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Direct and indirect effects of browsing on
forest biodiversity. Evaluating the
intermediate disturbance hypothesis in
boreal forest ecosystems

Abstract

Large mammalian herbivores (ungulates) are important drivers in forest ecosystems,
but their effects on biodiversity and regeneration remain contested. This thesis
examined the direct and indirect effects of ungulates on regeneration, vegetation
structure, and biodiversity in Swedish boreal and boreonemoral production forests,
with particular emphasis on the intermediate disturbance hypothesis (IDH). Using
observational studies and ungulate-exclosure experiments, the thesis tested whether
ungulate disturbance promoted biodiversity by reducing competition and increasing
structural heterogeneity. Ungulate effects could not be explained by density alone.
Moose density influenced browsing damage on Scots pine, but forest composition,
competition, forage availability, and site productivity were also important. Browsing
also constrained the development of palatable broadleaves. The biodiversity results
provided partial support for the IDH. Vascular plant richness was highest at
intermediate ungulate pressure, consistent with the idea that moderate disturbance
can promote coexistence. This pattern was mediated largely through changes in
vegetation structure, light availability, and habitat heterogeneity. Beetles also
benefited from ungulate disturbance, but mainly through structurally open
conditions and microclimatic change rather than a clear unimodal pattern. Overall,
ungulates generated both ecological costs and benefits. The IDH helped explain
some biodiversity responses, but not all, suggesting that co-management should
move beyond density-based approaches and better account for vegetation structure,
site conditions, and trade-offs between production and biodiversity.

Keywords: Ungulates, browsing, boreal forest, biodiversity, forest regeneration,
intermediate disturbance hypothesis, vegetation structure, deer, moose, co-
management



Direkta och indirekta effekter av betning pa
skogens biodiversitet. En utvardering av
den intermediara storningshypotesen i
boreala skogsekosystem

Sammanfattning

Klovvilt ar viktiga drivkrafter i skogsekosystem, men deras effekter pa biologisk
mangfald och foryngring &r fortfarande omstridda. Denna avhandling undersdkte
klovviltets direkta och indirekta effekter pa foryngring, vegetationsstruktur och
biologisk mangfald i svenska boreala och boreonemorala produktionsskogar, med
sarskild betoning pa hypotesen om intermediér storning (intermediate disturbance
hypothesis, IDH). Med hjilp av observationsstudier och experiment med
klovviltshdgn provades om stdrning fran klovvilt frimjade biologisk mangfald
genom att minska konkurrens och 6ka strukturell heterogenitet. Effekterna kunde
inte forklaras enbart av tithet. Algtithet paverkade betesskador pa tall, men dven
skogssammanséttning, konkurrens, fodertillgang och stdndortens produktivitet var
viktiga. Betning begriansade ocksa utvecklingen av begérliga 16vtrad. Resultaten gav
delvis stod for IDH. Kérlvéixternas artrikedom var hogst vid medelhdgt betestryck, i
linje med idén att mattlig storning kan frimja samexistens. Monstret forklarades
framst av fordndringar i vegetationsstruktur, ljustillgdng och habitatheterogenitet.
Aven skalbaggar gynnades av betning, men frimst genom Sppnare struktur och
fordndrat mikroklimat snarare d4n genom ett unimodalt monster. Sammantaget var
betning forknippat med béde ekologiska fordelar och nackdelar. IDH forklarade
vissa men inte alla responser i den biologiska mangfalden, vilket tyder pa att
samforvaltning bor gd bortom tithetsbaserade angreppssitt och bittre beakta
vegetationsstruktur, stindortsforhallanden och avvigningar mellan produktion och
biologisk méngfald.

Nyckelord: Klovvilt, betning, boreal skog, biologisk mangfald, skogsforyngring,
intermedidr storningshypotes, vegetationsstruktur, hjortdjur, dlg, samforvaltning



Dedication
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1. Introduction

1.1 Ungulates as ecological engineers in boreal forests

Large mammalian herbivores (hereafter ungulates) are important drivers of
ecosystem function in forested landscapes (Hobbs 1996; Pringle et al. 2023).
Through browsing, grazing, trampling, nutrient deposition and other forms
of disturbance, ungulates change plant community composition, alter
competitive interactions, and modify the physical structure of the
environment (Suominen & Danell 2006; Diaz et al. 2007; Foster et al. 2014).
In boreal and boreonemoral forests, where light, competition, and stand age
strongly regulate vegetation dynamics (Chertov et al. 2003; Anyomi et al.
2022; Lindenmayer et al. 2022), ungulate disturbance is an important top-
down process, acting primarily through browsing and associated effects on
habitat structure and nutrient dynamics (Suominen et al. 1999; Sitters &
Andriuzzi 2019; Chevaux et al. 2022). The ecological effect of ungulates
therefore extends beyond the direct removal of plant biomass and includes
indirect effects mediated through changes to vegetation structure,
microclimatic conditions, and habitat heterogeneity (Weisberg & Bugmann
2003; Ramirez et al. 2019).

These structural effects can occur across trophic levels (Ramirez et al. 2021).
By changing the height, density, and cover of forest vegetation, ungulates
alter the conditions under which plants compete and under which other
organisms, such as insects, small mammals, and birds, use the habitat
(Bernes et al. 2016; Afonso et al. 2024; Schwegmann et al. 2025). In this
sense, ungulates may be understood as ecosystem engineers, whose impacts
can shape regeneration trajectories, community composition, and
biodiversity across spatial and temporal scales (Ramirez et al. 2018; Beguin
et al. 2022).

The consequences of ungulate disturbances are also likely to depend on
browser identity (Faison et al. 2016b; Hardalau et al. 2024). Larger cervids
such as moose (Alces alces) differ from smaller deer species such as roe deer
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(Capreolus capreolus) in obvious ways, such as body size and feeding
height, but also in less obvious ways, such as diet and habitat use (Edenius
et al. 2002; Schwegmann et al. 2023). These differences may lead to
contrasting effects on forests and their associated biodiversity, depending on
which ungulate species are present (Spitzer et al. 2021). Understanding the
effects of ungulates in boreal and boreonemoral forests therefore requires
attention not only to ungulate population density, but also to the community
composition and the ecological context under which they occur.

1.2 Ungulate disturbances, regeneration and stand
development

Browsing of young trees by ungulates has long been recognised as a key
influence on tree regeneration in northern forest ecosystems (Beguin et al.
2016; Bernes et al. 2018). By removing shoots, suppressing growth, and
altering competitive relationships amongst species, ungulates can affect both
the abundance of regenerating trees and their probability of developing into
healthy, tree-forming individuals (Ramirez et al. 2018; Kupferschmid et al.
2022). These effects are especially important in young forest stands, where
vegetation development is rapid and competition for light and space is
intense (Walters et al. 2020; Lettenmaier et al. 2025).

In Swedish production forests, these dynamics are particularly relevant for
both commercially valuable conifers and ecologically valuable broadleaved
tree species. Browsing on Scots pine (Pinus sylvestris) can reduce stem
quality and suppress growth, leading to economic losses (Wallgren et al.
2014; Nilsson et al. 2016). As Scots pine is one of the most economically
important tree species in Sweden (Mason & Alia 2000), browsing damage
on pine has become one of the most visible points of conflict between
forestry and ungulate management (Liberg et al. 2010; Dressel et al. 2021).

Other tree species are important because they help maintain biodiversity in
boreal forests. Rowan (Sorbus aucuparia), aspen (Populus tremula), willows
(Salix spp.) and oaks (Quercus spp.) support many associated species,
including several of high conservation concern (Raspe et al. 2000; Berg et
al. 2002; Enescu et al. 2016; Molder et al. 2019). Their successful
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recruitment is therefore crucial for meeting biodiversity goals. However,
they are also highly palatable and are often the preferred forage of ungulates
during the summer months (Hornberg 2001; Edenius et al. 2011; Myking et
al. 2011). Ungulate disturbances can strongly affect their regeneration and
alter the competitive dynamics in newly establishing stands, leaving these
preferred species at a disadvantage.

These regeneration outcomes are not only determined by ungulate
disturbances. Stand composition, density, and site productivity all shape how
young forests develop (Pfeffer et al. 2021). Broadleaves may colonise
quickly but still have limited chances of competitive success, and damage
levels on commercially important species may depend more on forage
availability than on ungulate densities (Dressel et al. 2021). In addition,
silvicultural practices may have an equal or greater influence on
regeneration, for example through selective pre-commercial thinning which
often favours conifers over broadleaves (Fahlvik et al. 2015). Ungulate
disturbances should therefore be understood as one component of a broader
set of interacting processes that together determine regeneration and stand
development.

1.3 Ungulates and biodiversity in forest ecosystems

Ungulate effects on biodiversity are complex, as their disturbances can both
reduce and create ecological opportunities (Coté et al. 2004; Hegland et al.
2013; Bernes et al. 2018). By suppressing palatable plants through browsing
and grazing, ungulates may limit some species and alter community
composition. At the same time, ungulate disturbances can reduce structural
dominance, increase access to light and space, and create more
heterogeneous habitat conditions (Royo et al. 2010; Speed et al. 2014; Faison
et al. 2016a). As a result, biodiversity responses to ungulate disturbance are
often context dependent and may differ amongst taxa, spatial scales, and
ungulate regimes (Bernes et al. 2018; Beguin et al. 2022; Schwegmann et al.
2025).
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Figure 1. Spotted cat’s ear (Hypochaeris maculata), a species associated with grazing
disturbance and other low-competition conditions. Although often found in meadow
habitats, it can also occur in forest glades where grazing was once more intense, as shown
here. Photo: J. Anderson
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An important distinction is between direct and indirect effects. Ungulates
may affect plant species directly through herbivory and physical disturbance,
but many broader biodiversity responses are likely to arise indirectly through
changes to forest structure (e.g. Speed et al. 2014; Daskin & Pringle 2016;
Bernes et al. 2018). Variation in plant cover, community composition, stem
density, vertical gap fraction (i.e. the proportion of open space in the
vegetation when viewed vertically), and microclimatic conditions can all
influence which plant species persist in the forest understory and, in turn,
how animal communities are shaped through cascading trophic effects
(Rainio & Niemeld 2003; Koivula 2011; Temperli et al. 2015; Sitters &
Andriuzzi 2019). Taxa that respond strongly to habitat conditions, such as
plants and relatively immobile ground-dwelling beetles, are likely to be
particularly sensitive to ungulate induced changes in habitat structure
(Suominen et al. 1999; Rainio & Niemeld 2003; Koivula 2011).

Broadleaved tree species provide an important example of the connection
between ungulates and biodiversity. As noted above, rowan, aspen, willows
and oaks support a diverse array of associated and specialised species, whilst
also providing important ecological functions such as fruit production, pollen
and nectar resources, and substrate availability (Raspe et al. 2000; Berg et al.
2002; Enescu et al. 2016; Mdlder et al. 2019), particularly when individuals
are allowed to develop into their mature trees (Tikkanen et al. 2006; Lof et
al. 2016; Hardenbol et al. 2020). If browsing and interspecific competition
prevent such species from recruiting successfully, the long-term biodiversity
consequences may extend across trophic levels and far beyond the
regeneration phase.

1.4 Ungulates and the intermediate disturbance
hypothesis in boreal forests

The structural changes described above also connect ungulate ecology with
broader disturbance theory. In some systems, species richness has been
found to be maximised at intermediate levels of herbivory disturbance (e.g.
Hegland et al. 2013; Gao & Carmel 2020), where herbivore action is
sufficient to reduce competitive exclusion but not to the extent that sensitive
or highly palatable species are lost (e.g. Royo et al. 2010; Fukamachi et al.
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2023). This pattern is consistent with the intermediate disturbance hypothesis
(IDH), which predicts that species richness is greatest in habitats where
competition does not exclude less-dominant species, but mortality is not so
high that only the most tolerant species persist (Connell 1978; Huston 2014;
Schwegmann et al. 2025). Although such patterns are not universal (Fox
2013), they suggest that ungulate disturbance does not affect biodiversity in
a simple linear fashion, nor is it always associated with either positive or
negative outcomes. Instead, ungulates may act as important agents of
disturbance and habitat heterogeneity in otherwise relatively stable or
simplified forest systems (Gill & Beardall 2001; Bernes et al. 2018;
Schwegmann et al. 2025).

Figure 2. ‘Vallflicka med boskap’ (Shepherdess with Cattle), painted by the Swedish
artist Olof Arborelius in the late nineteenth century. The painting evokes a historical
period when Swedish forests were more strongly shaped by seasonal livestock grazing,
contributing to disturbance regimes that differed from those of modern production
forests. Public domain image reproduced from Wikimedia Commons.

This is also relevant from a historical landscape perspective. Before modern
intensive forestry, Swedish forests were shaped by more extensive land use,
including seasonal grazing by livestock (Ericsson et al. 2000; Kardell 2016).
Such ephemeral land use likely contributed to more open and varied forest
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conditions, with consequences for species composition and biodiversity (Cui
et al. 2014). In the early twentieth century livestock numbers in forested
landscapes were relatively high, at least seasonally, while wild ungulate
populations remained relatively low. In the present day this situation has
approximately reversed, with greater populations of wild ungulates and
much fewer livestock (Ericsson et al. 2000; Kardell 2016). This shift raises
the question of whether modern wild ungulate populations can replace some
of the ecological roles once associated with livestock in maintaining
heterogeneous habitats and biodiversity, or whether contemporary ungulate
disturbances follow the IDH or operate under fundamentally different
conditions in today’s production forests.

1.5 Swedish forest and ungulate co-management

In Sweden, the ecological effects of ungulate disturbances such as browsing
have major practical relevance as both forests and ungulate populations are
actively co-managed (Widemo et al. 2019; Pfeffer et al. 2021). Production
forestry and wildlife management both aim to deliver important ecosystem
services, such as the production of high-quality timber, wild game,
recreational opportunities, and biodiversity conservation (Boman et al. 2011;
Pfeffer et al. 2021). However, these objectives do not always align.
Browsing damage on Scots pine has become one of the clearest examples of
this tension, and in response Sweden has developed an adaptive co-
management system for wild game and forests that includes formal
management structures, monitoring programmes, and target indicators
(Bjérstig et al. 2014; Widemo et al. 2025).

This system includes browsing inventories such as ABIN
(Algbetesinventering; the Swedish moose browsing inventory) and
management planning within Moose Management Areas (MMAs), as well
as targets for both acceptable damage levels and the recruitment of
biodiversity important broadleaved trees (Bjarstig et al. 2014; Widemo et al.
2019). These targets are intended to support balanced decision making, but
they also imply assumptions about how ungulate activity affects forests
(Widemo et al. 2025). In practice, management has often focused strongly
on ungulate population densities, especially moose abundance, as a lever
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through which damage and regeneration outcomes can be controlled (Pfeffer
et al. 2021; Widemo et al. 2025).

However, if browsing and disturbance effects depend strongly on forest
structure, competition, site conditions, and ungulate identity, management
systems based too narrowly on ungulate density may fail to capture the
ecological mechanisms that determine outcomes. This is particularly
important when production and biodiversity objectives are considered
simultaneously, as Swedish forest policy since 1993 has formally placed
production and environmental goals on an equal footing (Wester 2015).
However, ungulate management regimes that minimise damage to
commercially valuable trees may not be the same as those which promote
broadleaf recruitment or support forest biodiversity.

