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Abstract
As spatially fine-scale foraging decisions are intrinsic to browsing herbivores such as deer, the search and selection of indi-
vidual plants may be shaped by the density of neighbouring plants. However, how such neighbourhood effects may modify 
herbivore foraging decisions at different spatial scales is largely unexplored. Our main goal was to examine deer foraging 
preferences for tree species and seedling sizes, and to ask whether the spatial relationship of unbrowsed and browsed seedlings 
was indicative of different neighbourhood effects at the spatial scale of seedling neighbourhoods. We used two data sets from 
an old-growth temperate forest: (1) a seedling inventory and (2) fully mapped transect data, and applied a generalized linear 
mixed model and spatial point pattern analyses, respectively. We found that neighbourhood effects modified deer foraging 
behaviour depending on the proximity, density and species identity of neighbours, which, in turn, determined the strength 
and spatial extent of browsing impacts on tree seedlings. While sycamore maple seedlings experienced the highest levels 
of deer selectivity, deer were selective for European beech seedlings only within short distances. Beyond these distances, 
beech seedlings were browsed only opportunistically, as conspecific neighbours ceased to modify deer selectivity. Beech 
seedlings were also more susceptible to browsing within short distances from silver fir seedlings, indicating an associational 
susceptibility. As fir seedlings experienced strong and extensive density-dependent deer selectivity both near conspecific and 
beech neighbours, using such neighbourhood effects may not be a promising tool to prevent deer browsing on tree seedlings 
at the spatial scale of seedling neighbourhoods.

Keywords Deer browsing · Foraging behaviour · Seedling dynamics · Tree regeneration · Spatial point patterns · Deer diet 
preferences · Density-dependent effects · Plant–herbivore interactions · Associational effects · Deer herbivory · Old-growth 
forest

Introduction

The spatial distribution of food resources across a landscape 
and foraging behaviour is the main drivers of variation in the 
diet composition of ungulate herbivores (Beckerman and 
Oksanen 2005; Abbas et al. 2011; Massé and Côté 2012). 
Their foraging behaviour arise from decisions made at mul-
tiple spatial and temporal scales (Senft et al. 1987; Bailey 

et al. 1996). At the largest spatial scales, abiotic constraints 
such as physical landscape properties may be important for 
the selection of preferred habitats (Bailey et al. 1996; Mil-
chunas and Noy-Meir 2002), which typically form a dis-
contiguous mosaic of vegetation patches within a landscape 
(Abbas et al. 2011; Jarnemo et al. 2014). As a result, ungu-
late herbivores often exhibit selective foraging, described 
as a hierarchy of decisions that herbivores make at various 
spatial scales in order to locate a preferred habitat and effi-
ciently exploit food resources (Illius et al. 2002; Morellet 
et al. 2011).

Spatial variation in food availability and ungulate densi-
ties usually determine the spatial scale at which these her-
bivores are selective (Hjältén et al. 1993; Bee et al. 2009). 
For instance, ungulates may make foraging decisions at the 
spatial scales of larger vegetation patches such as forest 
stands (Hjältén et al. 1993), or at much finer scales corre-
sponding to individual plants and plant aggregations (Danell 
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et al. 1991; Miller et al. 2007). The former assumes that 
herbivores travel and select between patches (Arditi and 
Dacorogna 1988; Hjältén et al. 1993; Bergvall et al. 2006), 
with nutrient-rich sites being found through spatial memory 
(Fryxell et al. 2008; Gautestad et al. 2013) or visual cues, 
allowing herbivores to find and assess food sources from a 
distance (Zollner and Lima 1999). On the other hand, move-
ments and feeding within patches assumes that food selec-
tion and individual host-finding take place through different 
visual and olfactory cues at the scales of plant neighbour-
hoods (Tsegai et al. 2013; Hämback et al. 2014; Kim and 
Underwood 2015), involving confrontations with plant traits 
related to anti-herbivore defence strategies (Pellissier 2013; 
Ohse et al. 2017a), palatability and nutritional value (Alm 
et al. 2002; Storms et al. 2008; Abbas et al. 2011).

Recent findings on the foraging behaviour of browsing 
herbivores, such as red deer (Cervus elaphus L.) and roe 
deer (Capreolus capreolus L.), have shown that it is deter-
mined not only by the quality (i.e. species palatability), but 
also by the quantity (i.e. frequency and density) of focal 
and non-target neighbouring plant species (Bee et al. 2009; 
Milligan and Koricheva 2013; Bobrowski et  al. 2015), 
underscoring the role of frequency- and density-dependent 
neighbourhood effects in plant–herbivore interactions (Bar-
bosa et al. 2009; Hämback et al. 2014). As an example of 
heterospecific neighbourhood effects, a high forage qual-
ity of heterospecific neighbouring plants (e.g. herbs and 
palatable woody species) often leads to frequent browsing 
of the species in question (i.e. associational susceptibility; 
Bergvall et al. 2006; Häsler and Senn 2012). The pressure 
from browsing may be, on the contrary, relieved when attrac-
tive species grow near less palatable heterospecific species 
(Hjältén et al. 1993; Bee et al. 2009) and species providing 
alternative forage (Baraza et al. 2006; Perea and Gil 2014) or 
mechanical barriers to browsing (Maltoni et al. 2019), corre-
sponding to a situation when a species becomes more resist-
ant to herbivory near a “repellent” species (i.e. associational 
resistance; Tahvanainen and Root 1972; Atsatt and O’Dowd 
1976). These two types of associational effects are inherently 
frequency- or density-dependent, even though the outcomes 
of associational resistance and susceptibility are opposite, 
i.e. beneficial or detrimental to the focal plant (Barbosa et al. 
2009; Hämback et al. 2014; Kim and Underwood 2015), 
respectively. Similarly, conspecific neighbourhood effects 
may arise when the probability of herbivory increase or 
decrease with conspecific seedling density, resulting in 
resource concentration and dilution effects (Root 1973; 
Otway et al. 2005; Kim and Underwood 2015), respectively. 
Ultimately, if a resource concentration effect inhibits plant 
performance (e.g. growth and survival), this conceptually 
coincides with so-called Janzen-Connell effects, predicting 
that specialized herbivores and other natural enemies control 

the size of plant populations (Janzen 1970; Connell 1971; 
Forrister et al. 2019).

