the species’ climatic
envelope. In the (sub-)Arctic, at the cold end of its climatic
envelope, warming has been shown to have positive effects
on fitness and growth (Taulavuori et al. 2013; Ndah et al.
2024), whereas further south in the boreal zone, responses
to increasing temperatures appear to be more variable (e.g.
Hedwall et al. 2015; Hedwall et al. 2021).

Climatic anomalies, including extreme events such as
droughts and prolonged heat waves, are expected to become

more common under global warming (IPPC 2023). Despite
the observed effects of increasing frequency and severity of
droughts on boreal ecosystems (Ma et al. 2012; Gutierrez
Lopez et al. 2021), the knowledge on their ecological con-
sequences is limited to the effects on trees, while research
elucidating the effects on understory plants is essentially
missing. The few existing studies indicate that the photo-
synthetic apparatus of dwarf shrubs is considerably more
drought-sensitive than that of the tree component of boreal
forests (Palmroth et al. 2019; Mielke et al. 2022). Addition-
ally, two studies report changed chemical composition as
an effect of drought stress. These changes include increas-
ing carbon concentration, while many other macro elements
decrease (Urbina et al. 2015), and increased degradation of
chlorophyll and oxidized proteins (Taulavuori et al. 2013),
most likely as an effect of accelerated leaf senescence in
this deciduous plant (Fig. 1). Overall, these findings suggest
that dwarf shrubs exhibit high drought sensitivity and may
be more strongly influenced by global warming than trees.
Southern Sweden has recently experienced several years
with relatively low precipitation and some severe droughts
during spring and early summer (Fig. 2). Associated with
this an increased frequency of wilted V. myrtillus ramets
(Fig. 1) has been observed in subsequent years (authors’

Fig. 1 A healthy Vaccinium myrtillus ramet (left), and a ramet with desiccated twigs (right). Illustration: Linnea Felton
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Fig. 2 Map of northwest Europe
(Natural Earth 2025) showing a
Sweden in dark grey and the
study area within the red frame
(a); satellite photo of a landscape
window (Google 2025) with one
of the stands used in the study
(b); and a diagram of the plot
layout (c). In (b), the blue lines
indicate the stand borders and
the 10 m buffer inside of which
the plots (yellow points) were —
randomly allocated. In (c¢), three
subplots were placed at 2 m
distance from the plot centre in a
systematic way within each plot.
In case there were less than 10 _ ; ]
ramets in any 0.5 by 0.5 m area -
in these predefined locations, the
plot and subplots were moved to
the closest place that fulfilled this !

requirement bl

personal observations). Although direct evidence for a
causal relationship between the measured low precipitation
and the wilted V. myrtillus ramets is lacking, this neverthe-
less provides a unique opportunity to quantify the occur-
rences of wilted ramets.

The forest tree layer, including tree density or forest
canopy cover and tree species composition, has a strong
influence on the understory microclimate (Diaz-Calafat et
al. 2023; Zhang et al. 2024), with anticipated effects on the
survival and fitness of understory plants during extreme
climatic events like droughts. For instance, V. myrtillus
usually has its lowest coverage in young forest (Hedwall
et al. 2025), likely related to stress induced by the extreme
climatic conditions during the years immediately following
stand-replacing disturbances such as clear-felling. Likewise,
small-scale variation in soil moisture content and microto-
pography can be expected to influence the drought effects
on understory plants (Koelemeijer et al. 2024).

The objective of this study was to improve our under-
standing of the effects of drought on V. myrtillus, and
more specifically, how drought-related damage may vary
along gradients of forest structure and soil conditions. We
expected wilted ramets to be less common in sites with
higher soil moisture, in older forests, and under denser,
and more shade-casting tree canopies, due to the protection
against direct sun light and buffering from extreme tempera-
tures (Diaz-Calafat et al. 2023).