Figure 3. Moose (4lces alces) often browse in young forest stands, as this camera trap
image shows. Browsing on commercially important species can create conflict between
forestry and wildlife management. Photo: J. Anderson



2. Objectives of this study

Against this background, the overall aim of this thesis was to investigate how
wild ungulates influence forest regeneration, vegetation structure, and
biodiversity in Swedish boreal forests, and to evaluate the implications of
these effects for the co-management of wild ungulate populations and
production forests in Sweden.

More specifically, the thesis examined how ungulates determine forest
damage, broadleaf recruitment, and biodiversity across different ecological
contexts, and looked to identify the mechanisms through which these effects
arise.

These objectives were addressed through the following research questions
and associated working hypotheses:

What factors determine browsing pressures and associated forest damage?

I hypothesised that factors such as pine density, between-tree competition,
and site productivity would be as important as ungulate density in predicting
damage on Scots pine. I further expected that management objectives based
on target browsing thresholds would not be consistently achievable through
moose population reduction alone.

How does browsing influence the recruitment and development of palatable
broadleaved trees important for biodiversity?

I hypothesised that browsing would constrain the recruitment of broadleaved
species, particularly their development into competitive height classes, but
that browsing would not be the only limiting factor. I expected recruitment
outcomes to also depend strongly on interspecific competition with conifers
and site productivity.

How does browsing affect biodiversity in vascular plants and ground-
dwelling beetles?
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I hypothesised that browsing would influence biodiversity through changes
in vegetation structure and habitat conditions, and that these effects would
differ depending on the taxonomic groups. I expected vascular plant richness
to be highest at intermediate browsing pressure, while for ground-dwelling
beetles I expected browsing to promote local biodiversity by maintaining
more open and structurally heterogeneous habitats.

Are browsing effects on regeneration and biodiversity mediated through
changes in vegetation structure, competition, and microclimate?

I hypothesised that the main effects of browsing on biodiversity would be
indirect and would work through changes in vegetation structure and
microclimate, whereas effects on tree regeneration would reflect both direct
browsing impact and the indirect effects of competitive interactions and site
conditions.
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3. Method

3.1 Study system

The studies included in this thesis were conducted in Swedish boreal and
boreonemoral production forests. These forest landscapes are shaped by
active silviculture and are inhabited by several large mammalian herbivores,
primarily moose, roe deer, red deer (Cervus elaphus), and fallow deer (Dama
dama). Wild boar (Sus scrofa) are also present, although their role as agents
of forest damage is broader and less directly linked to browsing than that of
wild cervids (Barrios-Garcia & Ballari 2012; Brunet et al. 2016; Matas et al.
2021). Across the thesis, particular emphasis was placed on young managed
stands and production forest landscapes, where browsing interacts strongly
with forest regeneration, vegetation development, and biodiversity (Pfeffer
et al. 2021).

The Swedish forest landscape provides a useful system for studying browser
impacts because it combines intensive forest management with comparably
high and spatially variable ungulate densities (Spitzer et al. 2020, 2023;
Pfeffer et al. 2021). It also includes a well-developed monitoring network for
both forest condition and ungulate related browsing pressure (Bjérstig et al.
2014; Widemo et al. 2025). This made it possible to examine browsing
effects across broad spatial gradients and under realistic management
conditions. In turn, these effects can be directly linked to current challenges
in the co-management of ungulates and forests.
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Figure 4. Locations of the stands with exclosures across a Latitudinal Gradient in Sweden
(red boxes; LGE) and the position of the study area with High Deer Densities in the
county of Sédermanland (blue boxes; HDDE). Grey outlines indicate the location of the
129 moose management areas (MMAs) within Sweden. Observational data were
collected both from the MMAs and from a plant species inventory conducted in tracts
within the HDDE. The dotted line marks the approximate position of Limes
Norrlandicus, a major biogeographical transition zone in Sweden separating hemi-boreal
and boreal ecosystems; oak distribution occurs primarily south of this line (Sjors 1999).
(d) Enlarged map of the HDDE study area, showing the distribution of experimental
stands (blue boxes). (b) Extent of the exclosures in the LGE (solid red), with all
measurements conducted within the dashed inner buffer area (5 x 5 m). (c) Layout of the
HDDE, indicating the full exclosure footprint (solid blue line), the 10 x 10 m
measurement area (dashed square) where the tallest five rowan, aspen, willow and oak
(RAWO) individuals were measured, and the circular plot (radius 5.64 m).
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Figure 5. A typical young production forest stand just outside of Sveg in northern
Sweden. In this stand the field-layer is dominated by lichens, showing the variation in
plant communities across the Swedish forest landscape. An ungulate exclosure can be
seen in the background. Photo: J. Anderson

3.2 Observational data sources

The observational components of the thesis drew on national and regional
monitoring data, including forest inventories, browsing damage surveys,
forest vegetation surveys, pellet-count estimates of ungulate density, and
other environmental covariates. In Papers I and 11, large-scale datasets from
management were used to assess how browsing damage and broadleaf
recruitment varied in relation to ungulate densities, forest composition, and
site conditions. In Paper III, long-term pellet counts were used to estimate
variation in deer density and community composition, which were then
related to field-layer plant richness and vegetation structure which I had
surveyed in the same tracts. Here we also derived an index for Deer Energetic
Requirement (DER) by converting species densities to Kleiber-scaled
metabolic demands and summing across species (Kleiber 1947). This
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allowed the total effect of the ungulate communities to be estimated on the
same scale.

These observational datasets provided broad geographic coverage and high
management relevance. They also allowed analysis across different forest
conditions and, where relevant, across latitudinal gradients in climate,
productivity, and vegetation characteristics. However, because observational
patterns may reflect multiple interacting processes, they were interpreted
together with the results from the experimental studies.

Figure 6. Field survey of forest floor vascular plants in a Swedish production forest.
Observational vegetation surveys such as this were used in combination with pellet
counts to assess relationships between ungulate density, vegetation community structure,
and field-layer plant richness. Photo: S. Weréen
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3.3 Experimental approaches

The experimental part of the thesis was based on ungulate-exclosure
experiments in young forest stands. These exclosures were used to compare
vegetation development and biodiversity in fenced plots, where ungulates
were excluded, with unfenced control plots exposed to ambient browsing and
other disturbances. In Paper II, exclosures were used to evaluate how
ungulates affected the establishment and competitive development of rowan,
aspen, willow and oak under different productivity conditions. In Paper IV,
exclosures were used to assess how ungulate exclusion altered vegetation
structure, microclimate, and beetle assemblages across a broad latitudinal
gradient.

« mmmaes el RN
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Figure 7. Measuring tree growth in a fenced ungulate exclosure in a young production
forest stand. Experimental plots such as this were used to evaluate browsing effects while
controlling for background variation in forest and landscape conditions. Photo: J.
Anderson.
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The experimental aspects of this thesis were particularly important for
evaluating whether observed relationships could be attributed to the presence
of ungulates themselves (and thereby, their behaviours, including browsing)
rather than only to correlated variation in forest or landscape conditions.
Importantly, they also made it possible to explore the mechanisms through
which ungulates influence regeneration and biodiversity.

3.4 Combining observational and experimental methods

A major strength of this thesis lies in the combination of observational and
experimental approaches. The observational studies provide broad-scale
ecological ‘realism’ and are directly relevant to management challenges,
while the experiments allowed stronger inference about causal mechanisms.
Together, these approaches made it possible to assess both the general
patterns and the underlying processes behind them.

The combined design was particularly important because the effects of
ungulate disturbance are often context-dependent (Speed et al. 2014; Bernes
et al. 2018; Beguin et al. 2022). Observational analyses revealed how
browsing outcomes varied across landscapes, ungulate communities, and site
conditions, whereas the exclosure studies clarified how ungulates influence
vegetation structure, competitive interactions, microclimate, and
biodiversity under controlled field conditions. By integrating these
approaches, this thesis was able to address ungulate disturbance effects
across multiple ecological response variables and spatial scales.
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Figure 8. Field measurement of near-surface microclimatic conditions in a forest stand.
Such measurements were used to assess how ungulate exclusion altered the local physical
environment. Photo: J. Anderson

3.5 Statistical approaches

Most analyses in this thesis were based on generalised linear mixed
modelling (GLMM), which was used to examine relationships between
ungulates, regeneration, vegetation structure, and biodiversity across a range
of response variables. In addition, Bayesian modelling was used in Paper |
to predict management outcomes related to moose density and browsing
damage on Scots pine, allowing for uncertainty in parameter estimates and
predictions to be quantified more explicitly. For analysis of species diversity
in Paper III, rarefaction approaches were also applied to increase the
robustness of comparisons when sampling effort or the number of
individuals differed between treatments. Together, these approaches made it
possible to analyse a broad range of ecological responses using methods
appropriate to the structure of the data and the aims of each study.
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3.6 Overview of methods used in the included papers

34

Paper I: large-scale observational analysis of browsing damage
using browsing inventory data, ungulate density estimates, and
environmental variables including weather data

Paper II: combined observational and exclosure-based experimental
study of the recruitment and development of rowan, aspen, willow
and oak

Paper III: observational analysis linking long term pellet-count
estimates of deer density and community composition to vegetation
structure and vascular plant richness

Paper IV: large scale exclosure experiment examining the effect of
ungulate exclusion on vegetation structure, microclimate, and
ground-dwelling beetle communities



4. Results and discussion

4.1 Browsing effects cannot be understood through
herbivore density alone

Browsing damage in boreal production forests is often framed as a problem
of herbivore density, where high numbers of ungulates are assumed to lead
directly to undesirable levels of forest damage, or even failed regeneration
(Coté et al. 2004; Tremblay et al. 2004; Liberg et al. 2010; Fukamachi et al.
2023). This framing has strongly influenced management in Sweden, where
reducing ungulate densities has been a central strategy for limiting forest
damage and improving conditions for regeneration (Bjarstig et al. 2014;
Widemo et al. 2019; Pfeffer et al. 2021). However, such a perspective risks
oversimplifying the ecological processes that shape browsing outcomes. The
results of this thesis suggest that while browser density is important, it does
not determine whether targets for forest damage and regeneration are met.

Paper I showed that moose density was indeed an important predictor of
browsing damage on Scots pine, confirming that ungulate abundance
remains highly relevant for management. At the same time, pine stem
density was equally, or more, important but as an opposite predictor, with
higher densities of pine associated with lower browsing damage. This
suggests that browsing damage is not only shaped by the number of
ungulates present, but also by the availability and distribution of forage
within the landscape. The finding that current damage target thresholds are
difficult to achieve through ungulate density reduction strongly suggests that
management cannot solely rely on ungulate population control to achieve
these targets.
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Paper II revealed a similar pattern, but from the perspective of broadleaf
recruitment rather than browsing damage on pine. Browsing constrained the
development of rowan, aspen, willow and oak, particularly by limiting their
transition into competitive height classes. However, browsing was not the
only factor determining recruitment outcomes. Site productivity and conifer
density were often stronger predictors of whether recruitment targets were
met than ungulate density itself. Experimental results further demonstrated
that recruitment could remain below target levels even in the complete
absence of browsing. This was especially the case on sites of intermediate
productivity where some of these broadleaved species, especially oak and
rowan, were outcompeted by faster growing conifers, whereas recruitment
goals were met under very high ambient browsing pressures on rich soils.
This suggests that broadleaf recruitment depends not only on browsing
pressure, but also on the competitive dynamics of developing new stands and
on local site conditions.

Together, Papers I and II show that browsing outcomes are shaped by the
interaction between herbivore pressure and forest context, rather than just by
browser density alone. While ungulate abundance clearly matters, the results
demonstrate that browsing damage and regeneration success also depend on
factors such as forage availability, stand composition, interspecific
competition, and site productivity. Thus, management targets may remain
difficult to achieve, even when ungulate populations are reduced. This
suggests that management needs to account more explicitly for stand
structure, competition, and site productivity, in order to create a more
balanced and realistic approach to co-management.
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Figure 10. Density of rowan, aspen, willow, and oak (RAWO) stems per hectare
exceeding half the height of the tallest production stems in the intermediate-productivity
LGE (a) and high-productivity HDDE (b) experiments. Points and lines show treatment
means = 1 SE for exclosures and browsed controls. Red dotted lines indicate current
Swedish recruitment targets. Browsing reduced the number of competitively developing
RAWO stems, but stem densities also declined below target levels in exclosures at
intermediate productivity, showing that browsing alone did not determine recruitment
success.
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4.2 Structural change as a shared mechanism of
ungulate effects

One of the clearest patterns across this thesis was that ungulate disturbance
effects were not only caused by the direct removal of biomass, but also by
changes in forest vegetation structure (Suominen et al. 1999; Speed et al.
2014; Bernes et al. 2016). Across Papers 11, III and IV, ungulates altered the
height, density, cover, and composition of the plant community, and these
changes influenced both regeneration and biodiversity. This makes
vegetation structure the clearest shared mechanism linking the different
responses examined in this thesis. In this way, ungulates altered the
ecosystem, reshaping the structures through which ecological interactions
and cascading effects occur (Bernes et al. 2018; Sitters & Andriuzzi 2019).

In Paper II, this mechanism was evident in the development of broadleaved
tree species important for biodiversity. The presence of ungulates reduced
the height growth of rowan, aspen, willow and oak, and limited their
transition into competitive size classes, even though establishment had
occurred successfully. Many stems were subsequently overtopped by faster
growing conifers, although the strength of this pattern differed amongst
species. Recruitment ‘failure’ was therefore linked not only to whether stems
were present, but how stand development unfolded over time.
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Figure 11. Average height (cm) of the tallest individuals of rowan (a), aspen (b), willow
(c), and oak (d) compared to the average height of the two tallest conifers in exclosures
and control plots in the experiment on soils of high productivity and high deer densities
experiment (HDDE). Broadleaves are shown in blue and conifers in black. Points and
lines are treatment means + 1 SE (Fenced exclosures: solid symbols and lines; open
controls: dashed lines and open symbols). The figure shows that all species remained
shorter than conifers in browsed control plots, while in exclosures aspen and willow were
able to keep pace more closely with conifers, whereas rowan and oak remained
overtopped.

In Paper III, ungulate densities were linked to changes in field-layer
structure, including variation in woody shrub cover, herbaceous species
cover, and light availability through vertical gap fraction. These differences
were associated with changes in field-layer plant species richness, indicating
that ungulates influenced biodiversity through changes in vegetation
composition and habitat openness. By reducing the dominance of some
40



species, and by increasing the access to light and space for others, ungulates
appear to modify the conditions under which forest field-layer plant
communities develop. This implies that ungulate activity can function as an
important driver of habitat heterogeneity and disturbance in otherwise
relatively stable production forestry regimes.
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Figure 12. Structural equation model of deer energetic requirement (DER), vegetation
composition gradient, and plant species richness. Solid arrows denote significant paths
(p < 0.05), with blue arrows indicating positive relationships and red arrows indicating
negative relationships. Dashed grey arrows denote non-significant paths. Numbers
within arrows represent standardised estimates and significance level. R? values shown
within boxes indicate the variance explained for each response variable; for species
richness these represent Nagelkerke R? values. The model indicates that ungulate effects
on species richness were primarily indirect, operating through changes in vegetation
structure and composition rather than through a direct pathway alone.
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Paper IV provided further experimental support for this mechanism.
Ungulate exclusion increased tree stem density and field-layer plant cover,
and also altered microclimate conditions, specifically diurnal temperature
range. These changes were associated with lower beetle richness in
exclosures, despite no clear differences in abundance. The results suggest
that ungulate disturbance affected ground-dwelling beetles indirectly
through changes to habitat structure and microclimate. As in Paper III, the
biodiversity responses appeared to arise less from direct disturbance than
from ungulate induced changes in the conditions experienced by other
organisms. Interestingly, whilst local richness was higher in open control
plots, species turnover was greater in exclosures. This suggests that
ungulates also alter the heterogeneity and spatial organisation across plots,
indicating that ungulate driven changes influence both local richness and
variation in community composition across the landscape.

