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Abstract

Ungulates play an important role in temperate systems. Through their feeding behaviour, they can respond to vegetation
by selecting patches or modify vegetation composition by herbivory. The degree in which they interact with vegetation
can either reinforce landscape heterogeneity by creating disturbance or reduce heterogeneity in case of overbrowsing. This
study evaluates how bottom-up (patch quality, structure), top-down forces (hunting, distance to village, forest edge) and
deer features (feeding type, abundance) mediate patch utilization in a temperate forest and assess the implications of patch
utilization and light on forest recruitment. Theory predicts that animals seek to maximize their energetic gains by food
intake while minimizing the costs associated to foraging, such as the energy required for avoiding predators and exploiting
resources. We focused on two deer species with contrasting feeding type: a browser (C. capreolus) and a mixed feeder (C.
elaphus). We paired camera traps to vegetation sub-plots in ten forest sites in the Netherlands that widely ranged in deer
abundance and landscape heterogeneity. Results showed that patch utilization is simultaneously explained by bottom-up,
top-down forces and by deer abundance, as predicted by the safety-in-numbers hypothesis. Yet, forces best explaining patch
utilization differed between deer species. Overall, higher patch utilization came with higher browsing, lower tree diversity
and a large difference in forest composition: from a mix of broadleaves and conifers towards only conifers. We conclude that
these two deer species, although living in the same area and belonging to the same guild, differentially perceive, interact
with and shape their surrounding landscape.

Keywords Patch dynamics - Forest composition - Herbivory - Forest edge - Safety-in-numbers

Abbreviations Introduction
LMM Linear mixed models
PCA  Principal component analysis Wild ungulate abundance has increased substantially in the

Northern hemisphere during the past decades due to a reduc-
tion in the numbers of top predators and hunting pressure,
and due to an increase in conservation and rewilding initia-
tives (Kuiters et al. 1996; Coté et al. 2004). Through their
feeding behaviour, ungulates may strongly respond to vege-
tation by selecting patches and modify it by herbivory (Ram-
Communicated by Kevin C Burns. irez et al. 2018, 2019, 2021a). Ungulate feeding behaviour
5 J. Ignacio Ramirez may either reinforce landscape heterogeneity, and hence,

juanignacio.ramirez @icloud.com plant and animal diversity, or reduce landscape heterogene-
ity, in case of overbrowsing (Gill and Beardall 2001; Ram-
irez et al. 2021b). The degree of patch utilization is therefore
key to understand the potential effects of ungulates on the
landscape and vice versa. Patch utilization is modulated by
bottom-up forces (i.e., resource availability) and top-down
forces (i.e., predation risk), where the relative strength of
these forces depends on ecosystem conditions and ungulate
characteristics (Rieucau et al. 2009). Yet, these forces are
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not entirely understood due to the inherent complexities of
ecological systems (Vickery et al. 2011; Seidel and Boyce
2015). Here we evaluate for Dutch temperate mixed forests,
how patch utilization by two deer species is driven by their
features (i.e., feeding type and abundance), top-down and
bottom-up forces. Additionally, we assess how patch utiliza-
tion, browsing intensity and light availability explain forest
recruitment composition.

Top-down forces are formed by (fear of) predation (Estes
et al. 2011). Direct effects of predation refer to the number
of animals preyed, and indirect effects refer to avoidance of
risky areas and increased vigilance (Lima 1998). Besides
apex predators, humans may also exert top-down pressures
directly by hunting and indirectly by altering the structure
of natural areas (Callan et al. 2013; Cromsigt et al. 2013;
Gaynor et al. 2018). Overall, herbivores respond to these
forces by avoiding risk in time and space, which translates
to less time being in patches perceived as unsafe and shifting
daily activity away from times perceived as unsafe (Kuijper
et al. 2013; Gaynor et al. 2018). Herbivores may also adapt
to the environment by forming large groups where they find
safety-in-numbers (Hamilton 1971; Hager and Helfman
1991; Brown et al. 1999). This reduces not only the likeli-
hood of an individual being preyed, but also by having sen-
tinel individuals that can alarm the group in case of danger
(Lima and Dill 1990; Lima 1995a; Lima and Zollner 1996).
The formation of groups, however, may involve the cost of
intra-specific competition for reproduction and resources
(Apollonio 1989; Beauchamp and Ruxton 2003) which, in
turn, may reduce the time spent in a patch by elevating ener-
getic costs.