Although the concept of density and frequency depend-
ence was appreciated already in early studies of neighbour-
hood effects on plant–herbivore interactions (Tahvanainen 
and Root 1972; Root 1973; Atsatt and O’Dowd 1976), there 
has long been missing an explicit recognition of spatial 
scales at which different types of neighbourhood effects arise 
(Barbosa et al. 2009; Underwood et al. 2014; Champagne 
et al. 2016). At larger spatial scales, herbivores may be sub-
stantially compromised in their search for host plants and 
reduced to between-patch foraging decisions owing to their 
limited sensory ability to evaluate individual plant qualities 
(Hjältén et al. 1993; Hämback et al. 2009). However, the 
situation may be rather different at much finer spatial scales 
such as the scales of plant neighbourhoods (i.e. the scales at 
which the focal plant can be directly or indirectly influenced 
by neighbouring plants), because the motivation and sensory 
ability of herbivores to select individual plants may depend 
both on the density and distance between plants (Hämback 
et al. 2009; Underwood et al. 2014). Even though the role of 
plant spatial arrangement (i.e. variation in distance between 
plants) has already been tested in various experimental set-
tings (Bergman et al. 2005; Wang et al. 2010; Tsegai et al. 
2013), we generally lack spatially explicit evidence on fine-
scale herbivore foraging behaviour given the natural spatial 
distributions of plant species and variation in local plant 
density and distance between plants (but see Oom et al. 
2002; Hämback et al. 2009 for ungulate and insect herbivory, 
respectively). This is fundamental, however, for understand-
ing and managing these impacts of herbivory, e.g. on tree 
regeneration in production forests.

Moreover, the apparency of patches and individual plants 
plays a role in deer foraging decisions at different spatial 
scales (Reimoser and Gossow 1996; Kupferschmid et al. 
2013). While individual plant size may not be as impor-
tant as the overall patch size at larger spatial scales (Pie-
trzykowski et al. 2003; Miller et al. 2006), it is a fundamen-
tal criterion of deer foraging selectivity at smaller spatial 
scales. At these small scales, the strength of the relationship 
between seedling size and deer foraging selectivity likely 
depends on deer preferences for a particular tree species 
(Ammer 1996; Klopčič et al. 2010). If this relationship is 
particularly strong (Simončič et al. 2019; Kupferschmid 
et al. 2020), deer browsing may potentially have an impor-
tant impact on the height structure of seedling populations 
even at the scales of seedling neighbourhoods.

As the main goal of this study, we examined whether 
deer browsing was selective for particular species and seed-
ling sizes, and whether and how the spatial relationship of 
unbrowsed and browsed seedlings was indicative of differ-
ent types of conspecific and heterospecific neighbourhood 
effects at the spatial scale of seedling neighbourhoods. In 
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addition to statistical models using seedling inventory data, 
we examined fully mapped seedling data using spatial point 
pattern analysis, as this may be particularly useful for the 
reconstruction of non-random processes such as herbi-
vore foraging decisions and for the identification of spatial 
scales across which these processes operate (Wiegand and 
Moloney 2014). Importantly, we were not interested in the 
underlying spatial distribution of seedlings per se, but rather 
in spatial relationships (correlation structures) among dif-
ferent types of neighbouring seedlings (e.g. browsed and 
unbrowsed seedlings) conditional on the existing seedling 
locations. As these spatial relationships are characterized 
by the density (size) of neighbouring seedlings and the dis-
tance between them (Law et al. 2009), they may indicate 
whether deer browsing on tree seedlings is influenced by 
the seedling neighbourhood in which they are growing. We 
specifically addressed the following questions (Table 1): (1) 
How does the probability of a browsing event vary depend-
ing on the species, size classes and densities of seedlings, 
and are the effects of seedling density species-specific? (2) 
Do spatial relationships of browsed and unbrowsed seedlings 
indicate deer foraging preferences for particular species? (3) 
Do seedlings become resistant/susceptible to deer browsing 
depending on the proximity to conspecific and heterospecific 
seedlings? (4) Are seedling sizes spatially correlated with 
unbrowsed and browsed seedlings, indicating deer foraging 
preferences for certain sizes?

Methods

Study site

The study was carried out in the Salajka forest reserve in the 
Czech Republic (49° 24′ N 18° 25′ E), a representative rem-
nant of mixed old-growth forests in the Western Carpathians. 
The dominant tree species are Fagus sylvatica L. (beech) 
and Abies alba Mill. (fir) amounting to 70 and 20% of the 
total tree basal area, respectively. Picea abies (L.) H. Karst. 
(spruce) and Acer pseudoplatanus L. (maple) are mostly 
rare. The mean annual temperature is 5.4 °C, and the mean 
annual precipitation is 1144 mm. The elevation ranges from 
715 to 820 m. The maximal snow depth usually amounts to 
1 m in winter. The area belongs geologically to the flysch 
zone of the Western Carpathians, with soils mostly classified 
as silt-loam, loam and clay-loam Haplic Cambisols (Michéli 
et al. 2006). The site, with a total area of 21.9 ha, has been 
unmanaged since 1937 and was legally designated a forest 
reserve in 1956. Based on game censuses from two nearby 
forest reserves, the average population densities of the deer 
species C. elaphus L. and C. capreolus L. were around 2.6 
and 1.1 per  km2, respectively (Čermák et al. 2009; Suchomel 
et al. 2010). Based on the long-term monitoring by a local 

hunting community, deer densities were stable over the study 
period of 2014–2016 (personal communication).

Data collection

Tree seedlings were inventoried yearly in the early autumn 
over the period of 2014–2016 on 98 circular permanent 
inventory plots (2  m2 corrected for slope) regularly spaced 
44.25 m apart. Seedlings on inventory plots were identi-
fied to species level and grouped into the following height 
classes: < 0.15, 0.15–0.49 and 0.5–1.3 m (Online Resource 
2 Fig. S1–S3, Table S1).

In 2014, we also mapped seedlings < 1 cm DBH on a 
110 m × 8 m transect in the north-northeast part of the 
reserve. These seedlings were identified to species, and 
their height was measured up to a terminal bud to the near-
est 0.5 cm. Deer browsing from the past winter and current 
growing seasons (i.e. only current-year browsing signs) was 
recorded for all seedlings on inventory plots and transect 
if a leader shoot or more than 20% of lateral shoots were 
browsed.