One possible explanation is that ungulate activity itself is patchy, such that
the variation in site use creates a ‘browsing mosaic’, where vegetation
structure and microclimate conditions vary strongly among plots. This
interpretation is consistent with our own pellet count data (currently
unpublished), where estimated ungulate density varied greatly both within
plots over time and between plots over space (CV = 0.65). This suggests
ungulate driven changes influence both local richness and variation in
community composition across spatial and temporal scales.

Overall, Paper I, Il and IV show that changes in vegetation structure formed
the main shared mechanism through which ungulates influenced
regeneration and biodiversity in this thesis. Browsing altered competitive
dynamics amongst plants, the vertical structure and density of regenerating
trees, the composition of the field layer, light dynamics, and local
microclimatic conditions. These changes affected both plant and beetle
communities, as well as the recruitment of important umbrella species.
Ungulates therefore influenced the ecosystem not only by removing biomass
directly, but also by reshaping the structural environment in which other
ecological processes unfolded. This was one of the clearest patterns across
the four papers.
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4.3 Biodiversity responses to browsing are non-linear
and taxon-dependent

Ungulates did not affect biodiversity in a uniformly positive or negative way
across this thesis. Instead, responses differed amongst taxonomic groups and
depended on both the community composition and abundance of ungulates
present. One important pattern was that biodiversity responses could be non-
linear, with intermediate browsing associated with higher diversity in some
cases. Another was that different browser groups appeared to have different
ecological effects, suggesting that ungulate identity matters as well as
disturbance pressure itself.

In Paper I11, vascular plant richness peaked at intermediate densities of small
deer, supporting an intermediate disturbance pattern. Both low and high
browsing levels were associated with lower richness, suggesting that
moderate browsing created conditions that were more favourable for a
diverse field-layer community. As discussed in the previous section (4.2),
this relationship appeared to be mediated largely through changes in
vegetation structure, including variation in dwarf shrub cover, graminoid
cover, and vertical gap fraction. At intermediate browsing levels, ungulates
likely increased species richness by reducing the dominance of strong
competitors for light and space, such as dwarf shrubs, increasing vertical gap
fraction through the removal of taller shrubs and saplings, and creating
conditions that favoured the establishment of more species-rich groups such
as graminoids and forbs. At higher browsing intensities, however, these
positive effects may have been offset by increasing suppression or loss of
more palatable species.

Paper III also showed that ungulate identity mattered, as moose, red deer,
and small deer did not show the same relationship with vascular plant
richness. Richness peaked at intermediate densities of small deer, whereas
the relationship with moose density was negative, and no clear relationship
was found for red deer. This suggests that different browser groups are not
functionally interchangeable in their effects on field-layer diversity. A likely
explanation is that ungulate species differ in body size, feeding behaviour,
diet and habitat use, and therefore modify vegetation structure in different
ways (Edenius et al. 2002; Spitzer et al. 2020; Schwegmann et al. 2023).
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Biodiversity outcomes therefore depend not only on ungulate density, but
also on ungulate community composition.

(a) (b) (c)

90 1 90 1

[{=]
o
1

[=2}
o
L

60 1 60 1

‘/l—\ \\\ h‘x"\__.

304 30 1

*

w
o
1

o
L
o

. 0.
10 20 30 40 05 10 15 20 0.0 05 10 15 20
Small deer / km? Moose / km? Red deer / km?

Field-layer richness (n / tract)

Figure 13. The relationship between browser species/group and total plant species
richness of the field-layer. Panels show the relationship between field-layer richness and
average density of small deer (a), moose (b), and red deer (c) as modelled by generalised
linear models. Points represent the average values per tract, blue lines represent the
modelled fit, and grey ribbons represent a 95 % confidence interval. The figure illustrates
that species richness responded differently to ungulate identity, with richness peaking at
intermediate densities of small deer, declining with increasing moose density, and
showing no clear relationship with red deer density.

Paper IV showed a different but complementary biodiversity response, as
beetle richness was lower in exclosures than in open control plots despite
denser vegetation and the absence of ungulates. Reduced ungulate
disturbance therefore did not increase local diversity. Instead, ungulate
activity appeared to maintain habitat conditions that supported higher local
beetle richness, even though exclosures showed greater turnover amongst
plots; that is, beetle communities in exclosures were less similar to one
another from plot to plot. This highlights that biodiversity responses depend
not only on how much vegetation is present, but on how disturbances created
by ungulates shape habitat structure and environmental variation. It also
shows that responses differ amongst taxa and cannot be inferred from
vegetation quantity alone.

Considered together, Papers III and IV show that biodiversity responses to
ungulate disturbances depended on taxon, scale, and browsing regime. Low
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ungulate density was not automatically better for biodiversity, but neither
was high density universally beneficial. Rather, ungulates created different
outcomes for different taxonomic groups depending on how they altered
vegetation structure and habitat conditions. These findings suggest that
biodiversity cannot be managed through a single assumed optimum level of
ungulate disturbance.

4.4 Management targets and ecological reality

Current co-management of ungulates and forests in Sweden relies heavily on
thresholds and target indicators intended to reflect acceptable browsing
damage and desired regeneration outcomes. Such indicators often imply that
these outcomes can be controlled mainly through changes in ungulate
population density. However, the results of this thesis suggest that this view
is too simplistic. In several cases, current targets did not align closely with
the ecological processes that actually determined damage levels or
recruitment success.

Paper I showed that current thresholds for browsing damage on Scots pine
are difficult to meet through ungulate population management alone.
Although moose density was an important predictor of damage, pine stem
density was also strongly related to browsing levels, showing that damage is
a result of both herbivore pressure and forest conditions. Pine damage
thresholds therefore reflect the interaction between ungulate population
density, site conditions (particularly site productivity) and forage availability
within the landscape.

Paper Il pointed to a similar mismatch between management targets and
ecological reality. Current RAWO targets reflect stem presence and early
recruitment more so than long-term recruitment into competitive, tree-
forming individuals. Although wungulates constrained broadleaf
development, site productivity and conifer competition were also critical,
and targets may be missed even in the total absence of ungulates. This
suggests that the current management system may overattribute outcomes to
ungulate browsing alone, and that they do not capture the ecological
processes that determine successful broadleaf recruitment over time.
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Notably, the primary objective for tree-forming individuals was still
achieved, suggesting that recruitment dynamics extend over longer time
frames than those we measured in the young-stand phase.

4.5 Trade-offs in the co-management of ungulates and
forests

A central challenge in the co-management of ungulates and forests is that it
involves balancing multiple objectives rather than solving a single, clearly
defined problem. Ungulate disturbances can simultaneously generate
negative outcomes for forest production and regeneration, while also
contributing positively to structural heterogeneity and biodiversity. This
means that different management goals may end up in conflict with each
other in practice. The results of this thesis therefore point to trade-offs, rather
than to one ecological optimum that would satisfy all objectives at the same
time.

From a production and regeneration perspective, lower browsing pressures
may often appear desirable. As shown in Papers I and II, ungulates can
generate both economic and silvicultural costs, particularly through damage
to timber quality in Scots pine and the constraints on the development of
broadleaved tree species important for biodiversity. These findings show
clearly that ungulate activity can work against both timber production
objectives and the successful recruitment of ecologically valuable tree
species. At the same time, ungulates can contribute positively to biodiversity
by maintaining heterogeneity within forest stands. Paper III and IV show that
ungulate disturbance is not automatically detrimental to biodiversity. Indeed,
vascular plant richness and ground beetle diversity were both positively
associated with ungulate presence, at least at intermediate levels. These
findings suggest that the presence of ungulates in young forest stands can
support and maintain biodiversity in several key forest taxa, even whilst
generating costs for production and regeneration.
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Figure 14. Rarefaction and extrapolation curves comparing ground-dwelling beetle
assemblages in browsed control plots and fenced exclosures. Panels show (a) species
richness (Hill number q = 0), (b) exponential Shannon diversity (q = 1), and (c) inverse
Simpson diversity (q = 2) as functions of the number of individuals. Solid lines represent
rarefaction and dashed lines represent extrapolation; shaded areas indicate 95%
confidence intervals. Beetle diversity was consistently higher in browsed control plots,
particularly for Hill numbers 1 and 2, indicating that ungulate presence favoured the
diversity of common and dominant species.

Taken as a whole, these results suggest that some management objectives are
inherently conflicting. The ungulate management regime that minimises pine
damage is unlikely to maximise forest biodiversity at the same time. No
single ungulate density or browsing regime can therefore be expected to
optimise all outcomes simultaneously. Effective co-management must
instead be based upon explicit priorities, local ecological context, and a clear
recognition that trade-offs are unavoidable.

4.6 Strengths and limitations

An important strength of this thesis is the combination of large-scale
observational analyses with experimental field studies. The observational
studies made it possible to evaluate ungulate effects under realistic
management conditions and across broad spatial gradients in Sweden, while
the experiments allowed stronger inference about causal mechanisms.
Together, these approaches provide a more robust understanding of how
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ungulates influence regeneration, forest structure and biodiversity than either
approach would have done on its own.

However, several limitations should be acknowledged. Ungulate guilds
differ in behaviour, diet, body size, and habitat use, and are therefore not
fully interchangeable in their ecological effects (Edenius et al. 2002; Spitzer
et al. 2020; Schwegmann et al. 2023). In addition, some of the inferred
mechanisms in this thesis, particularly those linking ungulate activity to
biodiversity through structural change, were not always measured directly
but were instead inferred from observed associations amongst vegetation,
light availability, local microclimate, and species response. These
interpretations were well supported by the combined results, but they
nevertheless remain simplifications of complex ecological systems.

Interpretation of the results is also limited by the temporal scale of the studies
and by the types of biodiversity metrics used. Stand development, and in
particular broadleaf recruitment, unfold over long periods of time. Some
effects of ungulate disturbance may only become fully apparent in later
stages of succession (Tremblay et al. 2004; Mathisen et al. 2010; Kolstad et
al. 2018). Similarly, species richness represents only one aspect of
biodiversity and does not capture all aspects of community composition,
function, or conservation value. Though several other aspects of biodiversity
were analysed during the course of this thesis, the patterns identified should
be understood as important parts of the broader ecological picture, rather
than as an exhaustive description of the effects of ungulate disturbances on
Swedish forest ecosystems. Despite these limitations, the consistency of
several patterns across studies and response variables strengthens the overall
conclusions of this thesis.
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5. Conclusions, management implications,
and future perspectives

This thesis shows that large mammalian herbivores are important drivers of
both regeneration and biodiversity in Swedish boreal and boreonemoral
forests. Their effects were not limited to the direct removal of biomass, but
were often mediated through changes in vegetation structure, competitive
interactions, light conditions, and local microclimate. Across the included
studies, ungulates influenced the development of key tree species, the
composition and richness of field-layer plant communities, and the diversity
of ground-dwelling beetles. Taken together, these results show that
disturbances generated by ungulate activity cannot be understood from
population densities alone but must instead be interpreted in relation to the
environmental context in which they occur and the structural changes they
create.

The findings also have clear implications for management. The results of this
thesis suggest that ungulate population reduction alone is insufficient as a
general management tool. For instance, pine damage depended on both
browser numbers and forest composition, while broadleaf recruitment
depended on browsing, competition, and site productivity. Additionally, the
biodiversity results showed that lower ungulate densities are not necessarily
the most desirable outcome, as several components of forest biodiversity
benefited from intermediate levels of ungulate disturbance, or from the
structural conditions maintained by their presence. Management should
therefore move away from population control towards more ecologically
realistic, objective-specific, and taxon-specific indicators that better reflect
the biological processes underlying both production and biodiversity
outcomes.

Several questions remain for future research and management. Longer time
series and studies covering the later stages of stand development are needed
to better understand the long-term consequences of ungulate activity on
broadleaf recruitment and forest structure. There is also a need to include a
wider range of taxa and biodiversity metrics, including functional and
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compositional measures, in order to capture the impacts of ungulate activity
more fully. In addition, the contrasting responses associated with different
ungulate groups highlight the importance of improving our understanding of
ungulate identity and guild composition, rather than treating all ungulate
browsers as functionally equivalent. Continued progress and a deeper
understanding will therefore depend on integrating forestry and biodiversity
perspectives more closely in both research and co-management.
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Popular science summary

Moose and deer do more than browse young trees in Swedish forests. By feeding on
some plants and leaving others behind, they help shape which species can grow, how
dense forests become, and what kinds of habitats are available for other organisms.
This matters not only for forestry, but also for biodiversity.

This thesis explores how moose and deer influence both forest regeneration and
biodiversity in Swedish production forests. The results show that their effects cannot
be understood from animal numbers alone. What happens also depends on forest
conditions, such as site productivity, forage availability, and competition between
trees and other vegetation.

Moose and deer affect forests in both direct and indirect ways. Directly, they browse
young trees, which can damage pine and restrict the growth of palatable broadleaved
species. Indirectly, this browsing changes forest structure by making vegetation less
dense and creating more variation in light, space, and habitat conditions. These
structural changes can have important consequences for biodiversity.

We found that moderate ungulate disturbance increased plant diversity by reducing
competition and allowing more species to coexist. More open and varied conditions
also benefitted insects, including beetles, by creating warmer and more
heterogeneous habitats. At the same time, strong browsing pressure reduced
regeneration and made it harder for some tree species to develop.

Overall, the thesis shows that moose and deer create both ecological costs and
ecological benefits in forest landscapes. They can reduce tree growth and cause
damage that matters for timber production, while also helping to create forest
conditions that support biodiversity. The results suggest that forest management
should move beyond focusing only on ungulate numbers and instead balance
production, regeneration, and biodiversity to build healthier and more resilient
forests in the future.
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Popularvetenskaplig sammanfattning

Algar och hjortdjur gér mer #n att beta pa unga triid i svenska skogar. Genom att ita
vissa vixter men ldmna andra paverkar de vilka arter som far féste, hur tit skogen
blir och vilka livsmiljoer som skapas for andra organismer. Det hér dr viktigt inte
bara for skogsbruket, utan ocksa for den biologiska mangfalden.

Denna avhandling undersoker hur dlgar och hjortdjur paverkar bade skogsforyngring
och biologisk mangfald i svenska produktionsskogar. Resultaten visar att deras
effekter inte kan forklaras enbart av antalet djur. Minst lika viktigt &r hur skogen ser
ut och vilka forutséttningar som rader pa platsen, till exempel markens produktivitet,
tillgdngen pa foder och konkurrensen mellan trdd och annan véaxtlighet.

Algar och hjortdjur paverkar skogen bade direkt och indirekt. Direkt genom att beta
pa unga triad, vilket kan skada tall och himma tillvixten av viktiga 16vtrad. Indirekt
genom att fordndra skogens struktur: nér vaxtligheten blir glesare kar variationen i
ljus, utrymme och livsmiljoer. Saddana fordndringar kan fa stor betydelse for den
biologiska méngfalden.

Vi upptéckte att ett mattligt betestryck ledde till hogre véxtdiversitet, eftersom
konkurrensen mellan véxter minskade och fler arter kunde leva sida vid sida. Mer
Oppna och varierade skogsmiljoer gynnade dven insekter, bland annat skalbaggar,
genom att skapa varmare och mer heterogena férhallanden. Samtidigt forsamrade ett
hogt betestryck foryngringen och gjorde det svérare for vissa tradarter att etablera
sig och véxa.