20 3
Diata sousrce: Natural Eari

Methods
Study area

This study was conducted in the central parts of southern
Sweden (Figs. 2a and 15°E 57°N), at the border between the
hemiboreal and southern boreal vegetation zones accord-
ing to Ahti et al. (1968). The study area is dominated by
coniferous tree species (Picea abies, Pinus sylvestris) com-
monly mixed with varying amounts of deciduous tree spe-
cies (e.g., Betula sp., Populus tremula, Salix sp.) and most
forest is managed by rotational clear-cutting or by shelter-
wood cutting and regenerated either by planting or natural
regeneration.

Climate data were accessed from the Swedish Meteo-
rological and Hydrological Institute (smhi.se), and the two
closest weather stations, Kosta and Orrefors, depending
on variable and data availability. Both stations are located
within 30 km from all forest stands used in this study (see
below). The yearly precipitation sum is 647 mm and mean
annual temperature 6.9 °C (average 1991-2020). During the
winters 2018-2023 snow cover was highly variable, with
long snow free periods, and the snow depth rarely exceeded
25 cm (Fig. 3a). During this period the precipitation pat-
terns were characterized by less-than-normal precipitation
in spring and early summer (Fig. 3b). The monthly precipi-
tation sums for April, May, or June in these six years slightly
exceeded the 1981-2010 average at only three occasions:
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temperatures during these years were generally warmer than

the average for 1971-2000, especially during the winters
(Fig. 3¢).

Data collection

Stands were randomly selected from a database of 7 343
stands located on mineral soils excluding sites on peaty
soils (>50 cm peat depth) supplied by the forest company
Sveaskog, the largest forest owner in the region. Based on
information about the stand basal area and tree species com-
position the selection of stands was stratified with the aim of
including stands representing gradients in basal area (0—40
m?) and tree species composition (0-100% of spruce), and
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all combinations of these gradients. This resulted in a final
set of 162 stands.

Prior to the inventory, four plots per stand were randomly
selected, each ensuring a 10 m buffer from the stand borders
(Fig. 2b). In most cases the three plots per stand that were
closest to a road were used, but the number of plots varied
between one and four to use the time as efficiently as possi-
ble. All data were collected by one person during the period
from the end of May until the end of June 2023. Plots were
localized by a hand-held GPS. When the centre of the plot
was identified, the surroundings were visually inspected to
ensure that there was at least one 0.5 by 0.5 m area with at
least ten ramets of V. myrtillus within a three m radius from
the plot centre. If this criterion was not fulfilled, the plot
centre was adjusted until the aforementioned criteria were



Plant Ecology (2026) 227:49

Page50f9 49

fulfilled, while maintaining the 10-meter buffer to the stand
edge. In cases adjustments were made, the new coordinates
for the plot centre were noted. Once the centre of the plot
was located, the basal area per tree species was estimated
with a relascope for each plot and used to calculate total
basal area and relative tree species composition.

At each plot ramets were inventoried in a maximum
of three 0.5 by 0.5 m subplots per plot (Fig. 2¢). If there
were more than three potential places for subplots within
3 m from the plot centre, they were systematically placed
in three directions, each at a distance of 2 m from the plot
center. If there were fewer than three positions fulfilling the
criteria within the plot, one to two subplots were placed
wherever the criteria (>10 ramets) were fulfilled. In total,
this resulted in data collected from 87 stands, 259 plots and
671 subplots.