Analysis of seedling inventory data

The probability of a browsing event (Question 1)

To investigate how the probability of a browsing event was 
related to forage quantity (seedling density) and quality (spe-
cies and height class of seedlings), we fitted a generalized 
linear mixed model with a binomial error distribution and 
logit link function (Bolker et al. 2009), using the seedling 
inventory dataset (Table 3, Online Resource 2 Fig. S4, S5). 
The occurrence of a browsing event (a 0/1 binary response) 
was related to the fixed effects of conspecific seedling den-
sity per height class, height class, year, species, and the inter-
action of conspecific seedling density and species (Table 3). 
An inventory plot was used as a random intercept to account 
for variation in the occurrence of browsing events among 
inventory plots. The interaction of conspecific seedling den-
sity and species was included because we expected inter-
specific differences in density-dependent browsing (Liang 
and Seagle 2002; Kim and Underwood 2015). Although we 
initially considered the interaction of conspecific seedling 
density and height class, it was excluded in the subsequent 
analysis as unimportant based on the results of a likelihood 
ratio test comparing the models with and without this inter-
action term. Despite being statistically insignificant, inven-
tory year was included in the model as an intrinsic part of 
the study design.

Seedling density was calculated for each height class and 
species as the number of seedlings per inventory plot. Con-
specific seedling density was standardized prior to analyses 
by subtracting its mean value and dividing by one standard 
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deviation. The binary response (the occurrence of a brows-
ing event) was converted from conspecific seedling densi-
ties. Specifically, a browsing event occurred only if conspe-
cific seedling density was > 0 and at least one seedling of 
a species and respective height class was browsed (i.e. the 
conspecific density of browsed seedlings per height class 
was > 0). We further pooled the data from the 0.15–0.49 and 
0.5–1.3 m height classes as there were only few seedlings in 
the latter height class (Online Resource 2 Fig. S3, Table S1). 
As a result, seedlings in the < 0.15 m height class were con-
sidered small, while seedlings in the 0.15–1.3 m height class 
tall. Beech, fir and maple were used for the analysis, and 
spruce was excluded for a lack of data. The analyses with 
generalized linear mixed models were carried out in the R 
statistical software (R Core Team 2020) using the library 
glmmTMB (Magnusson et al. 2017).

Analysis of seedling transect data

Spatial relationship between browsed and unbrowsed 
seedlings (Question 2)

Using the seedling transect dataset, we employed spatial 
point pattern analysis to characterize the spatial relationship 
between browsed and unbrowsed seedlings of each species, 
represented by a univariate (single-species) spatial point 
pattern of browsed and unbrowsed seedlings. The seedling 
patterns of only beech and fir from the seedling transect 
dataset were used for spatial point pattern analyses (Table 1). 
Other species (spruce, maple) with less than 50 seedlings 
were excluded because such a low number of seedlings 
(points) precludes meaningful spatial point pattern analyses 
(Wiegand and Moloney 2014).

To analyse the spatial point pattern of browsed and 
unbrowsed seedlings, we adopted several variants of uni-
variate and bivariate pair correlation functions. The pair cor-
relation function g(r) can be defined as the probability of 
observing a pair of points separated by a distance r, divided 
by the corresponding probability for a Poisson process (Bad-
deley et al. 2015). As a non-cumulative test statistic, this 
evaluates only the pairs of points separated by a certain dis-
tance r. It is therefore useful for studying the properties of 
a spatial point pattern over a continuous range of distances 
(Wiegand and Moloney 2004).

We used multiple summary statistics to provide a more 
comprehensive understanding of the underlying spatial pro-
cesses (Wiegand and Moloney 2014). Deer browsing was a 
qualitative (categorical) mark, representing the binary prop-
erty of each point (browsed/unbrowsed seedling). In the first 
step, we examined whether deer browsing was a random 
process and identified any potential departure from this 
random process. The random process was represented by 
the random labelling null model, assuming that there is no 

spatial correlation among browsed and unbrowsed seedlings. 
This is particularly useful if we are not interested in the pro-
cesses which a priori generated the spatial point pattern of 
seedlings (e.g. seed dispersal, habitat filtering), but rather in 
the processes, such as deer browsing, which acted a poste-
riori over the existing point pattern and ultimately resulted 
in deer selections of seedlings for browsing (Wiegand and 
Moloney 2014). We used the following three test statistics in 
which the subscript b stands for a “browsed” seedling and u 
for an “unbrowsed” seedling: (1) the univariate gbb(r) and (2) 
guu(r) functions (one type of points per function) to detect 
the clustering/hyperdispersion of browsed and unbrowsed 
seedlings, respectively, (3) the bivariate gbu(r) function 
(two types of points per function) to detect the aggregation/
segregation of browsed and unbrowsed seedlings (Wiegand 
and Moloney 2014). The values above/below the simulation 
envelopes indicate the clustering/hyperdispersion of browsed 
seedlings  (gbb), clustering/hyperdispersion of unbrowsed 
seedlings (guu) and aggregation/segregation of browsed and 
unbrowsed seedlings (gbu). If the values of these functions 
overlap the simulation envelopes it indicates that respective 
seedlings are randomly distributed (i.e. density-independent 
browsing).

We ran 199 Monte Carlo simulations to test whether the 
test statistics fell outside the stochastic range of the ran-
dom labelling and independent marking null models, with 
the fifth lowest and the fifth highest simulations at a given 
scale representing the 95% simulation envelopes (Wiegand 
and Moloney 2014). All test statistics were evaluated every 
ten centimetres up to a distance of 4 m. We selected the 
4 m distance as a cut-off (i.e. half of the shortest side of the 
transect), because the estimation of test statistics could be 
biased due to edge effects beyond this distance (Wiegand 
and Moloney 2014).

The seedling marks were randomly shuffled over the 
univariate pattern of unbrowsed and browsed seedlings 
while keeping the point locations fixed (Goreaud and Pélis-
sier 2003). As a complementary method, a goodness-of-fit 
test based on a Cramer–von Mises type statistic (Loosmore 
and Ford 2006) was also performed for the whole range of 
studied distance intervals up to 4 m. Spatial point pattern 
analyses were run in the Programita software (Wiegand and 
Moloney 2004, 2014).

