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Abstract

Grazing and browsing by large ungulates can have a strong effect on habitat composition and structure. Associated effects
can be reduction in the abundance of palatable tree species and alter understory properties, thereby affecting habitat complexity.
Changes in habitat structure and complexity can in turn affect arthropod predation pressure, as arthropod predators are strongly
influenced by habitat characteristics. This may be increasingly important in production forests, as such systems are often more
vulnerable to disturbances such as pest insects. However, studies exploring this indirect link between ungulates and predation
rate are sparse. We explore this link through the comparison of fenced plots excluding ungulates (for four years) with associated
control plots replicated in 16 forest stands covering a large geographical area. We measured vegetation characteristics to assess
the effect of exclusion on habitat structure. We used plasticine models to compare predation rates in fenced and control plots
on pine trees. In addition, we sampled herbivorous insects to explore the potential relationship between predation and herbivore
abundance. We could only demonstrate a weak effect of browser exclusion on habitat structure, suggesting that the time of
exclusion was too short to cause a vegetation response. In terms of arthropod predation, we found that predation was positively
affected by understory cover, but not related to herbivore abundance. Understory properties such as species composition and
biomass has been demonstrated to be affected by ungulates in other studies. Therefore, we propose that ungulate browsing �
despite weak effects of browsing exclusion in our study � can affect arthropod predation via changes in the understory, which
could potentially affect pest populations. Our study is one of the first attempts to connect effects of mammalian browsing to
changes in predation rates on herbivorous insects.

© 2022 The Authors. Published by Elsevier GmbH on behalf of Gesellschaft für Ökologie. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Grazing and browsing by large ungulates can have strong
effects on forest composition and structure (McInnes et al.,
1992). The effect of disturbances such as browsing may be
more important in production forests, as such systems are often
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more vulnerable to disturbances such as pest insects (Jactel et
al., 2017). Browsers can reduce the abundance of palatable tree
species in a stand, leading to altered tree species richness, tree
species composition and/or canopy cover (Kolstad et al., 2018a;
Kolstad et al., 2018b). Browsers can also alter properties of the
understory vegetation through, e.g., grazing. Exclusion of
browsers from boreal production forests has, for instance,
resulted in increased understory biomass, decreased diversity,
and altered species composition (Boulanger et al., 2018; Faison
chaft für Ökologie. This is an open access article under the CC BY license
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et al., 2016; Kolstad et al., 2018a). In addition, feeding by large
mammalian browsers can have large effects on the growth and
shape of individual trees (Bergqvist et al., 2001; Wallgren et al.,
2014). Such and other changes to habitat characteristics caused
by ungulate browsing could have cascading consequences on
predators. Ground-dwelling beetle (Lilleeng et al., 2018) and
spider communities (Landsman & Bowman, 2017) have been
found to react to the changes in understory caused by ungulates,
and tree architecture can affect predator abundance and behav-
ior (Reynolds & Cuddington, 2012). Abundance of ants has
been shown to differ on browsed vs. un-browsed trees (Nordkv-
ist et al., 2021). In boreal forests, ants are usually more abundant
in grazed areas, while web-hunting spiders are more abundant
in un-grazed areas (Suominen & Danell, 2006). Spider abun-
dance has also been shown to decrease with increasing ungulate
densities (Suominen et al., 2008). Moreover, it has been demon-
strated that predation by both insectivorous birds and arthropods
can be affected by forest structure (Langellotto & Denno, 2004;
Muiruri et al., 2016; Poch & Simonetti, 2013). However, these
findings are not yet linked to browsing/grazing. Thus, mamma-
lian browsing and grazing altering habitat structure could have
indirect effects on the natural enemy pressure exerted on insect
herbivores. In production forests, problems with pest damage
on trees are common, and an important question is whether
mammalian browsers can affect predation pressure on herbivo-
rous insects on browsed trees.

Furthermore, browsers could affect insect herbivore com-
munities on trees. Indirect effects of ungulate browsing on
insect herbivore abundance have been shown for defoliating
insects and aphids on birch; higher insect abundance and
damage on trees exposed to browsing (den Herder et al.,
2009), and altered habitat structure could potentially affect
herbivore occurrence on trees. In turn, herbivore abundance
could affect predation rates. An indication of a positive rela-
tionship was found between herbivorous insects on oak and
the abundance of arthropod predators; however, plant effects
could not be excluded (Forkner & Hunter, 2000). Koricheva
et al., (2000) found that predator abundance is more related
to plant biomass than to herbivore abundance. However,
when investigating the effect of the abundance of alternative
prey on predation rates on aphids in agricultural fields (Ost-
man, 2004) no relationship was detected. To date, research
investigating the relationship between herbivore abundance
and predation rate is sparse (Staab & Schuldt, 2020).