In each subplot, we visually classified all ramets accord-
ing to their level of damage into four classes: less than 10%
of the ramet biomass dead, 10-49% dead, 50-99% dead, and
100% dead. Classification was based on whether the ramet
had leaves, and on the coloration of the ramet stem and
twigs (Fig. 1). As V. myrtillus ramets sometimes take red or
brown colours without being dead, calibration was done by
cutting and breaking ramets of different colouration to esti-
mate their vigour. This was also repeated during the inven-
tory whenever there were uncertainties about ramet status.
In connection to the classification of ramets, the proportion
of browsed ramets was estimated, and humus layer thick-
ness was measured with a steel scale in the centre of the sub-
plot. It was also noted if the subplot was placed in a clearly
elevated microhabitat, such as a rock or old tree stump, and
if there were bryophytes of the species Polytrichum com-
mune and/or genus Sphagnum in the subplot as these are
easy to identify and good indicators of moist microhabitats
(hereafter referred to as hygrophytic bryophytes). Addition-
ally, data on soil moisture were extracted from the SLU Soil
Moisture Map (Lidberg et al. 2017), which is based on dif-
ferent field and remote sensing data sources. This map gives
a soil moisture value from zero to 100, where 100 indicates
the wetter end of the gradient. The resolution of the index
is 2 by 2 m and here we used the average value for the 3 m
radius around the plot centre.

Data analysis

All data management and analyses were done in R ver-
sion 4.3.0 (R _Core_Team 2023). We used a Generalized
Linear Mixed Model (GLMM) to estimate the effect of a
set of predictors on the drought damage. This model was
built as a Hurdle model combining a set of predictors for
the proportion of damaged ramets larger than one, and a set
of predictors for the presence/absence of damage due to the

abundance of zeros in the response variable. The GLMM
was performed by the glmmTMB function in the package
with the same name (Brooks et al. 2017), with a beta error
distribution for the proportional part of the model, and with a
binomial distribution for the presence/absence part (formula
for zero inflation in glmmTMB), all with logit link-func-
tions. The full model contained the same set of predictors
in both the beta and binomial parts. Continuous predictors
were forest density estimated by the basal area of trees and
the proportion of P. abies, both on plot level, as well as the
interaction between these two variables, the total number of
ramets in the plot, the proportion of browsed ramets in the
plot, soil moisture, humus layer thickness, and forest age
(extracted from the stand database). The proportion of P,
abies and the interaction with forest density were included
in the model as we expected the positive effect of forest den-
sity to be stronger under the more shade casting P. abies
than under P. sylvestris and most broadleaf species (domi-
nance by Betula sp.) in our stands (Verheyen et al. 2012).
Additionally, the presence of hygrophytic bryophytes and
whether the subplot was located on an elevated spot or not
were used as factorial variables to test for variation among
dry and moist microhabitats. All continuous variables were
standardized prior to modelling by subtracting the mean and
dividing by the standard deviation. To not over-parameter-
ize the binomial part we simplified the model in a backward
selection procedure (a=0.05), while all variables were kept
in the beta part. Both stand and plot were initially evalu-
ated as random effects. Stand did, however, account for a
minor part of the variance, which is why this variable was
excluded.

The model was evaluated by plotting the residuals from
the simulateResiduals function in the DHARMa package
(Hartig 2018). Prior to modelling, we ran correlation tests
between all our continuous variables, and performed a t-test
of these as an effect of the factor variables to detect potential
multi-collinearity issues. Later we also calculated variance
inflation factors for both the full and final models. None of
these analyses revealed any problems due to multi-collin-
earity. As we were mainly interested in damage with con-
siderable functional and fitness implications, we decided to
include only the damage classes with >50% desiccated bio-
mass. Models based on the proportion of ramets with >50%
desiccation (the two most damaged classes together), or the
proportion with 100%, were very similar, but the former
showed slightly better residuals, which is why we decided
to present results from this model only.
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Results

In total 26 524 ramets were classified according to vital-
ity. The maximum number of ramets in a subplot was 181.
Across all subplots on average 67% (range min-max: 0-100)
of the ramets had less than 10% dead biomass, 11% (range:
0-70%) were moderately damaged (10-50% dead), and
5% (range: 0-50%) were more severely damaged (50-99%
dead), while 16% (range: 0-94%) were entirely dead.