The spatial effect of seedling neighbours on browsing 
probability (Question 3)

We examined whether the probability of browsing increased 
or decreased as a function of distance to conspecific and/
or heterospecific neighbours, using the multivariate mark 
connection function pa, b(r). This is a multivariate function 
because we studied if an “antecedent” point pattern of seed-
ling neighbours a influenced the univariate point pattern of 
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browsed b and unbrowsed u seedlings. This type of mul-
tivariate spatial point pattern analysis is also referred to 
as trivariate random labelling as there were three types of 
points involved (a, b and u), and random labelling was used 
as a null model (see Online Resource 1 for formulas). To 
examine different types of density-dependent neighbourhood 
effects, we used the two variants of the mark connection 
function pa, b(r) in which the “antecedent” point pattern of 
seedling neighbours a was separately represented by conspe-
cific (pcon, b) and heterospecific seedlings (phet, b). The values 
of pcon, b(r) and phet, b(r) above/below the simulation enve-
lopes indicate that browsing probability increases/decreases 
as a function of distance to respective seedling neighbours.

Spatial correlation of seedling sizes (Question 4)

To reveal if deer preferred different seedling sizes of a spe-
cies, we employed the bivariate mark correlation function 
for univariate (single-species) point patterns. More spe-
cifically, we analysed whether seedling sizes (quantitative 
mark),  mu for unbrowsed seedlings and  mb for browsed seed-
lings, were spatially correlated with the spatial point patterns 
of browsed and unbrowsed seedlings (qualitative mark). For 
example, this could reveal if deer showed foraging prefer-
ences for seedling sizes of a species, i.e. whether the sizes 
of one type of point (e.g. browsed seedlings) tended to be 
smaller or taller than expected near another type of point 
(e.g. unbrowsed seedlings). We estimated the mean value 
cbu,t(r) of a corresponding test function taken over all pairs 
i–j of seedlings separated by the distance r, given that the 
focal point is of type u (unbrowsed) and the second of type 
b (browsed). This non-normalized mark correlation function 
cbu,t(r) was then normalized to make the final mark-correla-
tion function kt(r) independent of the mark values and distri-
bution (Online Resource 1). We used two variants of r-mark 
correlation functions kmu.(r) and k.mb(r), which are based on 
test functions yielding the mean mark of type u (unbrowsed) 
and b points (browsed), respectively, which are the distance 
r away from the points of another type (see Online Resource 
1 for formulas; Illian et al. 2008). The values of kmu.(r) and 
k.mb(r) above/below the simulation envelopes indicate that 
seedlings were taller/smaller than expected.

Moreover, we examined whether unbrowsed and browsed 
seedlings (neighbouring points of different types) tended to 
have similar or dissimilar sizes than the sizes of a pair of 
seedlings (points) taken at random (Wiegand and Moloney 
2014). We explored with this approach if deer selected taller 
seedlings for browsing while leaving close smaller seedling 
neighbours unbrowsed. For these analyses, we applied the 
bivariate Schlather’s mark correlation function and its cor-
responding test statistic Imumb (see Online Resource 1 for for-
mulas) to describe how the marks m (seedling height) of two 
seedlings of type u (unbrowsed) and b (browsed) separated 

by distance r differed from their conditional means µu(r) and 
µb(r), respectively (Schlather et al. 2004). In contrast to the 
r-mark correlation functions using the overall mean mark 
µub, the marks of browsed and unbrowsed seedlings were 
compared to the distance-dependent mean marks µu(r) and 
µb(r), calculated only for the pairs of points separated by the 
distance r (Wiegand and Moloney 2014). This is basically a 
Moran’s I type summary statistic characterizing the spatial 
covariance between the sizes of seedling pairs (Shimatani 
2002). The values of Imumb(r) above/below the simulation 
envelopes indicate that seedling sizes were positively/nega-
tively correlated. Moreover, we used the independent mark-
ing null model in these analyses to represent the situation of 
no spatial structure in the marks (seedling heights). This is 
technically equivalent to random labelling in our analyses, 
but was used to randomize quantitative instead of qualitative 
marks (Wiegand and Moloney 2014).

As a robust and non-spatial (unrelated to distances 
between seedling pairs) complementary method to mark-
correlation functions, we tested for the equality of distribu-
tions and means of seedling sizes with bootstrap techniques 
(see Online Resource 1 for details on the method, Online 
Resource 2 Figure S6). These tests were constructed in the 
R statistical software (R Core Team 2020) following the pro-
cedure for bootstrap hypothesis testing suggested by Efron 
and Tibshirani (1993).

Results

Analysis of seedling inventory data

Overview

Beech and fir seedlings < 0.15 m tall were less browsed, 
with less than 10% of browsed seedlings (Table 2, Online 
Resource 2 Fig. S1). Maple seedlings were more frequently 
browsed in the same height class, with 9–27% of browsed 
seedlings (Table 2, Online Resource 2 Fig. S1). Although 
seedling densities of fir < 0.15 m were highest in compari-
son to other species (Table 2, Online Resource 2 Fig. S1), 
beech massively dominated among seedlings > 0.15 m tall 
(Table 2, Online Resource 2 Fig. S2, S3). Seedlings taller 
than 0.5 m were almost exclusively beech except in 2015 
(Table 2, Online Resource 2 Fig. S3). Fir and maple seed-
lings 0.15–0.49 m tall were frequently browsed, amount-
ing to 58–86% of all seedlings (Table 2, Online Resource 2 
Fig. S2). On the other hand, less than 40% of beech seed-
lings 0.15–0.49 m tall were browsed in all respective years 
(Table 2, Online Resource 2 Fig. S2).
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The probability of a browsing event (Question 1)

Based on the seedling inventory data, our results show that 
the probability of a browsing event was higher in tall seed-
lings compared to small seedlings (Table 3). The probability 
of a browsing event varied among tree species, with maple 
being more susceptible to browsing than beech (Table 3) and 
fir seedlings (estimate = 2.68, SE = 0.65, p < 0.001) at mean 
conspecific seedling densities. However, the probability of a 
browsing event did not differ between beech and fir seedlings 
at mean conspecific seedling densities (Table 3). Moreover, 
interspecific variation in the probability of a browsing event 
was related to conspecific seedling densities as the interac-
tion between conspecific seedling density and species was 
significant (likelihood ratio test, df = 2, Χ2 = 14.99, p < 0.001, 
Table 3). The probability rapidly increased at high seedling 
densities and this increase was significantly larger in fir and 
maple seedlings than in beech seedlings (Fig. 1, Table 3), 
and larger in maple seedlings than in fir seedlings (Fig. 1, 
estimate = 2.35, SE = 0.88, p < 0.01).