Bottom-up forces are related to the quality of the vegeta-
tion and structure of the patch (McNaughton et al. 1989;
Fryxell 1991). Plant species composition of the patch indi-
cates the food quantity and quality that is available for her-
bivores. The Marginal Value Theorem predicts that herbi-
vores spend more time in high-quality patches to maximize
energy intake rate per foraging unit (Charnov 1976). Vegeta-
tion structure refers to the vertical layering and horizontal
distribution of the vegetation, which determines the degree
of cover and the concentration of food an animal can find.
Herbivores often spend more time in patches that offer shel-
ter from weather and predators (Brown 1988; Brown et al.
1999).

The time herbivores spend in a patch relative to other
patches is the outcome of balancing food intake and risk
avoidance. This differs between species, depending on the
breadth of the diet and the degree of sociality (Hofmann
1989; Gill 1992a). Among cervids, for example, browsers
may spend more time in forest patches because they strictly
feed on woody plants while mixed feeders—which also
graze on graminoids—will spend more time in open envi-
ronments where the graminoids are most abundant. Second,
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social cervids form larger groups than solitary cervids, and
thus pose the advantage of risk dilution against predators
and collective vigilance (Lima 1995b; Bednekoff and Lima
1998).

Patch utilization by cervids in turn affects the structure,
composition and succession of forests in a direct way by
consumption and trampling of saplings, and indirectly by
seed dispersal, changing the competitive balance between
plant species and nutrient input (Gill 1992a, b; Eycott et al.
2007; Murray et al. 2014). In general, palatable tree spe-
cies are browsed more intensively, providing a competitive
advantage for less palatable species to establish in the forest
understory and eventually reach the forest canopy (Pastor
and Naiman 1992; Ramirez et al. 2019). Because vegetation
responds to browsing pressure in a non-linear way, shifts in
vegetation composition and structure already start at low
deer densities (Ramirez et al. 2021a). If persistent over time,
these effects may also cascade to other trophic levels and
ecosystem processes which can ultimately promote a shift
of forests to alternative states (Nuttle et al. 2014; Davalos
et al. 2015; Ramirez et al. 2021b).

Studies have partially addressed how patch utilization by
wildlife varies with top-down (Kuijper et al. 2013; Shrader
et al. 2008), bottom-up forces (Rieucau et al. 2009; Wei et al.
2015), the landscape matrix (Rieucau et al. 2007; Bubnicki
et al. 2019) and population size (China et al. 2008; Ramirez
et al. 2021c) but relatively few studies have analysed the
relative importance of all these factors in combination. They
show in agreement with the Optimal Foraging Theory that
animals select patches with high quality food and with low
predation risk, and their time in the patch is longer when
being as a group (Brown 1988). How patch utilization dif-
fers between species with contrasting feeding preferences
within the same area, remains unknown. Dependency in
patch utilization is expected because species experience the
environment according to their life history traits and pheno-
typic characteristics.

This study aimed to understand the relative importance
of top-down and bottom-up forces in determining patch
utilization by two deer species that differ in feeding type
and social behaviour. Roe deer (Capreolus capreolus) is a
browser and a solitary species (Hofmann 1989; Kjellander
et al. 2004), whereas red deer (Cervus elaphus) is a mixed
feeder and a social species (Georgii 1981; Hofmann 1989).
Our approach was to pair camera traps to vegetation sub-
plots in ten Dutch forests (Smith et al. 2020) and quantify
patch utilization, top-down (distance to village and forest
edge, hunting intensity, Fig. 1), bottom-up drivers (veg-
etation composition, structure) and deer features (feeding
type, and abundance). We asked the following questions:
(I) which factors explain patch utilization by deer? (II) Does
this differ between species? (III) How does patch utiliza-
tion, browsing intensity and light availability relate to tree
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Fig. 1 Conceptual models of how patch utilization is driven by top-
down, bottom-up forces and deer characteristics (panel A) and a
model for how forest recruitment is modulated by patch utilization,

species composition? We predict that (i) patch utilization is
best explained by bottom-up and top-down forces because
cervids are often culled in these forests. (ii) This is stronger
for the strict browser (roe deer) than for the mixed feeder
(red deer) which can find safety-in-numbers. (iii) Vegeta-
tion composition is best explained by browsing intensity and
light availably since these are the limiting factor in temper-
ate forests and are directly related to plant performance and
vegetation composition.