Sammantaget visar avhandlingen att édlgar och hjortdjur ger upphov till bade
kostnader och nyttor i skogslandskapet. De kan skada unga trdd och minska
produktionen, men ocksd skapa forhallanden som gynnar biologisk mangfald.
Istdllet for att fokusera pd antalet betesdjur behover skogsbruket darfor balansera
produktion, foéryngring och biologisk méngfald for att skapa forutséttningar for
friskare och mer motstdndskraftiga skogar i framtiden.
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ARTICLE INFO ABSTRACT

Keywords: Natural disturbances, including herbivory by deer, are key drivers of forest dynamics, yet their role in shaping
Ce""%d field-layer plant diversity remains unresolved. We investigated how variation in deer density and community
Grazing composition relates to field-layer plant richness in boreonemoral forest, with reference to the Intermediate
g:z;i:—iity Disturbance Hypothesis (IDH). Using annual pellet counts from 2012 to 2023, we quantified long-term densities
Plants of moose (Alces alces), red deer (Cervus elaphus), and small deer (roe Capreolus capreolus and fallow Dama dama
Forests combined) across 33 1 x 1 km forest tracts in central Sweden. We derived a Deer Energetic Requirement (DER)

index by converting species densities to Klieber-scaled metabolic demands and summing across species. In 2023,
field-layer vascular plants were surveyed, and relationships between deer densities, vegetation structure, and
species richness were analysed. Bilberry browsing increased with both small deer density and DER, confirming
that density estimates reflect realised browsing pressure. Vascular plant richness showed a unimodal relationship
with small deer density, consistent with the IDH. Contrastingly, field-layer richness had a negative relationship
with moose population density, while no relationship was found for red deer. Intermediate levels of DER were
associated with lower dwarf shrub cover and higher vertical gap fraction and graminoid cover. These structural
differences appeared to be the main indirect pathway through which deer density was related to diversity. Our
findings emphasise the importance of browser community composition, density, and heterogeneity in structuring
boreonemoral field-layers. Moderate browsing, especially by small deer, can enhance plant diversity by medi-
ating resource availability in forest ecosystems.

Disturbance

1. Introduction interest in nature-based solutions to biodiversity loss, understanding

how large herbivores influence forest ecosystems has taken on renewed

Natural disturbances are central drivers of forest dynamics, shaping
succession, maintaining biodiversity, and influencing nutrient cycling
and forest structure (Bergeron et al., 2001; Rowe and Scotter, 1973).
These disturbances are fundamental for maintaining forest resilience
and ecosystem functioning (Angelstam and Kuuluvainen, 2004; White
and Pickett, 1985). Disturbances created by wild cervid browsers and
grazers (hereafter deer) are notably influential, shaping the forest
field-layer (the low growing plants of the forest floor) through herbivory
(Diaz et al., 2007), trampling, thrashing, and rooting (Foster et al., 2014;
Suominen and Danell, 2006, p. 2). Deer also influence the spatial and
temporal dynamics of nutrient inputs to forest soils through urination
and defecation, thereby indirectly affecting biodiversity (Sitters and
Andriuzzi, 2019). In combination, the effects of deer are thought to be a
crucial determinant of plant community composition and dynamics in
forests (Pastor et al., 1988; Suzuki et al., 2013). In the context of growing
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importance. Thus, the nature of the relationships between deer and
biodiversity are of great interest to conservationists, forestry pro-
fessionals, wildlife managers, and researchers alike.

Previously, studies have shown negative associations between deer
density and the diversity of the field-layer, often reporting shifts from
diverse communities of palatable woody species to more homogeneous
communities composed of sedges, ferns, and grasses as the density of
deer increases (e.g. Rooney, 2009; Frerker et al., 2014; Habeck and
Schultz, 2015; Fukamachi et al., 2023). This has led researchers and
managers to discuss deer densities in terms of ‘overabundance’ and to
advocate for a reduction in deer densities in order to favour biodiversity
(Coteé et al., 2004). However, many other studies have shown positive
impacts on plant diversity from increased browsing and grazing pres-
sure, both in observational (Chevaux et al., 2022; Hegland et al., 2013;
Royo et al., 2010) and experimental studies (Coté et al., 2014; Faison
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etal., 2016a; Reed et al., 2022), or have asserted that the responsiveness
of plant communities is not easy to predict (Beguin et al., 2022; Faison
et al., 2016b; Speed et al., 2014).

Hegland et al. (2013) showed that field-layer plant richness
increased with red deer herbivory, but only up to natural levels.
Thereafter, at artificially high browsing intensities (using enclosures),
the diversity of plants decreased. These findings are consistent with the
classical grazing-species richness curve, which suggests a maximum
level of plant species richness at intermediate levels of grazing distur-
bance (Gao and Carmel, 2020). In boreal forests, such non-linear re-
sponses to browsing are plausible: moderate browsing can suppress
competitive woody species, increase light and microsite availability and
allow less competitive herbs and grasses to establish (Faison et al.,
2016a, 2016b; Hegland et al., 2013; Royo et al., 2010; Trepel et al.,
2025). Thereafter, very high browsing levels reduce overall field layer
biomass and remove both dominant and sensitive species (Fukamachi
et al., 2023; Habeck and Schultz, 2015; Rooney, 2009). These opposing
processes create the conditions under which a hump-shaped richness
pattern may arise across browsing gradients. This pattern follows the
intermediate disturbance hypothesis (hereafter IDH), which states that
moderate disturbance maximises biodiversity by preventing dominance
of competitive species while avoiding the excessive mortality caused by
high disturbance (Connell, 1978). While the IDH has been influential for
understanding effects of grazing on biodiversity in open landscapes, its
general applicability in boreal forests remains uncertain and under-
studied (Gill and Beardall, 2001; Schwegmann et al., 2025). Further-
more, the broader validity of the IDH has been questioned, with some
authors claiming the empirical support is weak, the definitions are
vague, and that alternative mechanisms may better explain the patterns
seen (e.g. Fox, 2013; Huston, 2014; Mackey and Currie, 2001).

Evaluating the effects of browsing and grazing is complex, partly as
deer differ greatly in body size, diet and behaviour (e.g. Hofmann, 1989;
Spitzer et al., 2020). Thus, it is necessary to have accurate information
about the composition of the deer community to predict the effects of
browsing and grazing on biodiversity. Furthermore, the extent of
disturbance will depend on a combination of the energy requirement of
the deer community and the availability of forage, where increasing
forage availability will result in a reduced browsing pressure for a given
deer density and community composition (Bergman et al., 2001;
Bergquist et al., 2018; Frerker et al., 2013). To account for these dif-
ferences in body size and energy needs, we introduce a standardised
index of deer energetic requirement (DER), allowing the combined en-
ergy needs the deer community to be considered.

There have been relatively few studies testing the predictions from
the IDH in boreonemoral forests and even fewer which have investigated
the long-term effects of herbivory (Bernes et al., 2018). Here, we make
use of long-term data to explore the relationships between deer popu-
lation densities and the species richness of vascular plants across gra-
dients in deer communities in a Swedish boreonemoral forest landscape.
To verify that our density estimates reflected realised browsing pressure,
we also scored bilberry shoot removal as an independent field indicator
of browsing intensity.

We tested four specific hypotheses:

H1. - Intermediate browsing promotes peak richness: Field layer plant
species richness shows a hump-shaped relationship to deer-browsing,
with richness highest at intermediate deer density and lower at both
low and high browser density.

H2. - Deer modify vegetation structure in predictable ways: Higher
deer densities are associated with increased understorey light avail-
ability (higher vertical gap fraction) and reduce dwarf-shrub
dominance.

H3. - Associations with richness are primarily indirect: In structural
equation modelling, we would predict that species richness is more
closely associated with variation in vertical gap fraction and vegetation
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structure as compared to DER.

H4. - Species-specific browsing effects: The magnitude and form of
browsing effects differ between deer species (moose, red deer and small
deer) as their body size and realised diets produce different browsing
pressures and effects.

These dynamics are not only ecologically important but also highly
relevant for management, since browsing pressure can limit commercial
forestry yields (Reimoser et al. 1999; Apollonio et al. 2010; Hardalau
etal., 2024), adding another layer of complexity to balancing objectives.
By clarifying how deer communities shape plant diversity and forest
structure, our results will support the co-management of forests and
deer, where trade-offs must be found between game management,
forestry, and conservation.

2. Material and methods
2.1. Study area

The study was conducted in central Sweden near Oster Malma, which
lies in the boreonemoral transition zone (58.9° N, 17.1° E) (Fig. 1). This
area is characterised by its mosaic landscape of boreonemoral forests,
mires, and mixed agriculture. Common tree species include Norway
spruce (Picea abies), Scots pine (Pinus sylvestris), birches (Betula pendula,
B. pubescens), aspen (Populus tremula), pedunculate oak (Quercus robur),
black alder (Alnus glutinosa) and willows (Salix spp.). Within forest
stands, the field layer is dominated by ericaceous dwarf shrubs
(particularly of the genera Vaccinium, Calluna, and Empetrum), mosses
and lichens. Although forests dominate in the landscape, about 20 % of
the area is agricultural land consisting of small to medium-scale pastoral
and arable farms. Common crops include leys (arable land used for hay,
silage or grazing), cereals, and root vegetables.

Forests in the study area are managed under modern Scandinavian
rotation forestry. A typical rotation begins with clear-cutting, followed
by planting, pre-commercial thinning, and later commercial thinning,
with the full rotation lasting ~65-90 years for conifers. Stands them-
selves form even-aged mosaic spanning all developmental stages at the
landscape scale. The Swedish Forest Agency classifies stands ages ac-
cording to management requirements, these being regeneration after
clear cuts, young/pre-commercial thinning stands, intermediate aged
thinning stands, mature stands ready for final felling, and low produc-
tivity / sparse forest unsuitable for forestry (Roberge et al., 2020).

The deer community present in the area is comprised of moose (Alces
alces), red deer (Cervus elaphus), fallow deer (Dama dama), and roe deer
(Capreolus capreolus), which occur in sympatry. In this region, winter
and summer ranges of deer overlap extensively (Spitzer et al., 2021).
Wild boar (Sus scrofa) are also present throughout the landscape but
their primary foraging impact is via rooting rather than foliar browsing
and grazing (Bruinderink and Hazebroek, 1996; Brunet et al., 2016).
Thus, we focus only on deer as browsers and grazers below. All four deer
species are actively hunted in the region (Table 1), which contributes to
annual population turnover. Wolves are now present at low densities
within and around the study area, however, predation pressure is
currently low and unevenly distributed and is not considered a major
driver population dynamics (Svensson et al., 2025, 2022).

2.2. Sampling design

Our study of species richness was conducted in previously estab-
lished 1 x 1km (perimeter 4 km) tracts distributed systematically
across the landscape (Fig. 1b) (e.g. Spitzer et al. 2021). Each selected
tract contained 16 evenly spaced sampling plots along the 1 x 1 km
perimeter, spaced 200 m apart and with no plots located in the corners
(Fig. 1c). At each plot, both deer faecal pellet counts and vegetation
surveys were conducted (Fig. 1d). We also recorded the logging class of
the stand in which the plot was located, following the Swedish Forest
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Fig. 1. The study area is located in southern Sweden (a) at the boreonemoral transition zone, the county of Sédermanland is outlined and shown in green. The

sampling was conducted using 1 x 1 km (perimeter 4 km) tracts (b), where

plots were sy ically placed 200 m apart along the edge (c). Deer pellets

were identified and counted in an area of 100 m? (radius = 5.64 m) or 10 m? (radius = 1.78 m) depending on the species. Vegetation identification and coverage
surveys were recorded in an area of 10 m? (radius = 1.78 m) (d). Vegetation surveys were only conducted where a sampling plot occurred in forests and forest edges
(yellow circles), whereas deer pellets were counted in all accessible plots (blue circles).

Table 1
Deer species densities (mean + SE) near Oster Malma based on hunt harvest
records and pellet count estimates (2012 — 2023).

Species Harvest (individuals shot Pellet counts (estimated
km™2) individuals km2)
Moose 0.14 £ 0.03 0.60 + 0.03
Red deer 0.22 £0.12 0.80 + 0.10
Fallow 6.32 +0.42 -
deer
Roe deer 0.65 + 0.02 -
Small deer - 18.90 + 1.10

“ Small deer = fallow deer + roe deer (pellet counts only).

Agency categories described above. Pellet count surveys were conducted
every spring from 2012 onwards, whereas the vegetation survey was
conducted during the summer of 2023. Due to time constraints, 33 out of
51 existing tracts were randomly chosen and monitored for species
richness of vascular plants. Because field-layer vegetation in boreone-
moral forests tends to change slowly and exhibit low turnover (Frerker
et al., 2014; Hart and Chen, 2006; Suominen and Olofsson, 2000), the
2023 vegetation survey is expected to reflect vegetation states shaped
over multiple years, consistent with our use of long-term (12-year) deer
density estimates.

2.3. Estimated deer density

Though moose and roe deer differ greatly in size (up to 850 kg for an
adult bull moose vs. ~35 kg for a roebuck), both considered concentrate
selectors (species specialised on nutrient-rich, low-fibre forage such as
forbs, buds and young leaves) sensu Hofmann (1989). In contrast, fallow
deer and red deer are intermediate feeders that mix browsing and
grazing. Previous studies from the same area have shown that the deer
community composition shapes competition over forage and the
resulting diets of the different species (Spitzer et al., 2021). We used
pellet counts to determine the density of these deer populations and the
composition of the deer community. We chose pellet-group counts as
they are a standard monitoring tool in Fennoscandia (Mansson et al.,

2011a, 2011b; Pfeffer et al., 2018) and elsewhere (Forsyth et al., 2007),
and they correlate well with independent density estimates from aerial
surveys, GPS collars, and camera trap estimates for moose and deer
(Mansson et al., 2011a, 2011b; Pfeffer et al., 2018). Pellet counts have
also been successfully used to elucidate ecological processes related to
forage utilisation and competition within the deer guild in the same area
previously (Spitzer et al., 2021).

Pellet count surveys were conducted each spring immediately
following snowmelt in plots both on forested land and on agricultural
land not subject to tillage (Fig. 1c), as such they represent deer densities
in winter, when most browsing on dwarf shrubs and young trees occurs
(Bergqvist et al., 2018; Cederlund et al., 1980; Spitzer et al., 2021). For
moose and red deer, pellet groups were recorded within 100 m? plots
(radius = 5.64 m, Fig. 1d), while the more abundant roe and fallow deer
were surveyed within smaller, concentric 10 m? plots (radius = 1.78 m)
centred at the same point. Only pellet groups deposited on top of last
autumn’s leaf litter were used for calculating annual winter densities.
Estimates were corrected for the number of days between average date
of leaf fall and monitoring (Bergstrom et al., 2019). Deer densities per
1 km? were estimated using the formula adapted from Bergstrom
(2019):

Density (individuals per unit area) =S / (k x P x D x T)

where:

S = total number of pellet groups counted for the species/group
within sampled plots,

k = scaling constant depending on plot size and desired density unit,

P = number of plots surveyed,

D = average daily defecation rate (pellet groups per day) specific to
each deer species or group,

T = number of days over which pellets accumulated.