Analysis of seedling transect data

Overview

Based on the seedling transect data, the results of boot-
strap hypothesis testing showed that the sizes of fir 
and beech seedlings differed both in distributions and 

means (Online Resource 2 Fig. S6a, d), with fir seedlings 
(mean = 10.07 cm) being on average smaller than beech 
seedlings (mean = 25.77 cm). The mean height of browsed 
beech seedlings was not significantly different from 
unbrowsed beech seedlings (Fig. 4a, c, Online Resource 2 
Fig. S6e), but their heights followed different distributions 
(Online Resource 2 Fig. S6b). Browsed fir seedlings were 
on average taller than unbrowsed fir seedlings (Fig. 4b, d, 
Online Resource 2 Fig. S6f) and their heights also followed 
different distributions (Online Resource 2 Fig. S6c).

Spatial relationship between browsed and unbrowsed 
seedlings (Question 2)

We found with the seedling transect data several departures 
from the random labelling null model in both beech and fir 
seedlings. Browsed beech seedlings were clustered up to a 
distance of 2 m (Fig. 2a), whereas browsed fir seedlings were 
extensively clustered along the whole distance interval up to 
4 m (Fig. 2d). We also found that browsed and unbrowsed 
seedlings were only slightly segregated up to a distance of 
0.5 m in fir (Fig. 2e) and slightly aggregated at a distance of 
1.5 m in beech (Fig. 2b). While unbrowsed beech seedlings 
were randomly distributed (Fig. 2c), unbrowsed fir seedlings 
were hyperdispersed at distances of 0.3–4 m (Fig. 2f).

The spatial effect of seedling neighbours on browsing 
(Question 3)

Our results of the seedling transect data showed that the 
probability of browsing increased depending on the distance 
to conspecific seedlings in both beech and fir seedlings. 
However, the signs of this density-dependent browsing were 
relatively weak in beech seedlings and were restricted to the 
distances of 0.8–1.5 m from conspecific seedlings (Fig. 3a), 
while they were strong and operated along the whole dis-
tance interval up to 4 m in fir seedlings (Fig. 3b).

The probability of browsing also increased with the dis-
tance to heterospecific seedlings. However, beech seedlings 
experienced stronger density-dependent browsing at dis-
tances up to 2.2 m from fir seedlings (Fig. 3c). Fir seed-
lings were, on the other hand, exposed to density-dependent 
browsing at all distances from beech seedlings (Fig. 3d).

Spatial correlation of seedling sizes (Question 4)

We found with the seedling transect data that unbrowsed 
beech seedlings were taller than expected given the over-
all mean height of beech seedlings at distances of 2–4 m 
from browsed seedlings (Fig. 5a). Conversely, the size of 
browsed beech seedlings was not related to the proxim-
ity to unbrowsed seedlings (Fig. 5b). Unbrowsed fir seed-
lings were 1.15 times taller at most distances up to 4 m 

Fig. 1  The effects of conspecific seedling density on the probability 
of a browsing event in beech, fir and maple seedlings over the period 
of 2014–2016. Estimated marginal means (predicted probabilities) 
are related to the interaction between conspecific seedling density and 
species. The predicted probabilities and 95% confidence intervals are 
shown only for the observed species-specific ranges of conspecific 
seedling density. Conspecific seedling density per 1 m2 was converted 
from the original area of 2 m2 (area of an inventory plot). Other con-
tinuous predictors included in the model (Table 3) were set to their 
mean value, and factors were set to the average value representing the 
proportions of each factor’s level
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from browsed seedlings (Fig. 5d). However, browsed fir 
seedlings were ca 1.4 times taller than expected at all dis-
tances from unbrowsed seedlings (Fig. 5e). In addition, 
the sizes of unbrowsed and browsed beech seedlings were 

only slightly correlated (Fig. 5c), whereas the sizes of 
unbrowsed and browsed fir seedlings where positively cor-
related almost along the whole distance interval (Fig. 5f).

Fig. 2  The results of pair correlation functions to detect potential 
departures from the random labelling null model in beech (a–c) and 
fir seedlings (d–f). Summary statistics examine the spatial relation-
ships of browsed seedlings (a, d), browsed and unbrowsed seed-
lings (b, e) and unbrowsed seedlings (c, f). The values above/
below the simulation envelopes indicate the clustering/hyperdis-
persion of browsed seedlings (gbb), clustering/hyperdispersion of 
unbrowsed seedlings (guu) and aggregation/segregation of browsed 

and unbrowsed seedlings (gbu). The random labelling null here repre-
sents an assumption that deer browsing is a spatially random process 
unrelated to the distance to seedling neighbours. The 95% simulation 
envelopes were constructed at a given scale as the fifth largest and 
fifth smallest value of 199 Monte Carlo simulations. The numbers 
in each subplot denote the rank of a goodness-of-fit test. Significant 
departures are indicated by ** and * for p values < 0.01 and < 0.05, 
respectively

Fig. 3  The results of mark connection functions to examine the 
browsing probability of beech (a, c) and fir seedlings (b, d) as a func-
tion of distance to conspecific (pcon, b) and heterospecific neighbours 
(phet, b). The values above/below the envelopes indicate that the prob-
ability of browsing increases/decreases as a function of distance to 
seedling neighbours. Other conventions are the same as in Fig. 2

Fig. 4  Histogram of the heights of browsed and unbrowsed seedlings 
on the seedling transect. Beech (a, c) and fir seedlings (b, d) are dis-
played. The bin width was set to 5 cm. The two numbers in each sub-
plot denote the mean seedling height and total number of seedlings n 
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Discussion

Our findings illustrate that deer foraging decisions acting 
at fine spatial scales are substantially influenced by dif-
ferent types of neighbourhood effects, i.e. by the effects 
of conspecific and heterospecific seedling neighbours on 
the susceptibility of a focal seedling to deer herbivory. 
Building on the premise that neighbourhood effects are 
related to the distance to and density of seedling neigh-
bours, we show they may indicate the strength and spatial 
extent of deer foraging selectivity for a particular tree 
species.