Materials and methods
Research location

Research was conducted in the Veluwe, a 1100-km? forest
region located in the central part of the Netherlands (52° 11’
42" N 5° 50" 57" E, Fig. 2). The annual average tempera-
ture is 10.5 °C and average rainfall is 850 mm y~'. Soils
are sandy with varying textures and loam content, ranging
from extremely dry and nutrient-poor entisols to xeric humic
podzols, and brown earths (inceptisols) on the more loam-
rich sands (Kuiters and Slim 2002). Two third of the area is
covered by a mix of broadleaf and conifer species and the
remaining third consists of heathland, grassland and dunes.
The main broadleaf species are birch (Betula pendula), oak
(Quercus robur), red oak (Quercus rubra) and beech (Fagus
sylvatica); the main conifer species are scots pine (Pinus
sylvestris) and the non-natives spruce (Picea abies), Doug-
las fir (Pseudotsuga menziesii) and larch (Larix kaempferi)
(Ramirez et al. 2019). The ungulate assemblage is com-
posed by red deer (Cervus elaphus), roe deer (Capreolus
capreolus), wild boar (Sus scrofa), a few fallow deer (Dama
dama) and introduced mouflon (Ovis orientalis). At time
of the research, the area lacked top predators for more than
a century, but experienced high hunting pressure. The area
is intersected by a wide network of highways, roads, train

light and browsing (panel B). The direction of the relationship is
shown with (+) and (—) signs

tracks and towns, dividing the Veluwe in several compart-
ments that vary widely in deer abundance and forest hetero-
geneity. The Veluwe contains several fields surrounded by
forests and is intensely used as a recreational area.

Sampling design

We selected ten tracts of continuous forest across the
Veluwe, such that these ranged widely in deer population
densities and in physical attributes (Table 1). In each for-
est, we selected square plots of 1 km? using ArcGIS. The
minimum distance between plots was 5 km, sufficient to
minimize deer home range (roe deer, 0.1-1.5 km?, red deer
5-10 km?) overlap (Gill and Morgan 2010). Within each
plot, 21 random points with at least 100 m of interspacing
were generated. At each point, a Reconyx HyperFire HC500
camera trap was mounted to the closest tree at 50 cm height
and facing north. Vegetation 3 m in front of the cameras
was cut to below 50 cm to maximize detection by the cam-
eras. Maximum detection area was then quantified using
the walk test: walking away from the cameras and meas-
uring the distance to the furthest point where the cameras
detected movement and quantifying the detection area with
the camera lens angle (42°). These values were used to cor-
rect for variation in detection area between camera traps. We
deployed three camera traps sequentially for each site, cam-
eras were collected and moved to three new random points
after approximately 21 days (+4.8 days). This procedure
was repeated until all random points were surveyed. This
yielded an average of 463 camera trap days per forest site (02
June—27 October 2017). We assume no variation in seasonal
behaviour of deer across sites since camera surveys were
conducted sequentially and simultaneously across all sites.
All images were grouped into sequences that represented dif-
ferent events and annotated by using the software “Agouti”
(Casaer et al. 2019). Species identity, number of individu-
als, and time spent in the forest patch were recorded. For
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«Fig. 2 Research sites in the Veluwe, the Netherlands. Black dots and
codes indicate research sites, dark green forest cover, light green
non-forest areas and light grey urban build-up. Oostereng (OOS),
Buunderkamp (BUU), Speulderbos (SPE), Gortel (GOR), Hoender-
loo (HOE), Dellen (DEL), Garderen (GAR), Achterpark (ACH),
Rozendaalse (ROZ) and Rheden (RHE). Size of map is 55 x40 km

all sequences with deer, we recorded whether animals were
feeding. Browsing incidence was defined as the number of
times an animal lowered the head to the ground in propor-
tion to the camera detection area and number of deployment
days (obs m~2d™").

Vegetation sub-plots were set up 3 m away from the
cameras, with a fixed width of 4 m and a variable length,
large enough to include 50 stems between 10 and 250 cm
in height. All stems were identified to species, the height
was measured as the distance from the ground to the apical
shoot and browsing signs were inspected for the entire plant
and annotated as present or absent. Diameter at breast height
was measured for stems >3 cm in diameter. Since saplings
composition is dependent on light, we used a densiometer
to measure light availability by standing on the centre of the
vegetation plot (Lemmon 1956). The values obtained from
the densiometer positively correlate to the photosynthetical
active radiation in the forest understory (Baudry et al. 2014).
Shrubs, herbs and ferns were also measured in the plots, but
we opted not to include as it had no relationship with any
of our variables. The establishment of the plots and vegeta-
tion measurements were done during the collection of the
camera traps.