Our results show that severe desiccation damage (50—
100% of ramet dead) was less likely to occur when bil-
berry co-occurred with hygrophytic bryophytes (P=0.029,
Fig. 4b, Online information Table SI 1)), while the propor-
tion of damaged ramets was unrelated to their occurrence
(P=0.516, Fig. 4a). The proportion of damaged ramets
increased with the proportion of browsed ramets (P=0.013)
and was higher at elevated microtopography (£<0.001),
while it tended to decrease with increasing thickness of the
humus layer (P=0.051). Both the proportion of damaged
ramets (P<0.001) and the probability of damage (P<0.001)
increased with the total number of ramets in the subplot.
There was no significant effect of forest age (P=0.996)
or soil humidity (P=0.487) on the proportion of damaged
ramets, while the probability of finding damaged ramets
increased with forest age (P=0.020). The probability of
finding damaged ramets increased with the proportion of P
abies (P=0.001) and decreased with forest density, although
this main effect was only borderline significant (P=0.049).
Moreover, there was a significant interactive effect between
trees species composition and forest density (P<0.001) on

@ Springer

05

° ° °
N w =

Proportion dead ramets

=]

Proportion of Picea abies

0051

0.0

) 70 % 0 a0
Total basal area (m? ha™")

Fig. 5 Predicted proportions of >50% dead Vaccinium myrtillus
ramets (+95 CI) depending on tree basal area and proportion of Nor-
way spruce. The other continuous variables were kept at their mean,
while the factors were set to no raised elevation and no hygrophytic
bryophytes

the proportion of damaged ramets. The proportion of dam-
aged ramets decreased with forest density in forests domi-
nated by P. sylvestris (supplemented by small amounts of
broadleaf trees), while the proportion increased with density
in forest dominated by P. abies (Fig. 5).
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Discussion

This study shows that V. myrtillus ramets, at least locally,
have suffered from considerable mortality or biomass loss
during recent years. Additionally, it demonstrates, for the
first time, that this mortality varied across a forest landscape
along gradients in soil moisture and overstory density, as
well as tree species composition, which has implications
both for our interpretation of the potential causes of this
damage and for management recommendations.

The microclimatic buffering of forest overstories on the
understory environment, i.e. the extent to which the maxi-
mum temperature under tree canopies is lower than in an
open area, is largely dependent on the density or canopy
cover of the overstory, with a larger buffering effect in dense
forests (Diaz-Calafat et al. 2023). Hence, we expected less
frequent damage under closed canopies than in more open
environments, and that the positive effect of forest density
is stronger under more shade casting tree species (Verheyen
et al. 2012). In our case, this would mean greater buffering
effect in forest dominated by P. abies than in forest domi-
nated by P. sylvestris (and to a small extent Betula sp.). This
expectation was only partly confirmed. While the proportion
of damaged ramets decreased with increasing forest density
in plots dominated by P. sylvestris, the opposite pattern was
found for P. abies. The effects on understory communities
from tree canopies goes, however, far beyond the easily
observed effects on the light environment and microclimate
(Balandier et al. 2022). Trees can exhibit strong asymmetri-
cal competition (i.e., amensalism) for water on understory
plants, and trenching in P. abies forest can mitigate drought
effects on seedlings growing beneath the tree canopy
(Ammer 2002). Competitive effects from trees do, however,
vary considerably depending on the tree species due to dif-
ferences in water use, rainwater interception, as well as root
morphology and distribution. Although both our dominant
tree species are water conservative evergreen conifers, and
intercept relatively large proportions of the rainfall in com-
parison to most broadleaf trees, there is no clear evidence
that our tree species differ in these aspects (Barbier et al.
2009; Pflug et al. 2021). Their root systems are, however,
morphologically different with P. abies having more shal-
low root systems than P, sylvestris (Kalliokoski et al. 2008),
which may imply that the former is a stronger competitor
for soil resources in the rooting zone of V. myrtillus. The two
tree species also differ largely in light transmittance with
much higher light availability for the understory community
in P, sylvestris than P. abies forests (Barbier et al. 2008). We
can therefore not exclude that part of the observed mortality
in P. abies dominated plots is due to light deprivation.