Comparisons of data and densities from pellet counts between spe-
cies requires knowledge of how many pellet groups an average indi-
vidual produces per day. We used the following daily defecation rates:
16.5 for moose (Bergstrom et al., 2019), 19.0 for red deer (Dobias et al.,
1996) 22.0 for fallow deer (Stubbe and Goretzki, 1991) and 22.0 for roe
deer (Cederlund and Liberg, 1995). We used averages for 12 consecutive
years of surveys to reduce annual stochastic variation in deposition or
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decay and provide a long-term deer density index.

Previous work in the same study area has shown that it is not possible
to reliably distinguish between roe deer and fallow deer droppings
without conducting DNA analysis (Spitzer et al., 2019). Therefore, roe
deer and fallow deer were combined into the category "small deer" in
pellet count surveys. This category completely dominated the deer
community (Table 1.). In order to elucidate the composition of the ‘small
deer’ category, we display harvest data from the same area for fallow
and for roe deer for contrast (Table 1; Swedish Association for Hunting
and Wildlife Management (SAHWM), 2025)

2.4. Energy requirement of the deer community

Furthermore, to enable rough comparisons of the relative energy
demands of the deer community we calculated a combined 'Deer En-
ergetic Requirement’ index (hereafter DER). DER expresses the relative
daily metabolic energy demand per tract (as this is the spatial scale at
which we compare the deer species) and is based on Kleiber’s law
(Kleiber, 1947), which states an animal’s relative energy requirement is
proportional to its body mass raised to the power of 0.75. Using average
adult body masses from Wiklund and Malmfors (2014), one moose has
the energetic requirement approximately equal to: two red deer, four
fallow deer, or seven roe deer. Thus, DER allows all deer species to be
placed on a common energy-demand scale, while acknowledging that
their diets differ (Spitzer et al., 2023). For each tract and year, we
multiplied the population density (estimated individuals per km?) by its
energetic conversion factor, then sum across all species to obtain DER.
The resulting unit is therefore expressed in “moose equivalents per km?”
(although any of the four deer species could be used as the reference).

Because browsing impacts may show time lags, we preliminarily
considered both recent-year (3-year or 5-year) and long-term (12-year)
averages of DER and deer species densities. The long-term averages
explained more variation in plant species richness and so were used in
the final analyses. These averages were calculated for all deer combined
(DER), as well as for each recorded species: moose, red deer, and small
deer (where roe and fallow deer were combined). We decided to use five
as the conversion factor between moose and ‘small deer’ rather than the
average between fallow deer and roe deer when calculating DER, as the
fallow deer harvest was much higher than the roe deer harvest in the
area (Table 1), and previous DNA-analyses showed a comparable
pattern of fallow deer dominating (Spitzer et al., 2019).

2.5. Field-layer plant survey and vertical gap fraction estimation

Vegetation surveys were carried out in 325 concentric plots of 10 m?
(radius = 1.78 m, Fig. 1d) located in forests and forest edges. Most of the
vegetation survey plots were in intermediate-aged stands (136) with the
rest distributed between mature (46), young (30), sparse/low-
productivity (27), clearcut stands (22), and other/unclassified (64).
Qualified surveyors identified and recorded all vascular plant species as
well as mosses, though lichens were not included. Unidentified bryo-
phytes were collected as voucher specimens for later identification in the
laboratory.

We use the term field-layer plant community to refer to the ground
and near-ground vegetation consisting of bryophytes and vascular
plants, including dwarf shrubs, forbs, graminoids and ferns, but
excluding tree seedlings taller than 30 cm and lichens. Accordingly, only
tree seedlings shorter than 30 cm were recorded, as taller individuals
were considered belonging to the shrub or tree layer. No height re-
strictions were applied to other functional groups as they occur entirely
within the field-layer.

Coverage of each species was assessed using the Braun-Blanquet
(1932) cover-abundance scale, where species were assigned a score
based on their estimated cover: 0 = present but < 1 % cover; 1 = 1-5 %
cover; 2 = 6-25 % cover; 3 = 26-50 % cover; 4 = 51-75 % cover; and
5 =76-100 % cover. Each species was also classified into one of seven
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functional/life-history groups: clubmosses, dwarf shrubs, ferns, forbs,
graminoids, mosses or tree seedlings (see supplementary material).
Here, ‘dwarf shrubs’ refers to low growing, woody species such as Cal-
luna, Empetrum, and Vaccinium. We also included Rubus spp. in this group
to reflect their perennial woody growth habit, despite their sometimes
herb-like ecology.

In addition to plant community composition, we visually scored
browsing on bilberry (Vaccinium myrtillus) at each plot. Browsing was
estimated as the proportion of current year bilberry shoots that showed
clear bite marks, assessed within the same 10 m? vegetation plot. As
bilberry forms dense clonal mats, browsing was scored at the shoot level
rather than individual. Each plot was assigned to one of six percentage
categories, depending on the proportion of stems browsed (0 %, 1-10 %,
11-25 %, 26-50 %, 51-75 %, >76 %).

We also quantified understorey structural openness, using digital
cover photography (DCP) to generate estimates via vertical gap fraction
analysis. At each vegetation survey plot, vertical images (single field of
view) were taken at 1 m above ground level using the front-facing
camera (QCOM-AAQCAM-AA) from a Handheld Nautiz X6 set to auto-
matic exposure. The images were batch-processed using Hemispheri-
cal_2.0 for ImageJ (Beckschafer, 2015) to calculate vertical gap fraction.
Digital cover photography was chosen over hemispherical photography
as it was less cumbersome in the field whilst still capturing detailed
vertical canopy gaps. This metric reflects the density of vegetation above
1 m, including tall shrubs and small trees, and captures the vegetation
strata most directly utilised for cervid browsing (Spitzer et al., 2023,
2021). We use ‘vertical gap fraction’ throughout to avoid confusion with
overstory canopy measurements.

3. Data-analysis
3.1. Plant species richness and the intermediate disturbance hypothesis

As a preliminary test, we assessed whether realised browsing pres-
sure reflected deer density by modelling the proportion of bilberry
browsed with beta regressions via the betareg package (Zeileis et al.,
2004), with DER, and densities of moose, red deer and small deer as
separate predictors. Proportions were adjusted using the Smith-
son-Verkuilen transformation (Smithson and Verkuilen, 2006) to fall
within in the range (0,1) required for this analysis.

To model variation in species richness we fitted generalised linear
models (GLMs) using negative binomial error distributions and a log link
using the MASS package (Ripley and Venables, 2009) in R version 4.5.1
(R Core Team, 2025). For each browser group (DER, moose, red deer and
small deer), functional group (forbs, graminoids, dwarf shrubs, and
mosses), and vertical gap fraction, we specified two candidate models, a
linear effect and a quadratic effect. Quadratic predictors were mean
centred (mean = 0) before squaring to reduce collinearity and ease
interpretation.

To account for the variation in sampling effort across tracts in terms
of plots monitored (i.e. due to differences in landscape composition), the
log-transformed number of plots sampled (hereafter log n plots) was
included as a covariate, eliminating the need for rarefied or estimated
species richness data. Forest stand characteristics were also accounted
for by including the first principal component (PC1; here after stand
structure) from a PCA based on the proportional area of logging classes
within each tract (clearcuts, young forest, intermediate forest, mature
forest, sparse/low productivity stands). PC1 captured a gradient sepa-
rating structural extremes in stand types (clear cuts and mature forest)
form intermediate developmental stages, reflecting differences in stand
structure and disturbance history.

Model support was assessed with Akaike’s Information Criterion
(AIC), where we considered the model with the lowest AIC as the best
supported. Models with a AAIC < 2 were considered as having compa-
rable support and as such the simplest model was chosen. As a robust-
ness check of non-linearity, we ran general additive models (GAMs)
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using the mgev package (Wood, 2025) and inspected whether the
smooth’s effective degrees of freedom where either greater or less than 1
(evidence of non-linearity), verified whether the basis-dimension was
adequate with gam.check, and compared the GAMs smooth shape to the
shape of the appropriate GLM (e.g. direction and location of any humps)
to assess whether the non-linear relationship was consistent. Smooth
terms were estimated using thin-plate regression splines (bs = “tp”),
with the basis dimension set at k =7 and where the select = TRUE
option allowed smooths to shrink towards linearity or zero where
appropriate.

For all GLMs, residual checks were conducted with DHARMa (Hartig,
2016) and visualisations of predicted effects were produced using
ggplot2 (Wickham et al., 2025) and ggeffects (Liidecke, 2017).

3.2. Indirect effects of browsers on vegetation structure and diversity

In addition to species richness analyses, we assessed how vertical gap
fraction and functional group cover (forbs, grasses, dwarf shrubs, and
mosses) varies with changes in DER. These models were fitted using a
beta regression via the betareg package (Zeileis et al., 2004). Similarly to
previous analysis, two candidate GLMs (a linear effect and a quadratic
effect) as well as a GAM were produced and were assessed with AIC. To
meet the requirements of this analysis, cover variables were expressed as
proportions and adjusted to fall strictly within the (0,1) interval, also
using the Smithson-Verkuilen transformation.

We then applied structural equation modelling (SEM) using the
piecewiseSEM package (Lefcheck et al., 2015) in R to test the direct and
indirect effects of browsing on vegetation structure and species richness.
Based on ecological theory, we specified a simplified path model in
which browsing was modelled as a predictor of vegetation structure,
specifically vertical gap fraction and the composition of the field layer
functional groups, which in turn were specified as predictors of species
richness. To reduce dimensionality and avoid multicollinearity among
functional group cover variables, we conducted a principal component
analysis (PCA) in R on dwarf shrub, graminoid, forb and moss cover. The
first component (PC1; hereafter vegetation gradient) was retained and
used as an integrative measure of vegetation composition in subsequent
SEM analysis. Vertical gap fraction and vegetation gradient were
modelled using linear models, as residuals were approximately normal.
Species richness was modelled using a negative binomial generalized
linear model to account for count data. Model fit was assessed using
Shipley’s p-separation tests and Fisher’s C, which indicated adequate fit
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(C = 14.56, df = 8, p = 0.068). This piecewise approach avoids distri-
bution assumptions required by covariance-based SEM and is well suited
for relatively small samples (n = 33 tracts).

4. Results
4.1. Deer density and proportion of bilberry browsed

The percentage of bilberry browsed increased significantly with DER
(# =0.0200 £ 0.0071, z = 2.80, p = 0.005) and small deer density (§ =
0.0051 =+ 0.0016, z = 3.20, p = 0.001), with browsing percentage rising
by about 2 % per additional DER and 0.5 % per additional small deer. In
contrast, moose density alone and red deer density showed no rela-
tionship with bilberry browsing.

4.2. Relationship between deer densities, browsing and plant species
richness

When deer were analysed by species/group, plant species richness
showed significant associations with both small deer and moose density
(Fig. 2a-b). The relationship between small deer density and field-layer
richness was best described by a quadratic model (AAIC = 6.26 vs.
linear) with a significant negative quadratic term (f = —9.995 x107°+
4.37 x107%, z = —2.29, p = 0.022) indicating a unimodal relationship,
with plant species richness peaking at intermediate small deer densities.
A GAM was used to confirm the shape of the relationship. This produced
a curve of a similar shape, but the smooth term was non-significant (edf
= 1.11, smooth p = 0.167). For moose, a linear GLM was favoured by
parsimony (AAIC < 1) showing a decline in plant richness with
increasing moose density (f = —0.026 +0.0084, z=-3.12,
p = 0.0018). The GAM provided better fit (AAIC = 4.59 vs, linear) with
the smooth suggested some curvature to this relationship and revealing
significant nonlinearity (edf = 3.04, smooth p < 0.001). Despite this
curvature, the dominant pattern remained a negative association be-
tween plant species richness and moose density. No clear relationships
with plant species richness were detected for deer energy requirement
(DER) (§ = —0.0007 + 0.0024, z = —0.285, p = 0.776) or for red deer
density (8 = —0.0102 + 0.0072, z = —1.41, p = 0.16). Across all models
sampling effort (log n plots) was strongly positively related to species
richness (all p < 0.001), while stand structure showed no significant
association in any model (all p > 0.05).
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Fig. 2. The relationship between browser species/group and total plant species richness of the field-layer. Plots demonstrate (a) the relationship between field-layer
richness and average small deer per km?, and (b) the relationship between field-layer richness and average moose per km?, as modelled by generalised linear models
(GLMs). Points represent the average values per tract; the blue trend line represents the modelled fit and grey ribbons represent a 95 % confidence interval.
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4.3. Relationship between browsing, vertical gap fraction and functional
group cover

Average energy requirement (DER) was used to predict differences in
vertical gap fraction and vegetation functional group cover via GLMs
and GAMs. Vertical gap fraction increased with increasing DER, with a
quadratic model best explaining this relationship (AAIC = 5.61 vs.
linear). The model had both a significant positive linear term (§ =
0.0114 £ 0.0031, z = 3.63, p < 0.001) and a negative quadratic term (4
=—4.40 x10™* + 1.54 x10*, 2 = —2.86, p = 0.004), where vertical gap
fraction increased from low to intermediate DER and stayed high
(Fig. 3a). A GAM produced a curve of similar shape (edf = 2.08, smooth
p < 0.001), supporting this pattern but not improving upon the previous
model (AAIC < 1). Conversely, dwarf shrub cover declined with
increasing DER, with a quadratic model also being preferred (AAIC =
5.24 vs. linear). This model showed a negative linear effect (f =
—0.0156 + 0.0037, z = —4.21, p < 0.001) with a positive quadratic
term (f = 5.20 x10™ + 1.82 x107%, 2 = 2.86, p = 0.004; Fig. 3b). The
GAM revealed similar curvature (edf = 2.28, smooth p < 0.001) but did
not meaningfully improve upon the quadratic GLM. Graminoid cover
showed another pattern, with a unimodal humped relationship with
DER (Fig. 3c). Here, a quadratic model was preferred (AAIC = 2.48),
with a positive linear term (f = 0.0555 + 0.0252, z = 2.21, p = 0.027)
and a negative quadratic term (8 = —4.91 x10™* + 2.36 x107%,
z=—2.08, p=0.038). The GAM produced a curve of similar shape,
though the smooth term was non-significant (edf = 1.17, smooth
p = 0.13). Neither forb (# = —0.0031 + 0.0051, z = -0.610, p = 0.542)
nor moss cover (4 = —0.0068 + 0.0040, z = -1.67, p = 0.094) showed a
discernible relationship with DER, with all tests showing no trend.

4.4. Relationship between vertical gap fraction, functional group cover
and plant species richness

We used GLMs and GAMs to assess plant species richness as a func-
tion of each cover variable and gap fraction (Fig. 4). When vertical gap
fraction was included as a predictor, a linear GLM best explained vari-
ation in species richness (AAIC = 1.52 vs. quadratic, AAIC = 0.36 vs.
GAM) with species richness increasing with increasing vertical gap
fraction (f = 1.13 + 0.40, z = 2.86, p = 0.004; Fig. 4a). Plant species
richness was positively associated with graminoid cover (5 = 0.0164
+ 0.0030, z = 5.51, p < 0.001; Fig. 4b). A linear GLM provided the most
parsimonious description of this relationship (AAIC = 1.30 vs.
quadratic), and although the GAM detected some curvature (edf = 3.37,
p < 0.001), the overall pattern remained a strongly positive, roughly
linear association. Species richness was also positively associated with
stand structure in the linear GLM (§ =0.0713 + 0.035, z = 2.037,
p = 0.041). Species richness initially appeared to show a non-linear
relationship with forb cover, with a quadratic GLM providing the best
fit when all tracts were included (AAIC = 19.11 vs. linear, AAIC = 3.46
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vs.GAM). Richness increased with forb cover but displayed significant
negative curvature (linear term: § = 0.0399 + 0.0055, z =7.28,
p <0.001; quadratic term: p = -—0.0010 4+ 0.0002, z=-5.21,
p < 0.001), following a unimodal pattern. However, this curvature was
strongly influenced by a single result from tract 12. When this tract was
excluded a linear GLM provided the best fit, with species richness being
positively associated with forb cover (B = 0.0348 + 0.005, z = 6.97,
p < 0.001; Fig. 4c). Thus, the underlying positive linear relationship was
consistent and robust to the exclusion of tract 12. Species richness
showed no significant association with dwarf shrub (8 = —0.0078
+0.0042, z = —1.73, p = 0.07) nor with moss cover (8 = —0.0010
+0.0034, z = —0.29, p = 0.78) as there were no trends detected via
GLM or GAM. In all models, sampling effort (log n plots) was positively
associated with plant species richness (allp < 0.001), and apart from the
graminoid model, stand structure was not significant in any other
models (all p > 0.05).