Top-down, bottom-up forces and patch utilization

To quantify top-down forces, we calculated for each forest
site the proximity to urban areas (which we used as an index
for visiting rates) and hunting intensity (as an index for both
direct and indirect effects of predation). Distance-to-town
was measured as the distance from the centroid of the forest
plot to the nearest large town centres (> 40,000 inhabitants),
using Google Earth. Distance from camera points to towns
was not included because it yielded an average value similar
as to the centroid. Smaller villages are abundant in the area
and hence, they were omitted because they did not provide
a gradient. Hunting intensity was quantified as the take-off
density (i.e., ind km~2 y~!) which was sourced from official
culling data (http://www.verenigingwildbeheerveluwe.nl).
To quantify bottom-up forces, we measured the quality
and the structure of the vegetation as these variables are
related to food availability and shelter from predators and
weather. Patch quality was measured as the percentage of
broadleaf stems (the remainder being conifers %) and patch
structure as the basal area of saplings (m? ha™!). Distance
from the vegetation plot to the nearest forest edge was also

measured since roe deer is a browser, while red deer is a
grazer (Hofmann 1989). Finally, we derived Shannon (H)
diversity for all vegetation plots. To quantify landscape
abundance of deer, we calculated the average trap rate per
forest site (ind m~2 d~!) using the following formula:

n

Trap rate = Z
i=1

A
BxC

where (A) is the total number of individuals in the image
sequences, (B) is the maximal detection area of the camera
in m? and (C) is the sampling effort in days. Patch utiliza-
tion was then quantified for each individual sampling point
(ind s m™2 d "), as follows:

n

Patch utilization = Z

i=1

AXT
BxC

where (7) is the total time that animals spent in front of the
camera trap.

Statistical analysis

All statistical analysis were done in R version 4.0.2 (R Core
Team 2013). Linear Mixed Models (LMM) were employed
to construct a pathway model that quantifies how top-down
(hunting intensity, distance to town), bottom-up (distance
to forest edge, patch quality, structure) forces and deer char-
acteristics (feeding type, abundance) explained variation in
patch utilization, and how patch utilization feeds back to
vegetation composition and structure (Ramirez et al. 2021b).
We tested for collinearity before the formal analysis and
results indicated independence among factors. Six independ-
ent models were conducted. For three of the models, patch
utilization was the response, forest site was a random factor
to account for the nested design, and top-down, bottom-up,
and deer characteristics, respectively, were independent
fixed factors. The fourth model looked at the relationship
between browsing intensity and patch utilization, with forest
site as a random factor. The fifth and sixth models, tested
how browsing intensity feeds back to vegetation composition
and structure, with forest site as a random factor. For each
cervid species separate models were made. A p value <0.05
indicated a significant relationship between response and
fixed factors and all given coefficients were standardized. A
priori and using LMM, we evaluated and found that red and
roe deer did not interfere with each other’s patch utilization
(Electronic Supplemental Material A1l). The package “Ime4,
version 1.1-23” was used for modelling (Bates et al. 2015)
and the package “ggplot2, version 3.3.2” for plotting the
relationships (Wickham and Winston 2014).

Principal Component Analysis (PCA) was employed to
visualize differences in forest composition among the 10
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Table 1 Characterization of the

ST F. site  Top-down Bottom-up Abundance Patch utili- Abiotic Browsing
ten forest sites in the Veluwe, sation
the Netherlands
Hunt Town P.quality P.structure F.edge Roe Red Roe Red Light Roe Red