Neighbourhood effects on deer browsing—the 
evidence from a seedling inventory

Based on the results of a seedling inventory, the strongest 
density-dependent browsing was targeted to maple seedlings, 
indicating that this species was frequently utilized by deer 
even at relatively low conspecific densities. While deer were 
also highly responsive to the availability of fir seedlings, 
beech experienced relatively weak density-dependent brows-
ing compared to maple and fir seedlings. Even though this 
generally corresponds to deer preferences that have already 
frequently been described (Ammer 1996; Klopčič et al. 

Table 2  The average density of 
all (All) and browsed seedlings 
(Browsed) per hectare by 
species, inventory year and 
height class

The percentage of browsed seedlings (%) is shown in bold. Seedling density per hectare was calculated 
over all 98 inventory plots (i.e. inventory plots where conspecific seedling densities equalled zero were 
included) and converted from the original 2-m2 area of an inventory plot to represent overall site summa-
ries

Year Species Height class

 < 0.15 m 0.15–0.49 m 0.5–1.3 m

All Browsed % All Browsed % All Browsed %

2014 Beech 11,954 104 0.9 2610 835 32.0 574 574 100
Fir 20,462 1148 5.6 574 470 81.9 – – –
Maple 2349 209 8.9 626 418 66.8 – – –

2015 Beech 4594 104 2.3 3132 1148 36.7 418 418 100
Fir 9187 470 5.1 209 157 75.1 104 104 100
Maple 1514 261 17.2 731 626 85.6 – – –

2016 Beech 3028 157 5.2 3758 1409 37.5 418 157 37.6
Fir 16,129 1148 7.1 574 418 72.8 52 52 100
Maple 2140 574 26.8 626 365 58.3 – – –

Table 3  A generalized 
linear mixed model relating 
conspecific seedling density, 
species and height class of 
seedlings, inventory year and 
the interaction (asterisk) of 
conspecific seedling density and 
species to the occurrence of a 
browsing event

P-values in bold indicate significant effects (< 0.05). Beech, the height class of small seedlings (< 0.15 m) 
and 2014 inventory year were set as reference levels. Inventory plot was used as a random intercept. The 
model summary includes parameter estimates (Estimate), standard errors (SE), lower and upper bounds 
of 95% confidence intervals (CI), and p-values. As three factors (Height class, Species and Year) were 
included in the model, the intercept is the mean estimate of the group that represents the reference level for 
all factors (small beech seedlings in 2014 in this case). Individual species estimates are interpretable only 
for the mean conspecific seedling density because of the interaction in the model

Model parameter (fixed effects) Estimate SE 2.5% CI 97.5% CI p value

Intercept − 3.509 0.465 − 4.419 − 2.56 < 0.001
Conspecific seedling density 0.129 0.254 − 0.369 0.627 0.612
Species (fir) 0.410 0.428 − 0.429 1.25 0.566
Species (maple) 3.088 0.666 1.782 4.394 < 0.001
Height class (tall) 3.330 0.408 2.530 4.13 < 0.001
Year (2015) 0.199 0.376 − 0.538 0.936 0.596
Year (2016) 0.371 0.360 − 0.334 1.076 0.303
Conspecific seedling density * species (fir) 0.654 0.326 0.015 1.293 0.045
Conspecific seedling density * species (maple) 3.003 0.911 1.217 4.79 < 0.001
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2010; Simončič et al. 2019), we show that seedling density 
of species may differentially shape deer foraging decisions 
when feeding within patches of tree seedlings. For exam-
ple, there could be only one maple seedling per 1 m2 for a 
browsing probability of less than 50%, while three fir and 
even five beech seedlings could occur per 1 m2 to remain 
below the same probability threshold. It thus seems that deer 
were very sensitive to the density of the highest quality food 
(maple), while other, relatively less preferred species (fir and 
beech), were exploited once they became more abundant in 
a patch. In a study in a riparian forest, such interspecific dif-
ferences in density-dependent browsing were also observed 
for the seedlings of woody species, although the relationship 
between browsing intensity and relative species density was 
used as a measure for the level of browsing impact on seed-
ling populations (Liang and Seagle 2002).

Scaling neighbourhood effects—the evidence 
from a seedling transect

We show that multiple neighbourhood effects of different 
strength and spatial extent shaped deer foraging behaviour 
at the spatial scales of seedling neighbourhoods, which, in 
turn, determined how deer browsing was spatially distrib-
uted among beech and fir seedlings. When neighbours were 

conspecific, fir seedlings experienced spatially extensive and 
strong density-dependent browsing, indicated by extensive 
clustering of browsed fir seedlings and a higher browsing 
probability at all distances from conspecific seedlings. In 
contrast, browsed beech seedlings exhibited much less spa-
tially extensive clustering, and the browsing probability was 
only slightly associated with the distance to conspecific 
seedlings, indicating weak density-dependent browsing. This 
is consistent with the findings from the seedling inventory 
because the tree species, here beech and fir, were exposed to 
different strengths of density-dependent deer foraging selec-
tivity. However, not only the strength but also the spatial 
extent of this density-dependent browsing differed between 
beech and fir seedlings.

To interpret this in more detail, if fir seedlings occurred 
at different distances from each other, they tended to be 
selected by deer and formed aggregations more frequently 
than would be expected if deer browsed seedlings randomly. 
On the other hand, if beech seedlings occurred at different 
distances from each other, browsed beech seedlings were 
clustered at only short distances and were selected mostly 
irrespective of other conspecific seedlings, indicating that 
browsing of beech seedlings was non-random (selective) 
within short distances, but became random (opportunistic) 
as the effect of conspecific beech neighbours did not modify 