4.5. Indirect pathways of browsing influence on plant richness

The first principal component (PC1) explained 41.9 % of the varia-
tion in functional group cover, with positive loadings for graminoids and
forbs and negative loading for dwarf shrubs and moss. Higher PC1 scores
therefore indicate communities dominated by graminoids and forbs as
opposed to dwarf shrubs and mosses. We hereafter refer to this axis as
vegetation gradient.

Structural equation modelling (Fig. 5) revealed that vertical gap
fraction was positively associated with deer energy requirement (DER)
(p = 0.45, p=0.009). In turn, vertical gap fraction was positively
associated with vegetation gradient (PC1; § = 0.47, p = 0.012) such that
more open understories (with higher vertical gap fraction) were asso-
ciated with greater graminoid and forb cover. Field-layer species rich-
ness was positively associated with vegetation gradient (§ = 0.46,
p < 0.001) indicating that communities composed mostly of graminoids
and forbs supported higher species richness than those composed of
dwarf shrubs and mosses. In addition to this indirect pathway, DER also
had a significant direct negative effect on species richness (f = —0.25,
p = 0.029). Together these coefficients indicate field-layer species
richness is indirectly positively associated with DER via increased ver-
tical gap fraction and a shift towards graminoid/forb-dominated com-
munities. Stand structure had a significant positive effect on species
richness within the SEM (PC1; g = 0.30, p = 0.008), whereas DER
showed no significant direct relationship with vegetation gradient (p =
0.11, p = 0.516). As with all previous models, sampling effort (log n
plots) remained a strong positive predictor of richness (p = 0.81,
p < 0.001). The model explained 89 % of the variance in species rich-
ness (Nagelkerke R* = 0.89), 20 % in vertical gap fraction (R? = 0.20),
and 28 % in vegetation gradient (R* = 0.28).
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Fig. 5. Structural equation model of deer energetic requirement (DER), vege-
tation composition gradient, and plant species richness. Solid arrows denote
significant paths (p < 0.05), with blue arrows indicating positive relationship
and red arrows indicating negative. Dashed grey arrows denote non-significant
paths. Numbers within arrows represent standardised estimates and signifi-
cance level. R? values shown within boxes indicate the variance explained for
each response variable; for species richness these represent Nagelkerke R*
values. Neither sampling effort (log n plots) nor stand structure (PC1) were
shown in the figure for clarity.

5. Discussion

Our results show a unimodal relationship between the density of the
dominant group of browsers and plant species richness, with species
richness peaking at intermediate small deer densities before declining at
higher levels. The analyses suggest that browsing may increase vertical
gap fraction and thereby change plant community composition, and that
these structural changes are associated with increased species richness.
Our results suggest that the primary influence of browsing on biodi-
versity is indirect, mediated by changing vegetation structure.

Scores for browsing on bilberry increased with small deer density
and DER, confirming that higher deer densities are associated with more
browsing. Thus, the observed unimodal response lends support to the
Intermediate Disturbance Hypothesis (IDH), which proposes that mod-
erate levels of disturbance maximise diversity by reducing the domi-
nance of competitive species without causing extensive mortality or
resource depletion (Connell, 1978; Gao and Carmel, 2020). While the
IDH has been influential in grassland and savanna ecology, its applica-
tion in boreonemoral forests remains under-explored, despite increasing

evidence of disturbance-mediated diversity patterns in these ecosystems
(Gill and Beardall, 2001; Schwegmann et al., 2025; Trepel et al., 2025).
Our findings offer empirical support for the IDH in a boreonemoral
context and suggests that browsing by deer may generate the distur-
bances that promote maximum species richness in vascular plants.

Interestingly, field-layer plant richness differed markedly in its as-
sociations with different browser species. While plant species richness
exhibited a unimodal relationship small deer, moose showed a negative
association. This divergence may reflect differences in dietary re-
quirements, body size, and impact intensity due to differences in pop-
ulation densities. Moose, as large-bodied concentrate selectors, likely
consume a broader range of woody species and produce coarse, patchier
disturbances that may reduce structural complexity without necessarily
promoting herbaceous growth (Edenius et al., 2002; Pastor et al., 1988;
Suominen and Danell, 2006). Moose may also choose to spend more
time in homogeneous, dwarf shrub dense forest patches, where the plant
species richness is lower, as these habitats are full of their preferred
forage (Hjeljord et al., 1990; Spitzer et al., 2021). By contrast, small deer
may create more fine-scaled, heterogeneous disturbances that can sup-
port higher local richness, at least up to a threshold of browsing intensity
(e.g. Schwegmann et al. 2023). These species-specific effects highlight
the importance of browser community composition in shaping biodi-
versity outcomes and caution against generalisations based on overall
browsing pressure alone (e.g. Speed et al. 2014).

Browsing and grazing appeared to influence field-layer plant di-
versity primarily through modifications in vegetation structure. Specif-
ically, higher DER was associated with increased vertical gap fraction,
which in turn was linked to a shift in vegetation composition from dwarf
shrub and moss dominance towards graminoids and forbs. This indirect
pathway corresponded with higher field-layer species richness and
appeared to outweigh the weak negative direct association between DER
and richness. Thus, browsing may modify competitive dynamics and
resource availability in forests, most likely by creating structurally open
conditions that favour light-demanding herbaceous species (Faison
et al., 2016a; Ramirez et al., 2019; Chevaux et al., 2022). These mech-
anisms may create a mosaic of different habitats across different spatial
and temporal scales, in what otherwise would be a more uniform, closed
canopy forest with less variation in habitats. Our results support the
view of browsing deer acting as ecosystem engineers, reshaping forest
understories and altering the structural conditions under which biodi-
versity is maintained, consistent with intermediate disturbance
dynamics.

While our findings provide strong support for the hypothesis that
deer browsing influences biotic and abiotic conditions in the field layer,
several limitations should be considered. Firstly, our analysis is based on
observational data, which limits causal inference despite the use of
piecewise structural equation modelling. Thus, a purely “bottom-up”
mechanism, whereby deer preferentially occupy species-rich sites,
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cannot be completely excluded. However, several patterns argue against
this interpretation. Species richness peaked at intermediate deer den-
sities (rather than increasing monotonically), bilberry browsing
increased with long-term deer density (indicating realised top-down
pressure), and 12-year average deer density was a better predictor of
plant richness than current year density. Secondly, our use of combined
deer energy requirement (DER) index inevitably simplifies true varia-
tion in browsing pressure. Individual energy needs differ with age, sex,
behaviour, etc. and these sources of variation are not captured in our
conversion factors. In mixed-species communities, differing diets and
foraging strategies further broaden the range of browsing impacts. Thus,
whilst using a composite DER index may be useful for reducing the
number of factors entered in statistical models, it may also remove
components crucial for understanding the relationship with biodiver-
sity. Resolving these individual-level differences would require DNA-
based identification of pellet producers, which is prohibitively costly
at the spatial scale of this study. Thirdly, part of the observed variation
in species richness and plant community structure could instead reflect
the effects of rotation forestry, where stands move through successional
stages and deer distribute themselves according to resource availability.
However, as stand structure was not a significant predictor of species
richness in all but one of our models, forestry effects are unlikely to fully
explain the results. Finally, we combined long-term data on deer den-
sities with snapshots on species richness and vegetation structure from
the summer in a single year. Both vegetation structure and species
occurrence will be affected by the conditions in previous years, and our
analyses provided stronger relationships when we used average deer
densities across all years as compared to limiting ourselves to recent
years only. Nevertheless, we may miss lagged responses and may be
unable to pick up seasonal dynamics. These limitations highlight the
need for complementary experimental or high-resolution temporal
studies to validate and refine the patterns observed here.

Taken as a whole, our findings highlight the complexity of herbi-
vore-plant interactions in boreonemoral forests and emphasise the need
to account for browser identity, local density, as well as spatial and
temporal variability when assessing and predicting biodiversity out-
comes. Moderate, varied browsing can enhance species richness by
reducing structural dominance and facilitating herbaceous growth.
These insights have important implications for integrated forest and
wildlife management, suggesting that biodiversity goals may be best
supported not by uniformly reducing deer numbers, but by managing for
a diverse and spatially heterogeneous browser community and browsing
pressure. This approach may help reconcile competing objectives in
forest landscapes where timber production, game management, and
conservation co-occur.

CRediT authorship contribution statement

Fredrik Widemo: Writing — review & editing, Validation, Supervi-
sion, Resources, Project administration, Methodology, Funding acqui-
sition, Formal analysis, Data curation, Conceptualization. Anne-Maarit
Hekkala: Writing — review & editing, Validation, Supervision, Re-
sources, Project administration, Methodology, Formal analysis,
Conceptualization. Joseph John Anderson: Writing - review & editing,
Writing - original draft, Visualization, Validation, Software, Methodol-
ogy, Investigation, Formal analysis, Data curation.

Declaration of Generative Al and Al-assisted technologies in the
manuscript preparation process

During the preparation of this work the authors used ChatGPT (Open
Al in order to receive support in troubleshooting and refining R code for
data analysis. After using this tool/service, the authors reviewed and
edited the content as needed and take full responsibility for the content
of the published article. These tools were not used in any other aspect of
preparing this work.

Forest Ecology and Management 603 (2026) 123422
Funding

Funding for this research was provided by grants from the Swedish
Environmental Protection Agency (2022-00103) and the Swedish As-
sociation for Hunting and Wildlife Management (5914-2025), in both
cases to F.W.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank the various landowners in the study area for their co-
operation in providing the study sites. In addition, we thank the spe-
cies experts for identifying specimens in the field (Siri Weréen; vascular
plants) and the laboratory (Jorgen Sjogren; bryophytes). We also thank
all the field staff involved in over 12 years of deer pellet surveys.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.foreco.2025.123422.

Data Availability
Data will be made available on request.

References

Angelstam, P., Kuuluvainen, T., 2004. Boreal forest disturbance regimes, successional
dynamics and landscape structures: a European perspective. Ecol. Bull. 117, 136.

Apollonio, M., Andersen, R., Putman, R., 2010. European Ungulates and Their
Management in the 21st Century. Cambridge University Press.
kscha, P., 2015. F ispherical 2.0 — Batch ing hemispherical and canopy
photographs with ImageJ — User Manual. https://doi.org/10.13140/RG.2.1.3059.
4088.

Beguin, J., Coté, S.D., Vellend, M., 2022. Large herbivores trigger spatiotemporal
changes in forest plant diversity. Ecology 103, e3739. https://doi.org/10.1002/
ecy.3739.

Bergeron, Y., Gauthier, S., Kafka, V., Lefort, P., Lesieur, D., 2001. Natural fire frequency
for the eastern Canadian boreal forest: consequences for sustainable forestry. Can. J.
For. Res. 31, 384-391. https://doi.org/10.1139/x00-178.

Bergman, C.M., Fryxell, J.M., Gates, C.C., Fortin, D., 2001. Ungulate foraging strategies:
energy maximizing or time minimizing? J. Anim. Ecol. 70, 289-300. http: doi.
0rg/10.1111/j.1365-2656.2001.00496.x.

Bergqvist, G., Wallgren, M., Jernelid, H., Bergstrém, R., 2018. Forage availability and
moose winter browsing in forest landscapes. For. Ecol. Manag. Leaf Landsc.
Responses giant sequoia hotter Drought 419-420, 170-178. https://doi.org/
10.1016/j.foreco.2018.03.049.

Bergstrom, R., Mansson, J., Kindberg, J., Ericsson, G., Danell, K., 2019. Inventering for
adaptiv algforvaltning i dlgforvaltni aden (AFO) -Spillningsi ing av alg.
https://doi.org/10.13140/RG. .26081.

Bernes, C., Macura, B., Jonsson, B.G., Junninen, K., Miiller, J., Sandstrém, J., Lohmus, A.,

donald, E., 2018. ij ing late herbivory in temperate and boreal
forests: effects on vegetation and invertebrates. A systematic review. Environ. Evid.
7, 13. https://doi.org/10.1186/513750-018-0125-3.

Braun-Blanquet, J., 1932. Plant Sociol. Study Plant communities.

Bruinderink, G.G., Hazebroek, E., 1996. Wild boar (Sus scrofa scrofa L.) rooting and forest
regeneration on podzolic soils in the Netherlands. For. Ecol. Manag. Ungulat.. Temp.
For. Ecosyst. 88, 71-80. https://doi.org/10.1016/50378-1127(96)03811-X.

Brunet, J., Hedwall, P.-O., Holmstrom, E., Wahlgren, E., 2016. Disturbance of the
herbaceous layer after invasion of an eutrophic temperate forest by wild boar. Nord.
J. Bot. 34, 120-128. https 0i.org/10.1111/njb.01010.

Cederlund, G., Liberg, O., 1995. Rédjuret: viltet, ekologin och jakten. Svenska jigareforb,
Spénga.

Cederlund, G., Ljungqvist, H., Markgren, G., Stalfel
Grimso Cent. Swed. Results rumen Content Anal.

Chevaux, L., Mérell, A., Baltzinger, C., Boulanger, V., Cadet, S., Chevalier, R.,

Debaive, N., Dumas, Y., Gosselin, M., Gosselin, F., Rocquencourt, A., Paillet, Y.,
2022. Effects of stand structure and ungulates on understory vegetation in managed
and unmanaged forests. Ecol. Appl. 32, e2531. https://doi.org/10.1002/eap.2531.

Connell, J.H., 1978. Diversity in tropical rain forests and coral reefs. Science 199,
1302-1310. https://doi.org/10.1126/science.199.4335.1302.

F., 1980. Foods moose roedeer




J.J. Anderson et al.

R. Core Team, 2025. R: A Language and Environment for Statistical Computing.

Coté, S.D., Beguin, J., de Bellefeuille, S., Champagne, E., Thiffault, N., Tremblay, J.-P.,
2014. Structuring effects of deer in boreal forest ecosystems. Adv. Ecol. 2014,
917834. https://doi.org/10.1155/2014,/917834.

Coté, S.D., Rooney, T.P., Tremblay, J.-P., Dussault, C., Waller, D.M., 2004. Ecological
impacts of deer overabundance. Annu. Rev. Ecol. Evol. Syst. 35, 113-147. https://
doi.org/10.1146/annurev.ecolsys.35.021103.105725.

Diaz, S., Lavorel, S., McINTYRE, S., Falczuk, V., Casanoves, F., Milchunas, D.G.,
Skarpe, C., Rusch, G., Sternberg, M., Noy-Meir, L., Landsberg, J., Zhang, W.,

Clark, H., Campbell, B.D., 2007. Plant trait responses to grazing — a global synthesis.