ACH 4.10 4.1 7257 21.36 0.67 0.09 0.11 0.08 0.02 3541 0.004 0.000
BUU 3.83 72 7181 20.50 0.68 026 0.25 024 0.17 36.15 0.005 0.004
DEL 7.72 16.0 4745 2291 0.16 0.11 029 0.09 0.16 37.09 0.004 0.003
GAR 4.10 18.0 8943 27.79 0.21 0.14 0.11 0.11 0.02 37.34 0.004 0.000
GOR 0.01 13.1 9895 23.50 0.30 0.18 2.83 0.17 2.78 37.84 0.002 0.015
HOE 584 80 75.18 26.05 0.22 0.09 0.29 0.05 0.24 3992 0.002 0.006
O0s 0.13 58 7152 23.14 0.15 0.22 0.00 0.21 0.00 4091 0.004 0.000
RHE 948 74 8724 22.57 0.90 0.14 0.28 0.12 0.19 39.57 0.004 0.004
ROZ 948 5.0 70.67 30.29 0.54 0.04 0.25 0.03 0.15 41.70 0.001 0.002
SPE 4.10 194 47.14 25.86 0.25 021 0.06 020 0.03 4239 0.013 0.001

Average values of the 21 sapling points for each site are provided. Units are expressed as follows: hunting
intensity (ind km™> y‘l), distance to town (km), patch quality (broadleaf %), patch structure (basal area in
m? ha™!), distance to forest edge (km), landscape abundance of deer (ind m=2d™, patch utilization by deer
(ind s m~2 d71), light availability in the understory (%) and browsing intensity (obs m=2d~})

forest sites. Patch utilization, browsing intensity and light
availability were not used to construct the PCA, but later
included as supplementary variables to show how they are
associated with the PCA axes. A factor analysis was con-
ducted to rank the correlation of the variables with the PCA
axes. The package “FactorMineR, version 2.3” was used for
the multivariate analysis and the package “factoextra, ver-
sion 1.0.7” for plotting the graph (L& et al. 2008; Kassam-
bara and Mundt 2017).

An additional LMM analysis was conducted to identify
how forest composition responds to herbivores (red and roe
deer combined). In a first model we set tree diversity as a
response and deer patch utilization, browsing intensity and
light availability as fixed factors, forest site was used as a
random factor to control for the nested design. In a second
and third model, the same procedure was then repeated,
but this time exchanging PCA Diml and Dim2 scores as
response variables.

Results
Patch utilization and browsing intensity

Across the ten forest sites, patch utilization presented a great
variation among and within sites, providing an ample gradi-
ent for the core analysis of this study (Table 1, Electronic
Supplemental Material A2-3). The results of the LMM indi-
cated that patch utilization by roe deer decreased with hunt-
ing intensity (f=— 0.15, p=0.05, Fig. 3A) and patch quality
(f=-0.23, p=0.004), and increased with the landscape
abundance of roe deer (#=0.22, p=0.007). Patch utiliza-
tion was not significantly related to the distance to town,
distance to forest edge, or patch structure (p >0.21 in all
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cases). Browsing intensity increased with patch utilization
(#=0.72, p<0.001) and patch quality decreased with brows-
ing intensity (f=— 0.14, p=0.05).

Patch utilization by red deer decreased with hunting
intensity (f=— 0.34, p=0.03, Fig. 3B) and increased with
landscape abundance of red deer (4=0.41, p <0.001). Patch
utilization was not significantly related to distance to town,
distance to forest edge, patch quality or patch structure
(p>0.40 in all cases). Browsing intensity increased with
patch utilization (#=0.51, p <0.001).

Forest recruitment

When all sapling species surveyed across the ten forest sites
were plotted in a PCA, the first two axes explained 26.4%
of the variation (Fig. 4). Dimension 1 (Diml) explained
13.9% and was associated with a high percentage of Sorbus
aucuparia, Rhamnus frangula, Prunus serotina, Quercus
robur and Amelanchier lamarckii on the right side of the
graph, whereas Pinus sylvestris, Larix kaempferi, Fagus syl-
vatica and Pseudotsuga menziesii were more abundant on
the left side (Electronic Supplemental Material A4). Dim2
explained 12.5% of the variation and was associated with a
high percentage of Betula pendula, Betula pubescens, Pinus
sylvestris, Quercus rubra and Pseudotsuga menziesii on the
upper part of the graph, whereas Amelanchier lamarckii
and Fagus sylvatica were more abundant on the lower part.
Only light availability (r=0.49, p <0.001) and merged roe
deer and red deer patch utilization (r=— 0.19, p=0.006)
were correlated with Dim?2. This suggests that Dim?2 reflects
palatability for red deer and roe deer. Browsing level var-
ied across tree species, ranging from as much as 41% for
S. aucuparia and 29% for R. frangula to less than 2.5% for
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Fig.5 Representation of the total percentage of browsed saplings dis-
criminated by species across the ten forest sites in the Veluwe, the
Netherlands. The average number of assessed trees per species = 1630
(range 402-4394)

the three conifer species: P. menziesii, P. sylvestris, and L.
kaempferi (Fig. 5).