Fig. 5  The results of several bivariate r-mark correlation functions 
(kmu., k.mb) and Schlather’s test functions (Imumb) to examine the spa-
tial correlation of seedling height with the point patterns of browsed 
and unbrowsed beech (a–c) and fir (d–f) seedlings. The functions kmu. 
and k.mb yield the normalized mean mark of unbrowsed and browsed 
seedlings, respectively, which are distance r away from the seedlings 
of another type. The independent marking null model here represents 

the assumption of no spatial correlation in seedling heights, i.e. deer 
selection of seedling heights was a spatially random process unrelated 
to the distance to seedling neighbours. The values above/below the 
envelopes indicate that seedlings were taller/smaller than expected 
(r-mark correlation functions) and seedling sizes were positively/neg-
atively correlated (Schlather’s test functions). Other conventions are 
the same as in Fig. 2
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deer foraging decisions beyond these short distances. It thus 
seems that deer showed relatively low interest in a spatially 
extensive selection of beech seedlings, while the opposite 
was true for fir seedlings. In the light of foraging theory, 
these findings suggest that a resource concentration effect 
was an important component of deer foraging behaviour at 
the spatial scales of seedling neighbourhoods (Root 1973; 
Hämback et al. 2014), especially in terms of the browsing 
of fir seedlings. In contrast to our findings, a study from 
the Alps showed that fir seedlings were browsed opportun-
istically as the consumption of fir seedlings was unrelated 
to their availability and increased only near palatable her-
baceous vegetation (Häsler and Senn 2012). We think that 
this difference may be attributed to the low abundance of 
other palatable vegetation at our site (although not explicitly 
addressed in our study), which possibly made deer exploit 
more common tree seedlings, as well as to the use of a differ-
ent metric for gauging the availability of fir seedlings (Häsler 
and Senn 2012). Moreover, the dissimilar spatial scales at 
which the relationship between herbivory and food resource 
availability was quantified could play a role, because this 
relationship may be unimportant or difficult to detect at 
some spatial scales (Champagne et al. 2016). Although 
deer randomly selected beech seedlings at most distances, 
the resource dilution effect, suggesting a density-dependent 
deer foraging avoidance of seedlings, was not observed in 
our study (Otway et al. 2005). This neighbourhood effect 
probably becomes more important once a plant species is 
particularly unpalatable or defended (Baraza et al. 2006).

Moreover, the fact that beech seedlings were browsed 
mostly irrespective of the distance to and density of con-
specific neighbours suggests that the selection of beech seed-
lings to be browsed by deer may result from the fact that 
deer usually do not only consume food of higher quality, 
such as maple or fir in our study, especially when the diet is 
mixed (Alm et al. 2002). The reason why one tree species 
is consumed opportunistically while another is selectively 
preferred is usually explained by the benefits of diet mixing, 
because nutrient requirements are more likely fulfilled when 
consuming multiple plant types (Wiggins et al. 2006; Ohse 
et al. 2017b), or by seasonal variation in food abundance 
and quality, making deer consume even lower quality food 
resources (Moser et al. 2006; Storms et al. 2008).

Another reason why a species is or is not browsed may 
depend on the characteristics of heterospecific neighbours, 
because heterospecific species are expected to have more 
contrasting traits compared to intraspecific variation in traits 
of a focal species (Bergvall et al. 2006; Underwood et al. 
2014). Our findings suggest that neighbourhood effects of 
heterospecific seedlings (i.e. associational effects; Barbosa 
et al. 2009; Hämback et al. 2014; Underwood et al. 2014) 
influenced the strength and spatial extent of deer foraging 
selectivity for beech and fir seedlings. We found that beech 

seedlings tended to be more likely browsed near fir neigh-
bours than would be expected for random deer foraging 
decision, suggesting that associational susceptibility could 
elevate the foraging selectivity for beech seedlings at these 
fine neighbourhood scales. Moreover, beech seedlings were 
more likely browsed at short distances from fir neighbours, 
as opposed to beech neighbours that induced almost no 
change in the browsing probability of focal beech seedlings. 
Beech seedlings similarly experienced associational suscep-
tibility with the increasing density of more palatable Betula 
in lowland temperate forests (Bobrowski et al. 2015). In 
another study, Betula individuals were browsed by deer only 
when they were near more palatable Salix individuals, while 
patches comprised only of Betula were not foraged (Berg-
man et al. 2005). In general, plants in a patch of high forage 
quality may experience this type of negative neighbourhood 
effect (Pietrzykowski et al. 2003; Bergvall et al. 2006; Bee 
et al. 2009). Moreover, patches with a high abundance of 
beech seedlings were less preferred by deer at larger spatial 
scales in a mixed temperate forest, suggesting that beech 
seedlings may give rise to associational resistance influenc-
ing deer foraging decisions between patches (Ohse et al. 
2017b). This is interesting because beech seedlings were 
the least preferred tree species at our site, and thus we might 
expect that beech neighbours would give rise to associational 
resistance when the focal species is more attractive to deer 
(Bee et al. 2009). However, associational effects are scale-
dependent and thus could operate at different scales than 
in our study (Barbosa et al. 2009; Champagne et al. 2016). 
Associational resistance is usually expected to arise at larger 
spatial scales corresponding to foraging decisions made on 
the level of patches or herbivore home ranges (Bergvall et al. 
2006; Champagne et al. 2016). At the fine spatial scale of 
seedling neighbourhoods, we found that fir seedlings expe-
rienced browsing more frequently in the proximity of beech 
neighbours, indicating that beech seedlings could attract 
deer and increase the browsing probability of fir seedlings 
similarly as conspecific neighbours. Thus, our findings are 
more consistent with a situation when attractive seedlings 
(fir) become more frequently browsed near less preferred 
neighbours (beech), which has previously been termed as the 
neighbour contrast susceptibility (Bergvall et al. 2006). This 
is technically also associational susceptibility, but the role 
of attractive and less preferred species is now reversed, with 
the attractive and not the less preferred species receiving the 
negative outcomes of this neighbourhood effect. However, it 
is questionable whether beech neighbours truly influenced 
the browsing of fir seedlings via neighbour contrast suscep-
tibility, or if this was falsely detected owing to high local 
seedling densities and spatial aggregation with other species 
(especially fir), which in fact attracted deer and consequently 
influenced the browsing of fir seedlings. This highlights the 
challenges for future research, as experimental testing is 
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needed to control for the effects of focal species density, 
neighbour density/frequency and total density in order to 
correctly characterize associational effects in plant–herbi-
vore interactions (Underwood et al. 2014).