Glob. Change Biol. 13, 313-341. https://doi.org/10.1111/}.1365-2486.2006.01288.

K., Paustian, K., Tottewitz, F., 1996. Untersuchungen zur Bestandeshéhe und
Dynamik der Schalenwildpopulationen in der Schorfheide. Beitr. dge Zur. jagdund
Wildforschung 21, 57-62.

Edenius, L., Bergman, M., Ericsson, G., Danell, K., 2002. The role of moose as a
disturbance factor in managed boreal forests. Silva Fenn. 36. https://doi.org/
10.14214/5£.550.

Faison, E.K., DeStefano, S., Foster, D.R., Motzkin, G., Rapp, J.M., 2016a. Ungulate
browsers promote herbaceous layer diversity in logged temperate forests. Ecol. Evol.
6, 4591-4602. https://doi.org/10.1002/ece3.2223.

Faison, E.K., Foster, D.R., DeStefano, S., 2016b. Long-term deer exclusion has complex
effects on a suburban forest understory. Rhodora 118, 382-402. https://doi.org/
10.3119/15-35.

Forsyth, D.M., Barker, R.J., Morriss, G., Scroggie, M.P., 2007. Modeling the Relationship
Between Fecal Pellet Indices and Deer Density. J. Wildl. Manag 71, 964-970.
https://doi.org/10.2193/2005-695.

Foster, C.N., Barton, P.S., Lindenmayer, D.B., 2014. Effects of large native herbivores on
other animals. J. Appl. Ecol. 51, 929-938. https://doi.org/10.1111/1365-
2664.12268.

Fox, J.W., 2013. The intermediate disturbance hypothesis should be abandoned. Trends
Ecol. Evol. 28, 86-92. https://doi.org/10.1016/j.tree.2012.08.014.

Frerker, K., Sabo, A., Waller, D., 2014. Long-term regional shifts in plant community
composition are largely explained by local deer impact experiments. PLOS ONE 9,
€115843. https://doi.org/10.1371/journal.pone.0115843.

Frerker, K., Sonnier, G., Waller, D.M., 2013. Browsing rates and ratios provide reliable
indices of ungulate impacts on forest plant communities. For. Ecol. Manag. 291,
55-64. https://doi.org/10.1016/j.foreco.2012.11.041.

Fukamachi, A.S., Yoshida, T., Hoshino, Y., be, N., 2023. Homc ization of
understory vegetation by an overabundance of deer (Cervus nippon) in a temperate
forest in central Japan. J. For. Res. 28, 271-279. https://doi.org/10.1080/
13416979.2023.2195217.

Gao, J., Carmel, Y., 2020. A global meta-analysis of grazing effects on plant richness.
Agric. Ecosyst. Environ. 302, 107072. https://doi.org/10.1016/j.agee.2020.107072.

Gill, R.M.A., Beardall, V., 2001. The impact of deer on dlands: the effects of t ing
and seed dispersal on vegetation structure and composition. For. Int. J. For. Res. 74,
209-218. https://doi.org/10.1093/forestry/74.3.209.

Habeck, C.W., Schultz, A.K., 2015. Community-level impacts of white-tailed deer on
understorey plants in North American forests: a meta-analysis. AoB Plants 7, plv119.
https://doi.org/10.1093/aobpla/plv119.

Hardalau, D., Codrean, C., Iordache, D., Fedorca, M., Ionescu, O., 2024. The Expanding
Thread of Ungulate Browsing—A Review of Forest Ecosystem Effects and
Management Approaches in Europe. Forests 15 (8), 1311. https://doi.org/10.3390/
f15081311.

Hart, S.A., Chen, H.Y.H., 2006. Understory vegetation dynamics of North American
boreal forests. Crit. Rev. Plant Sci. 25, 381-397. https://doi.org/10.1080/
07352680600819286.

Hartig, F., 2016. DHARMa Residual Diagn. Hierarchical (MultiLev. / Mixed) Regres.
Models. https://doi.org/10.32614/CRAN.package. DHARMa.

Hegland, S.J., Lilleeng, M.S., Moe, S.R., 2013. Old-growth forest floor richness increases
with red deer herbivory intensity. For. Ecol. Manag. 310, 267-274. https://doi.org/
10.1016/j.foreco.2013.08.031.

Hjeljord, O., Hovik, N., Pedersen, H.B., 1990. Choice of feeding sites by moose during
summer, the influence of forest structure and plant phenology. Ecography 13,
281-292. https://doi.org/10.1111/j.1600-0587.1990.tb00620.x.

Hofmann, R.R., 1989. Evolutionary steps of ecophysiological adaptation and
diversification of ruminants: a comparative view of their digestive system. Oecologia
78, 443-457. https://doi.org/10.1007/BF00378733.

Huston, M.A., 2014. Disturbance, productivity, and species diversity: empiricism vs.
logic in ecological theory. Ecology 95, 2382-2396. https://doi.org/10.1890/13-
1397.1.

Kleiber, M., 1947. Body size and metabolic rate. Physiol. Rev. 27, 511-541. https://doi.
org/10.1152/physrev.1947.27.4.511.

Lefcheck, J., Byrnes, J., Grace, J., 2015. Piece Piece Struct. Equ. Model. https://doi.org/
10.32614/CRAN.package. piecewiseSEM.

Liidecke, D., 2017. ggeffects Creat. Tidy Data Fram. Marg. Eff. “ggplot” Model Outputs.
https://doi.org/10.32614/CRAN.package.ggeffects.

Mackey, R.L., Currie, D.J., 2001. The diversity-disturbance relationship: is it generally
strong and peaked? Ecology 82, 3479-3492. https://doi.org/10.1890/0012-9658
(2001)082%255B3479:TDDRI11%255D2.0.CO;2.

Mansson, J., Andrén, H., Sand, H., 2011a. Can pellet counts be used to accurately
describe winter habitat selection by moose Alces alces? Eur. J. Wildl. Res 57,
1017-1023. https://doi.org/10.1007/s10344-011-0512-3.

Ménsson, J., Hauser, C.E., Andrén, H., Possingham, H.P., 2011b. Survey method choice
for wildlife management: the case of moose Alces alces in Sweden. Wildl. Biol. 17,
176-190. https://doi.org/10.2981/10-052.

Forest Ecology and Management 603 (2026) 123422

Pastor, J., Naiman, R.J., Dewey, B., McInnes, P., 1988. Moose, microbes, and the boreal
forest: through selective browsing, moose change plant communities and ecosystem
properties. BioScience 38, 770-777. https://doi.org/10.2307/1310786.

Pfeffer, S.E., Spitzer, R., Allen, A.M., Hofmeester, T.R., Ericsson, G., Widemo, F.,
Singh, N.J., Cromsigt, J.P.G.M., 2018. Pictures or pellets? Comparing camera
trapping and dung counts as methods for estimating population densities of
ungulates. Remote Sens Ecol. Conserv. 4, 173-183. https://doi.org/10.1002/
rse2.67.

Ramirez, J.I., Jansen, P.A., den Ouden, J., Goudzwaard, L., Poorter, L., 2019. Long-term
effects of wild ungulates on the structure, composition and succession of temperate
forests. For. Ecol. Manag. 432, 478-488. https://doi.org/10.1016/j.
foreco.2018.09.049.

Reed, S.P., Royo, A.A., Fotis, A.T., Knight, K.S., Flower, C.E., Curtis, P.S., 2022. The long-
term impacts of deer herbivory in determining temperate forest stand and canopy
structural complexity. J. Appl. Ecol. 59, 812-821. https://doi.org/10.1111/1365-
2664.14095.

Reimoser, F., Armstrong, H., Suchant, R., 1999. Measuring forest damage of ungulates:
what should be considered. For. Ecol. Manag. 120, 47-58. https://doi.org/10.1016/
S0378-1127(98)00542-8.

Ripley, B., Venables, B., 2009. MASS Support Funct. Datasets Venables Ripley’S. MASS.
https://doi.org/10.32614/CRAN.package. MASS.

Roberge, J., Fries, C., Normark, E., Marald, E., Sténs, A., Sandstrém, C., Sonesson, J.,
Appelgvist, C., Lundmark, T., 2020. Forest management in Sweden current practice
and historical background. Skogsstyrelsen.

Rooney, T.P., 2009. High white-tailed deer densities benefit graminoids and contribute
to biotic homogenization of forest ground-layer vegetation. Plant Ecol. 202,
103-111. https: 0i.org/10.1007/511258-008-9489-8.

Rowe, J.S., Scotter, G.W., 1973. Fire in the boreal forest. Quat. Res. Ecol. Role Fire Nat.
Conifer. For. West. North. Am. 3, 444-464. https://doi.org/10.1016/0033-5894(73)
90008-2.

Royo, A.A., Collins, R., Adams, M.B., Kirschbaum, C., Carson, W.P., 2010. Pervasive
interactions between ungulate browsers and disturbance regimes promote temperate
forest herbaceous diversity. Ecology 91, 93-105. https://doi.org/10.1890/08-
1680.1.

Schwegmann, S., Morsdorf, M., Bhardwaj, M., Storch, 1., 2023. Effects of understory
characteristics on browsing patterns of roe deer in central European mountain
forests. Ecol. Evol. 13. https://doi.org/10.1002/ece3.10431.

Schwegmann, S., Pereira, J.M.C., Basile, M., Jonker, M., Rappa, N.J., Fardiansah, R.,
Storch, 1., Bhardwaj, M., 2025. Testing the intermediate-disturbance hypothesis —
managed roe deer populations are not disrupting forest faunal communities. Basic
Appl. Ecol. 89, 1-12. https://doi.org/10.1016/j.baae.2025.10.001

Sitters, J., Andriuzzi, W.S., 2019. Impacts of Browsing and Grazing Ungulates on Soil
Biota and Nutrient Dynamics. In: Gordon, LJ., Prins, H.H.T. (Eds.), The Ecology of
Browsing and Grazing II. Springer International Publishing, Cham, pp. 215-236.
https://doi.org/10.1007/978-3-030-25865-8_9.

Smithson, M., Verkuilen, J., 2006. A better lemon squeezer? Maximum-likelihood
regression with beta-distributed dependent variables. Psychol. Methods 11, 54-71.
https://doi.org/10.1037/1082-989X.11.1.54.

Speed, J.D.M., Austrheim, G., Hester, A.J., Meisingset, E.L., Mysterud, A., Tremblay, J.-
P., @ien, D.-I., Solberg, E.J., 2014. General and specific responses of understory
vegetation to cervid herbivory across a range of boreal forests. Oikos 123,
1270-1280. https://doi.org/10.1111/0ik.01373.

Spitzer, R., Churski, M., Felton, A., Heurich, M., Kuijper, D.P.J., Landman, M.,
Rodriguez, E., Singh, N.J., Taberlet, P., van Beeck Calkoen, S.T.S., Widemo, F.,
Cromsigt, J.P.G.M., 2019. Doubting dung: eDNA reveals high rates of
misidentification in diverse European ungulate communities. Eur. J. Wildl. Res 65,
28. https://doi.org/10.1007/510344-019-1264-8.

Spitzer, R., Coissac, E., Cromsigt, J.P.G.M., Felton, A.M., Fohringer, C., Landman, M.,
Neumann, W., Raubenheimer, D., Singh, N.J., Taberlet, P., Widemo, F., 2023. Macro-
nutritional balancing in a circumpolar boreal ruminant under winter conditions.
Funct. Ecol. 37, 1256-1268. https://doi.org/10.1111/1365-2435.14296.

Spitzer, R., Coissac, E., Felton, A., Fohringer, C., Juvany, L., Landman, M., Singh, N.J.,
Taberlet, P., Widemo, F., P.G.M. Cromsigt, J., 2021. Small shrubs with large
importance? Smaller deer may increase the moose-forestry conflict through feeding
competition over Vaccinium shrubs in the field layer. For. Ecol. Manag. 480, 118768.
https://doi.org/10.1016/j.foreco.2020.118768.

Spitzer, R., Felton, A., Landman, M., Singh, N.J., Widemo, F., Cromsigt, J.P.G.M., 2020.
Fifty years of European ungulate dietary studies: a synthesis. Oikos 129, 1668-1680.
https://doi.org/10.1111/0ik.07435.

Stubbe, C., Goretzki, J., 1991. Hohe und Bedeutung der Defékationsrate beim Damwild
zur Ermittlung der Wilddichte. Z. F. {iR. Jagdwiss. 37, 273-277. https://doi.org/
10.1007/BF02239734.

Suominen, O., Danell, K., 2006. Effects of large herbivores on other fauna. In: Pastor, J.,
Danell, K., Duncan, P., Bergstrom, R. (Eds.), Large Herbivore Ecology, Ecosystem
Dynamics and Conservation, Conservation Biology. Cambridge University Press,
Cambridge, pp. 383-412. https://doi.org/10.1017/CB0O9780511617461.015.

Suominen, O., Olofsson, J., 2000. Impacts of semi-domesticated reindeer on structure of
tundra and forest communities in Fennoscandia: a review. Ann. Zool. Fenn. 37,
233-249.

Suzuki, M., Miyashita, T., Kabaya, H., Ochiai, K., Asada, M., Kikvidze, Z., 2013. Deer
herbivory as an important driver of divergence of ground vegetation communities in
temperate forests. Oikos 122, 104-110. https://doi.org/10.1111/j.1600-
0706.2012.20431.x.

Svensson, L., Wabakken, P., Maartmann, E., Nordli, K., Flagstad, ., Danielsson, A.,
Hensel, H., Pochhacker, K., Akesson, M., 2022. Inventering av varg vintern
2022-2023. Bestand dking Av. ulv Vinter 2023, 2022-2023.




J.J. Anderson et al.

Svensson, L., Wabakken, P., Maartmann, E., Nordli, K., Jensen, M.@., Milleret, C.,
Dupont, P., Bischof, R., ;\kesson, M., Flagstad, 0., 2025. Bestand &king Av. ulv Vinter
2024-2025.

Trepel, J., Atkinson, J., le Roux, E., Abraham, A.J., Aucamp, M., Greve, M., Greyling, M.,
Kalwij, J.M., Khosa, S., Lindenthal, L., 2025. Large herbivores are linked to higher
herbaceous plant diversity and functional redundancy across spatial scales. J. Anim.
Ecol.

White, P.S., Pickett, S.T.A., 1985. Chapter 1 - Natural Disturbance and Patch Dynamics:
An Introduction. In: Pickett, S.T.A., White, P.S. (Eds.), The Ecology of Natural
Disturbance and Patch Dynamics. Academic Press, San Diego, pp. 3-13. https://doi.
0rg/10.1016/B978-0-12-554520-4.50006-X.

Forest Ecology and Management 603 (2026) 123422

Swedish Association for Hunting and Wildlife Management (SAHWM). 2025. Viltdata.
Available at: https://viltdata.se (accessed 29 July 2025).

Wickham, H., Chang, W., Henry, L., Pedersen, T.L., Takahashi, K., Wilke, C., Woo, K.,
Yutani, H., Dunnington, D., Brand, T. van den, Posit, P.B.C., 2025. ggplot2: Create
Elegant Data Visualisations Using the Grammar of Graphics.

Wiklund, E., Malmfors, G., 2014. Viltkott som resurs. Naturvardsverket.

Wood, S., 2025. mgev: Mixed GAM Computation Vehicle with Automatic Smoothness
Estimation.

Zeileis, A., Cribari-Neto, F., Griin, B., Kosmidis, 1., 2004. betareg Beta Regres. https://doi.
org/10.32614/CRAN.package.betareg.