Snow removal experiments have shown that V. myrtil-
lus can suffer from desiccation when unprotected by snow

during cold weather (Taulavuori et al. 2013). As snow depth
often is smaller in dense forest than open (Winkler et al.
2005) there is a possibility that the effects in our study, with
more damage in dense forest, are an effect of less protec-
tion by snow during frost events rather that drought. Our
study area had very little snow also in open areas (often
none or less than 10 cm) during the years prior to our inven-
tory and it is thus unlikely that this may have caused the
observed variation in damage. In addition, dense canopies
buffer extreme temperatures like frost events (Diaz-Calafat
et al. 2023) which would counteract an increased exposure
due to lower snow cover beneath such canopies. Neverthe-
less, these uncertainties call for controlled experiments on
drought effects on V. myrtillus, as well as on other boreal
plant species, preferably under varying light availability and
belowground competition.

In addition to the tree layer, variation in ramet damage
was also associated to soil moisture conditions, and we found
less damage in subplots with thicker humus layer (higher
water holding capacity) and where hygrophytic bryophytes
occurred, while more damage was found in elevated micro-
habitats such as rocks or old tree stumps. These results indi-
rectly support our assumption that the damage observed was
mainly a result of drought. In contrast, damage was unre-
lated to the soil moisture index. This may seem surprising,
but it is possible that damage varies on a finer scale than
the resolution of this remote sensing derived index, or that
this index does not reflect the actual water availability that
understory plants experience, especially during drought. To
our knowledge, this is also the first time this index has been
used in relation to understory plants.

The likelihood of finding damaged ramets increased with
the total number of ramets in the subplot. Including ramet
density accounts for potential stochasticity in the occur-
rence of damaged ramets, and that the probability of finding
a damaged ramet just by chance will increase with increas-
ing abundance of ramets. However, since the proportion of
damaged ramets also increased with ramet density, it is more
likely that this is an effect of competition, and that damage
may be elevated by intra-specific competition for water, or
by high density of ramets from the same individual plant.

Damage was greatest in forest types that typically have
low cover of V. myrtillus (Hedwall et al. 2025). As such,
the damage may have less functional impact (e.g., for her-
bivores) on the landscape level than if more widely dis-
tributed. However, if successional recovery of V. myrtillus
following stand-replacing disturbances (e.g., clear-felling)
is severely constrained in suboptimal habitats, this slow-
dispersing species may fail to recolonize sites before the
next harvest cycle, leading to local extinction and reduced
landscape-level occupancy.
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The long-term effects of drought damage on V. myrtillus
and associated ecosystem services will depend on the ability
of the clones to compensate for the lost biomass. Vaccinium
myrtillus has shown relatively strong potential to recover
from other types of disturbances (Nielsen 2007), but as far
as we know its potential to recover from drought damage
has not been studied and remains a knowledge gap.et al.

Vaccinium myrtillus have decreased in abundance
in Fennoscandian forests during the last half-a-century
and increasing forest density and higher proportion of P,
abies are suggested to be important drivers of this change
(Reinkainen et al. 2000; Hedwall et al. 2019). Besides direct
effects on the light regime from increased canopy cover,
our results also stress the potential importance of changed
belowground competition, and that such effects may be
exacerbated by drought. Whether the potential interaction
between climate change and forest management contributes
to the observed declining abundance of V. myrtillus in Swe-
den is unknown, but it may well be something to consider
in future management decisions. As our results indicate
considerably less damage in mixed or pure P. sylvestris for-
ests than in pure P. abies forests, even at high stand den-
sity, management that promotes a high proportion of pine or
results in mixed forest stands may better maintain ecosys-
tem services associated with V. myrtillus.
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