Moreover, it is surprising that associational susceptibility 
increased deer browsing of beech seedlings near fir seedling 
neighbours at fine spatial scales, as this is generally more 
likely to be expected at larger spatial scales when foraging 
decisions are made between patches (Bergvall et al. 2006). 
It may be that differences in the scale dependence of indi-
vidual associational effects are in fact minor (Champagne 
et al. 2016), or perhaps some other factors may be neces-
sary for different associational effects to arise. Although 
this could not be examined in our study with a single site, 
how herbivore densities are limited by spatial variation in 
food availability within their effective foraging capacities 
(e.g. home ranges) may be an important factor for herbivores 
when deciding at which spatial scale it is optimal to make 
foraging decisions (Hjältén et al. 1993; Bee et al. 2009). 
This, in turn, may determine the strength and type of neigh-
bourhood effects (Baraza et al. 2006). Nevertheless, other 
studies have demonstrated that associational susceptibility 
can operate at relatively fine spatial scales, for instance that 
deer exploited less preferred Calluna vulgaris more up to 
several meters from grass-patch edges (Hester and Baillie 
1998; Palmer et al. 2003), as well as at larger spatial scales 
(Milligan and Koricheva 2013).

Spatial distributions of unbrowsed seedlings 
and seedling sizes

Our findings show that the odds that deer would avoid fir 
seedlings were quite low at the scales of seedling neighbour-
hoods, with random or almost no spatial separation between 
browsed and unbrowsed seedlings, i.e. between the deer for-
aging decisions leading to seedlings becoming browsed and 
being avoided or unnoticed by deer. The potential avoidance 
of browsing seems, if at all, to occur at different and prob-
ably larger spatial scales, e.g. at scales of whole forest types 
(Kupferschmid 2018).

It remains to be answered what mechanism could lead to 
the spatial regularity of unbrowsed fir seedlings. We think 
that either deer passed by these seedlings unnoticed or they 
were generally less attractive to deer for some reason, with 
the latter scenario being more likely because deer are usu-
ally very selective in their foraging behaviour (Storms et al. 
2008; Abbas et al. 2011). Some proportion of seedlings 
could also be avoided, as it is not common for herbivores to 
deplete all the available resources due to spatial and seasonal 
variation in the quality of browsed plants (Häsler et al. 2008; 
Storms et al. 2008). However, these avoided unbrowsed fir 
seedlings were found to be smaller on average than browsed 
ones, confirming that deer usually prefer vigorously growing 

and tall seedlings, and small and suppressed ones are mostly 
avoided (Häsler and Senn 2012; Kupferschmid et al. 2013). 
This was true especially for fir seedlings but less for beech 
seedlings, because browsed fir seedlings were mostly taller 
near unbrowsed seedlings, indicating that taller seedlings 
were largely preferred by deer and nearby smaller seedlings 
avoided or unnoticed. We thus show that the selection of 
tall fir seedlings for browsing may occur at the scales of 
seedling neighbourhoods, although vegetation size is likely 
an important criterion even for between-patch deer foraging 
decisions at larger spatial scales (Pietrzykowski et al. 2003; 
Miller et al. 2006). However, as browsing of fir seedlings 
may be highest in winter (Häsler and Senn 2012), select-
ing small seedlings may not even be an option if they are 
covered by snow (Visscher et al. 2006). Similarly, tall neigh-
bouring vegetation could also impede the search and selec-
tion for smaller seedlings due to lower seedling apparency 
(Pietrzykowski et al. 2003; Miller et al. 2006). While snow 
cover could be an important factor influencing what size of 
seedlings deer selected at our site, we think that vegetation 
other than tree seedlings did not play much of a role in deer 
foraging decisions as they were generally scarce and short 
on the seedling transect.

In contrast to fir seedlings, browsing selectivity was usu-
ally not related to the height of beech seedlings, pointing to 
the fact that the size of beech seedlings itself was not likely 
an important criterion for deer in deciding which beech 
seedling to browse. This again demonstrates opportunistic 
deer foraging selectivity for beech seedlings, while fir seed-
lings were subject to highly selective foraging both in terms 
of seedling sizes and densities. However, factors other than 
browsing likely played a role in shaping the height structure 
of fir seedlings. For instance, seedling sizes may correspond 
to variation in environmental conditions represented, e.g. by 
the gradient of light availability, and could thus explain posi-
tive correlations between the sizes of seedlings (Rozenbergar 
et al. 2007). Whatever the reason, browsed and unbrowsed fir 
seedling pairs were still more similar than expected at most 
distances in our study.

Conclusions

Our findings illustrate that the neighbourhood effects of 
seedlings modified deer foraging behaviour depending 
on the proximity, density and species identity of seedling 
neighbours, which, in turn, determined the strength and 
spatial extent of browsing impacts on beech and fir seed-
lings. We therefore suggest that when the spatial scale 
is not explicitly considered in studies of neighbourhood 
effects on plant–herbivore interactions, herbivore forag-
ing decisions underlying neighbourhood effects and con-
sequent herbivory impacts on plant populations may be 
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difficult to predict and can hardly be compared to other 
foraging environments or the foraging behaviour of differ-
ent herbivores. In addition, by ignoring the spatial extent 
of neighbourhood effects, inferences about the role of dif-
ferent plant neighbours in shaping herbivore foraging deci-
sions may be incomplete and potentially biased, similar to 
what has been shown in studies of neighbourhood effects 
on plant survival and growth (Zambrano et al. 2019; Fur-
niss et al. 2020).

We conclude that using the neighbourhood effects of 
beech seedlings to prevent fir seedlings from deer brows-
ing may not meet with success at the spatial scales of 
seedling neighbourhoods owing to strong deer foraging 
selectivity for fir seedlings both near conspecific and 
beech neighbours. However, this needs further investi-
gation in terms of browsing intensity, as less-preferred 
plant neighbours may not prevent deer from browsing fir 
seedlings, but could potentially reduce browsing damage 
(Milligan and Koricheva 2013). Therefore, studying how 
the spatial distribution of herbivore damage is influenced 
by different types of neighbourhood effects should be the 
next step towards better understanding how and at which 
spatial scales they could be applied to prevent excessive 
deer herbivory, e.g. in commercial forestry or conservation 
management (Palmer et al. 2003; Underwood et al. 2014; 
Ohse et al. 2017b). Finally, vegetation other than tree seed-
lings must be considered at sites where, e.g. shrubs or her-
baceous plants may influence herbivory on the focal plant 
species (Pietrzykowski et al. 2003; Baraza et al. 2006).
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