10



X X X X X X X X X X ploulwels) ejeybip xa1eDn

X plouiwels) suejides xaie)

X X X plouiwels SuesaURD XaleD)

plouiwels) SusosauUNIq xai1e)

plouiwels ejnoe xaied

X X X X X X X X qlo4 eljoyipunjo. ejnuedwe)d

X X qio4 ejljoj1oisiad einuedwe)

X qJo4 e/njed ejnuedwen

X qio4 ejesowolb ejnuedwe)

X X X X X X X X X X X X X X X X X X X X X X X X X qnuys pemg suebina eunjien

X X X X X X X X X plouiwels eaundind snsoibewee)

X plouiwels) sofebida sisoibewere)

X X X X X X X X X X X X X X X X X X X ploulwels) eaoeulpunie sisosbewere)

X X ploulwels) elpaw ezug

X X X X X X X X X X Buides aa1] susosagnd ejnjog

X X X X X X X X X X X X X X X X X X X X Buydes aa1) ginpuad einjog

ploulwels) susosaqnd ejnuany

X X X X X X SSO a/jsnjed wnjuwooeny

X X X X X X X X X X X X X X X X X sule4 eunway Xy wnuAyyy

X X X X X X X X X X X X X X X ploulwels) snijefe winiayjeusyLYy

X X X X qJo4 SlJSan|As snasLyuy

X X X X X X X X X X X ploulwels) winjejopo wnyjuexoyjuy

X X SSO snijoybuoj uopowouyy

X quo4 sujsanfs eolabuy

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X qlo4 esoJjowau suowauy

X X X ploulwels) sisusje.d sninoadopy

X X Buides aa1] esounnb snujy

X X qlo4 suebina ejjiwsyoly

X quo4 siepiweifd ebnly

X plouiwels suejfided sisoiby

X ploulwels) eujues sjsoiby

X X quo4 eojuueld easjiyoy

X X X X X X X X X qlo4 winijojajjiu eaIyoYy

0G5 6V 8y LV 9v Gv v¥ ¢F ¥ 6€ 8E LE 9 GE ¥E €€ L€ 0f 6C LC G¢ #¥Z ¢ 0C 8L 9L #L ¢ 6 L G € | dnoib se108dg
|euonjoun4

el

uoneonisseo dnoub [euonouny Buipuodsallod ay) pue 10el) Jad paplodal sa10ads JO ISI

|ew9jew Asejuawajddng



X S|Ie}osIoH aysnjed wnjasinby

X X X s|IejesIoH asuane wnjesinby

X X qJo4 wnujjjod wniqojidg

X qnuys pemg wnibiu wnadwy

X X plouiwels) suadau elbuiA|g

ploulwels) snujued snwiAjg

X X X X X X X suIaq sew xify susydofig

X X quo4 eaindind sieybiq

X SSO ‘dds wnuesoiq

X X X X X X X X X X X X X X X X X X X X X X X X X SSO\ EZ.ENQOOw wnueiolq

X X X X X X X X X X X X X X X X X X X X X X X X X X X X SSO wnjesAjod wnueioiq

X X X X X X X X X X X X X X X X X X X X X X X X X X X SSON snfew wnueioiq

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ploulwels) esonxay) eisdweyasag

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ploulwels es0j/dsa0 eisdweyossg

X qJo4 ejejnoew eziyiojfjoeq

X X X X X X X X X X plouiwels ejesowolb sifoeq

X X X suia4 sibe.y suaydoisAo

X quo4 esopnyjed sidai)

X Buydes aa1] euejjone snjifion

X X X X X X X X X X X X qlo4 sijefew euejeAu0)

X qJo4 asebina wnisi)

X X X X X X X qlo4 assnjed wnisui)

X X X X X X X qlo4 asuanIe wnisi)

X X qJo4 wnjjoypsnbue uoususeweyd

X X X SSO\ snaundind uopojeia

X X X X X X X X qJo4 wnuejuoy wnijseis)

X X ploulwels) BLIROISOA X81BD

X X ploulwels) ejeolds xalep

X plouiwels) ejeJjsol xaled

ploulwels) eiaynjid xaie)

X X X X X X X X X X X X X X X X X X X ploulwels) eaojued xaie

X X X X X X X X X X X X X X X X ploulwels) suvosajled xale)

X X X X X X X X X X X ploulwels) sijeno xased

X X X X X X X X X X ploulwels) eiblu xa1ed

X ploulwels) esouwll| xaied

X ploulwels) eIy xaie)

X X X X X X X X ploulwels) Bjeulyos xaied

05 6V 87 LV 9v G¥ ¥V C¥ ¥ 6€ 8 LE 9€ GE€ V€ €€ L€ 0€ 6C LZ GC ¥C ¢¢ 0C 8L 9L ¥l 2L 6 L G € | dnoib saloads
Jeuooung

el




X X X X X X X X X X X X X X X qJo4 sisuajesd snifyje

X X X X X X X X X X X X X X X X X X qJo4 snijojuly sniAyeq

X Bujdes 201 enplosp xue]

X X X X X X X X X X X X X X X X X X X qJo4 sijesnw eonjoe]

X X ploulwels) BYJURIOBW BLISISOY]

X X X X Bujdes aa1] sunwiwoa sniadiunp

X X X X X X X X X X X X X X X X X X X ploulwels) snsnyje snounp

X ploulwels) snjejnaie snounp

X X X X X X X X X X X SSO\ auLofissaldnd wnudAH

X qio4 wnjeiopad wnousdAH

X X X X X X X X X X X X X X quo4 winjenoew wnoledAH

X X quo4 wnyydsjay wniydsjajolAH

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X SSO Suspua|ds WnIWoo|AH

X ploulwels) snjeue| SnoJoH

X X X X X X X X X X X X qlo4 wnjejjequin wnjoeslH

X X X X X X X X X X X X X X X X X X X X X qJo4 WiNIoeIsIH "Jo8s Wnioe.alH

X X X X X qJo4 sijiqou eonedap

X X X X X X X ploulwels) sisusjesd eojy20)oljeH

X qJo4 wnuenwwnu wnwayjuelaH

X X X X X suia4 suajdofip wnidiesouwAs

X X X X qlo4 B90BIOPAY BUIOYIS|S)

X X X X qJo4 9/eAll WNag)

X X X X qJo4 wnapenAs wnjuelas)

qJo4 winueIeqo. WniuelsD

X X X X X X X X X qJo4 winJaA wnjijes

qJo4 wnajoans wnjjes

X X X X X qJo4 wnunds wnijes

X X X X X X X X X qJo4 9[ea.loq wnjjes

X X X X X qlo4 wnqje wnijes

X X X qJo4 Jyespa) sisdosjes)

Bujides ea1 ] 10IS[09X8 SnuIXel

X X X X X X X X X X X X X X X X X X qlo4 e0soA elebel

X X X X quo4 suebna enpuadijiH

X X X X X qlo4 euew|n ejnpusdiji

X ploulwels) BUIAO BONJSO

X ploulwels) wnjeuibea wnioydouy

X X X X X X X X X X X X X X s|IejesIoH wnoleniAs wnjesinby

05 6y 8y Ly 9% S¥ vv v ¥ 6€ 8€ L€ 9 GE€ VY€ €€ € 0 6C LZ GC ¥C ¢¢ 0C 8L 9L ¥l CL 6 L G € | dnoib salpads
leuonouny

el




X X X X X X qJo4 ebeyjixes ejjauidwid

X X X qlo4 winJeurolyo ejjasolid

X qio4 | esowAo ‘dss esowAd ejjasojid

X X X X X X X X X X X X X X X X X X X X X X X X X X X X Budes sa1] saiqe eaold

X plouiwels) sijesysne sajwbeiyd

X X X X ploulwels) asusjeld wnejyd

X qlo4 snqje sajisejod

X X qlo4 eljojupenb sued

X X X X X X X X X X X X X X X X X X X X X X qlo4 B//9S0}99E SI[EXO

X qlo4 B8punoss eliyuoO

X qJo4 BoljeNIAS SIHOSOAN

X qlo4 einseuLy eibuLIyaopy

X ploulwels) wnuioy wniuyy

X X X X X X SSON ‘dds aeaoeiupy

X X X plouiwels) wnsnys wnijiy

X X X qJo4 ejeljojl) sayuefusyy

X X qlo4 sIsuanie eyjuapy

X X X X X X X X X X X X X X X X X X X ploulwels) suejnu eosljop

X X X X X X X X X X X X X X X X X X X qlo4 wnapenfs wnifdwejopy

X SSON eydiowAjod eyueyoiepy

X qJo4 ejeyosow eAlepy

X X X X X X X X X X X X X X X X X X qlo4 wnijojiq wnwayjuerepy

X X qlo4 eueoles wniyiAg

X X quo4 suebna elyoewisAq

X X X qJo4 eioyIsiAy) elyoewisAy

X ssowqn|D wnjenejd wnipodoafy

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ploulwels esoyd einzny

X ploulwels) suaossjjed ejnzny

X X X X X X X X X X X X X X plouiwels) ejoyninw enzny

X X X X X ploulwels) sepiojnzn| ejnzny

X qlo4 $NjeinojuIod snjo7

X ploulwels) auuasad wnijo]

X X qlo4 sijealoq eaeuul]

X X SSON wnonelb wnAiqoona]

X X X X X X qlo4 a.ebinA wnweyjueona

X ploulwels) seplozAio elsieaT

X qlo4 snuian snifyjeq

05 6V 8V LV 9 G¥ vv v LY 6€ 8E LE 9¢ GE ¥E €€ L€ 0 6C LZ GZ ¥Z ¢C 0C 8L 9L ¥L 2L 6 L S € | dnoib saloads
Jeuooung

el




X ploulwels eqe eiodsoyoulyy

X qnuys pemqg WINS0JUBLIO] UOIPUBPOPOYY

X X X X X X X X X X X qJo4 suada. snjnounuey

X qJo4 enbui snjnounuey

X X qlo4 ejnwwieyy snjnounuey

X X qJo4 snwooLne sninaunuey

X X X X X X X X X X X X X X X qlo4 suoe sninounuey

X SSop wnsouibnue| WnLWooey

X X X X X X X X X X X X X X X X X X X X X X X Bujides aa1 anqou snasany

X qlo4 eljojipunjo. ejoifd

X X X SSO SISU.I}SBO-BISLIO WN|ilid

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X sule4 wnuyjinbe wnipuajd

Buiides sa1] wniAe snunid

X X X X qJo4 suebina ejjaunid

X qlo4 SueA einwiliy

X X X qJo4 susnjed ejusjod

X X X X X X X X X X X X X X X X X X qJo4 ©}93J9 g|jpusjod

X X qJo4 eajusbuie ejjpusjod

X X X X X X X X X X X X X X X X X X X X X Buijdes aa1] g|nwa.y snindod

X X X X X SSO\ wnuusdiunf wnyaupAjod

X X X X X X X X X X X X X X X X X SSO aunwwod wnyouAjod

X X X X suia4 asebina wnipodAjod

X qio4 winjelopo wnjeuobAjod

X X X qio4 suebjna ejebAjod

X X ploulwels) SijeinL} eod

X X X X ploulwels) sijejowsu eod

X X X ploulwels) enuue eod

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X SSO 118qaIyos wnizoinajd

X X X X quo4 Jofew obejueld

X qJo4 ejej09oue| obejueld

X X SSO wnjee|

wnjjojinng wnidayjoibeld

X SSOp wnjenpun wniuwoibeld

X X X X X SSO sulye wnjuwolbe|d

X X X SSON seplojus|dse ejiyooibeld

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Bujides aa1 ] SLjSaniAs snuid

X qJo4 suebna ejnainbuid

05 6y 8y Ly 9% S¥ vv v ¥ 6€ 8€ L€ 9 GE€ VY€ €€ € 0 6C LZ GC ¥C ¢¢ 0C 8L 9L ¥l CL 6 L G € | dnoib salpads
leuonouny

el




X X X X X X X X X qlo4 B2J0Ip BOIN

X Bujdes 281 eiqelb snwjn

X qJo4 eiepe) obejissn

X X qio4 | wnjeiopsd wnuusdsoinajdu |

X X X X X X X qJo4 suaday wnijojL |

X X X X X X X qlo4 asuaje.d wnijoju |

X X X X X X X X X X X X qJo4 wnipaw wnijoju |

X X qJo4 wnpLqAy wnijoju |

X X X X X X X X X X X X X X X X X X X qJo4 eoedoina sijejusii|

X X X X X X X X X qJo4 eljesopnJ "}ods wnoexele|

qlo4 elpsw eLej8)s

X X X X X X X X X X X X X X X X X qlo4 eaujwelb euel9)s

X X X X X X X quo4 eonenlfs sAyoejs

X X X X X X SSON wnso.enbs wnubeyds

X X X X X X X X X X X X X X X X X SSON nuyosuabib wnubeyds

X X X X X X X X X X SSON wnyjoyides wnubeyds

X X X SSO wnyjoypsnbue wnubeyds

X X X X Buides aa1] elpaulIajul SNQIOS

X X X X X X X X X X X X X X X X X X X X X X X X X X Bujides aa1 ] euednone snqios

X X X X X X X X qio4 eaunebiin obepijos

X X X X X X X X X X X X X X X X X X X X X qJo4 snonenjAs o1auss

X qlo4 eje[nolis[eb eue|ainos

X qlo4 esopou euenydoios

X X plouiwels) snoneniAs sndiros

X X qnuys pemqg esowaoes snanquies

X X X X X Buides aa1] ealaulo xies

X X X X X X X X X X X X X X Bujdes 281 eaudeo xies

X X qlo4 sndsuio xawny

X X X X X qJo4 B/j9s0jo0e xauwiny

X X X X X qJo4 BS0j90B Xauwny

X X X qniys pemqg siyexes sngny

X X X X X X X X X X X X X X X X X X X X X X X X X X X qnuys pemqg snaepl snqny

X X qnuys pemqg snsoonniy snqny

X qnuys pemqg sijewnp esoy

qgnuys pemqg wnibiu saqry

X X X X X X X X X X X X SSO snuenbuj snydjepeipiAyy

X SSON snsouenbs snydjspeipnAyy

05 6V 87 LV 9v G¥ ¥V C¥ ¥ 6€ 8 LE 9€ GE€ V€ €€ L€ 0€ 6C LZ GC ¥C ¢¢ 0C 8L 9L ¥l 2L 6 L G € | dnoib saloads
Jeuooung

el




X X X X X X X X X X X X X X X X X X X X X X X X X X X X X qlo4 euejuALl BJOIA

X X X quo4 sujsnied ejoIn

X X X X X qlo4 eonenfs enip

X X X X qlo4 wnidas eroIn

X X X X X X X X qlo4 200819 BIOIA

X X X X X X X X X qlo4 eljojifdios eajuoson

X X X X X X X X X X X X X X X X X qlo4 SIBUIDIJO BOIUOIOA

X X X X X X X X X X X X X qJo4 s/Aipseweys eojuoson

X qlo4 ebunqes0aq eoluoIon

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X qnuys pemg Baep| SHIA WNIUoeA

X X qnuys pemg wnsoulbiin wnjuoeA

X qniys pemq S02909AX0 WNJUIDOEA

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X qniys pema snjpuAw wnjupoeA

05 6V 8y v 9% S¥ vv Cv Ly 6€ 8€ L€ 9¢ GE€ ¥€ €€ € 0¢ 6C LZ SC ¥Z ¢C 0C 8L 9L ¥lL 2L 6 /L [ dnoib saloads
Jeuonoung

el