The results of the LMM indicate that forest recruitment
is explained mostly by light availability and partly by deer
browsing (f=— 0.22, Table 2, Fig. 6B, Electronic Sup-
plemental Material 5A). Specifically, light availability
was stronger at explaining tree composition (fp;,,; =0.18

and Fig. 6C, fpi»=0.38 and Fig. 6D) than tree diversity
(#=0.16, Fig. 6A).

Discussion

This study aimed to explain large differences that exist in
patch utilization by two deer species and forest recruit-
ment in ten forests across the Veluwe, the Netherlands
and assess how these are related. Results from our novel
network of camera traps paired to vegetation plots con-
firm (Smith et al. 2020) the existence of top-down and
bottom-up forces simultaneously affecting patch utilization
as stated by the Optimal Foraging Theory (Hairston et al.
1960; Wilkinson and Sherratt 2016). Yet, this study sug-
gests that the co-occurrence of these factors in modulating
patch utilization are species specific, even when roe and
red deer belong to the same guild and inhabit the same
area. Variation in patch utilization increased browsing
intensity, which in turn decreased patch quality, from a
mix of broadleaf and conifer trees to mainly conifers.

Table 2 Linear mixed models

It Response R? marginal R? conditional  P. utilization (B) Browsing (B)  Light (B)
results
Tree diversity H 0.05 0.24 —0.06 —0.08 0.16*
Tree composition Diml  0.04 0.41 0.14 —0.22% 0.18**
Tree composition Dim2 ~ 0.17 0.37 -0.12 0.03 0.38%*

Response of tree diversity (Shannon ‘H’) and tree composition (Dimension 1 and 2) to patch utilization
(ind s m™2d™, browsing intensity (obs m~2d!) and light in the understory (%). Patch utilization and
browsing intensity combine the values of red deer and roe deer. Standardized regression coefficients are
presented (B) and see Electronic Supplemental Material A5 for confidence intervals. Significance is pre-
sented in bold and with an asterisk: ***(P<0.001), **(P<0.01) and *(P <0.05)

Fig.6 Linear Mixed Model fits

>
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Patch utilization is equally determined
by top-down, bottom-up forces and deer abundance

Patch utilization by roe deer was explained by top-down,
bottom-up forces and landscape abundance of roe deer,
which all had a similarly strong effect. Hunting intensity
led to a decrease in patch utilization (f=— 0.15) proba-
bly by numerically reducing deer abundance and altering
movement, browsing and vigilance rates (Ciuti et al. 2012).
Surprisingly, patch quality also reduced roe deer patch uti-
lization (f=— 0.23), perhaps because deer need less time
to secure their food intake in patches which have higher pro-
portion of broadleaf species compared to a situation where
only a few broadleaf saplings are scattered in a conifer domi-
nated forest stand. Patch utilization was positively explained
by landscape abundance of roe deer (f=0.22) which is in
line with our prediction that deer find safety-in-numbers.

Bottom-up forces as predicted did not explain patch uti-
lization by red deer since this is a mix feeder and hence,
part of the time red deer spend grazing and resting in open
environments. What we did expect and found is that hunting
(f=—0.34) and landscape abundance of red deer (f=0.41)
explained patch utilization in opposing ways since this spe-
cies negatively responds to hunting by human and because
this is a social species that benefits from living in groups
(Georgii 1981; Lone et al. 2015). In line with our results,
a companion study found that population size of red deer
indeed positively explained variation in daily activity levels
and spread (Ramirez et al. 2021c). Additionally, we expected
that distance to forest edge would explain patch utilization as
these areas are in the transition between forests and mead-
ows and have therefore, a higher presence of herbaceous
plants and a higher production of fresh tree leaves (Mur-
cia 1995). The lack of relationship can be explained by the
intensity which this area is used by recreationalists that are
only allowed to use existing trails, shifting the perception of
which areas are safe and which are risky.

Having both top-down and bottom-up forces simulta-
neously controlling patch utilization by deer are of great
importance for promoting habitat heterogeneity (Hairston
et al. 1960). A balance of top-down and bottom-up forces
leads to an adequate browsing level that promotes habitat
heterogeneity by modifying the landscape and creating
opportunities for rare species. On the contrary, homogenous
habitats are fostered when top-down and bottom-up forces
are unbalanced, leading to a situation in which a system
either lacks browsing or suffers of overbrowsing.

Browsing intensity varies with ungulate feeding
type

Patch utilization by roe and red deer results in a different
browsing intensity. For roe deer and red deer, browsing

intensity increases linearly with patch utilization, yet roe
deer browsing (f#=0.72) presents a steeper response than
red deer browsing (#=0.51). This is explained by the fact
that roe deer by being a strict browser and a forest species,
browsing events are distributed in the same patch over long
periods of time (Hofmann 1989; Tufto et al. 1996; Ram-
irez et al. 2018), which ultimately reduces the quality of the
patch (f=— 0.14). Whereas browsing events by red deer will
probably occur in shorter periods of time since this species
is a mix feeder and spends part of the time in grasslands
(Hofmann 1989), meaning that once they finish browsing,
red deer move to open areas to graze and rest.

Forest composition responds differentially to deer
activity and light

Our field method does not have the power to distinguish
how trees differentially respond to both deer species and
thus, we can only test how saplings respond to the com-
bined effect of roe deer and red deer. Thus, roe deer and red
deer showed a weak increase in patch utilization in sapling
communities dominated by F. sylvatica and a reduced patch
utilization in sapling communities dominated by B. pendula,
B. pubescens, P. sylvestris, Q. rubra and P. menziesii (Elec-
tronic Supplemental Material A4). This suggests that deer
spend less time in palatable tree communities where they
get more energy from readily available nutrients and hide
in denser forest stand rather than in more open understory
shrub stands. Interestingly, the positive association between
F. sylvatica with deer patch utilization is explained by the
tolerance to browsing by this tree species (Vandenberghe
et al. 2008).

When assessing the total percentage of browsed saplings
discriminated by tree species, deer have a strong preference
for broadleaf species (browsed sapling ranged between 12
and 41% per species) over conifers (browsed saplings ranged
between 0.8 and 2.5% per species). Selective herbivory
often leads to changes in forest composition. Tree diversity
increased as a response to light in the understory (=0.16).
When assessing the responses of the PCA axes we found
that tree composition along Dim1 was negatively explained
by deer browsing (f=— 0.22) and positively explained by
light (#=0.18), while tree composition along Dim2 was pos-
itively explained by light (f#=0.38) and not by deer activity.
Suggesting that abiotic conditions followed by herbivory are
important factors shaping forest recruitment in these forests
(Kuijper et al. 2010).

Research outlook
We found that top-down and deer population abundance

have similar, simultaneous and strong effects on both red
and roe deer, but only roe deer were affected by bottom-up
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forces. The lack of relationship between red deer and bot-
tom-up forces might have been an artifact of the chosen
variables as they do not capture the full breadth of how the
landscape matrix shapes behavioural responses of red deer.
The Veluwe is the largest continuous forest in the Neth-
erlands and attracts millions of recreationists every year.
On-site, people engage in several activities that disturb the
environment and because of the complexity of the inter-
actions, it is not entirely understood how these activities
affect wildlife. The most common are nature watchers, ath-
letes and recreationalists. By scaling-up the survey design
it will be possible to have a wider understanding of how
population size of deer, top-down and bottom-up forces
regulate patch utilization by a strict browser and a mix
feeder (Ramirez 2021). This can be achieved by including
all habitat types (i.e., forest, heath and grassland), quanti-
fying number of visitors per area and applying a longitu-
dinal approach that captures shifts in patch utilization by
deer as a response to seasonality.

Conclusion

We found that top-down and deer population abundance
have similar, simultaneous and strong effects on both red
and roe deer, but only roe deer were affected by bottom-up
forces. Suggesting that the time roe deer spend in a patch
is adequate for not increasing or decreasing the recruit-
ment heterogeneity of these forests. Yet, light availability
proved to be the most important factor in shaping forest
composition and diversity. The fact that these results are
species specific, even when species live in the same area
and belong to the same animal guild, confirms that roe
deer and red deer differentially experience, interact with
and shape their surrounding landscape.
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tary material available at https://doi.org/10.1007/s00442-022-05292-8.
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