Following the argumentation above, the primary goal of
this study was to explore the effect of moose browsing on
forest vegetation composition and the potential cascading
effects on natural enemy pressure on trees. We expected
ungulate browsing to reduce habitat complexity leading to a
decreased predation pressure on herbivorous insects, as
increased habitat complexity has been shown to increase
predation rate of herbivorous insects by birds and arthropods
in Pinus radiata plantations (Poch & Simonetti, 2013). We
measured herbivore abundance to understand whether
potential patterns in predation rates were directly related to
habitat complexity or indirectly through effects on herbivore
abundance. To investigate this hypothesis, we used a con-
trolled field experiment where fenced plots excluding ungu-
lates and associated control plots are replicated in 16 forest
stands dominated by Scots pine (Pinus sylvestris). Using
this experimental design, we formulated the following
research questions: (1) Does ungulate browsing significantly
alter habitat properties related to structure, e.g., understory
cover and height, tree density, tree diversity and tree height?
(2) Is insect abundance on pine trees affected by habitat
properties? (3) Is natural enemy attack rate on pine trees
affected by habitat structure measures and insect abundance?
We estimated natural enemy attack rates using plasticine
models placed out on pine trees. In forest ecosystems and on
Scots pine we expect birds as the dominating vertebrate
predators (Muiruri et al., 2016; Zvereva et al., 2020) and
ants and spiders as the dominating invertebrate predators
(Kaitaniemi et al., 2007; Lindstedt et al., 2006; Olofsson,
1992; Suominen et al., 2008).
Materials and methods

Experimental set-up

The forest stands for the exclusion experiment were newly
regenerated stands of Scots pine (Pinus sylvestris). Seedlings
and young trees of Scots pine can suffer high levels of moose
browsing during winter and are therefore the focus of our study.
At three latitudes, eight locations and sixteen different sites in
Sweden a fenced area of 7£ 7 m was set-up in 2012 to exclude
ungulate browsing (mainly moose) 32 plots, 16 Fenced and 16
Control plots, were set up (Fig. 1). A corresponding control plot
of the same size was chosen near each fenced area. These plots
were set-up in stands that were recently harvested after check of
the establishment of either planted or natural regenerated pine
seedlings. In these types of seminatural forest stands, other tree
species are left for regeneration even in those stands where pine
seedlings are planted. Removal of non-pine trees will start
15�20 years after establishment when a pre-commercial thin-
ning is executed. Prior to the pre-commercial thinning the diver-
sity of trees present in the stands and thus the experimental plots
and their control is largely dependent on soil type.
Habitat characteristics
In 2016 a survey of the fenced and control plots was

undertaken to measure tree and understory properties. For
each plot, number of trees and diversity of trees (i.e., counts
of number of species) were recorded. Furthermore, height of
five haphazardly selected pines trees was measured in both
fenced and control plots. Trees within 1 m from the fence
were excluded to avoid edge effects. Cover of vegetation
other than trees was estimated within a 5 £ 5 m area inside
the experiment plot, considering the following species:
heather (Calluna sp.), blueberry (Vaccinium myrtillus), ling-
onberry (Vaccinium vitis-idaea), raspberries, blackberries,



Fig. 1. Map of sample locations in Sweden, each symbol on the map represents the location of a forest stand (site) containing a control and
fenced plot. The corresponding symbols are two sites at the same location. The colours of the symbols indicate the different latitudes. The
map was created using R-package ‘maps: Draw Geographical Maps’ (Original S code by Richard A. Becker and Allan R. Wilks. R version
by Ray Brownrigg. Enhancements by Thomas P Minka and Alex Deckmyn. (2018). maps: Draw Geographical Maps. R package version
3.3.0., https://CRAN.R-project.org/package=maps).
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etc. (Rubus spp.), milkweed (Asclepias syriaca), other her-
baceous vegetation (as a group), grasses and semi-grasses
(as a group) and ferns (as a group). The average height rep-
resents the height, measured with a yardstick, below which
90% (visually assessed) of the biomass is found, to avoid
individual outliers in height. The understory cover was esti-
mated as percent cover in a 5 £ 5 m area within fenced and
control plots; it was estimated individually for each species
or species group. We used the average of all observations.
The tree measurements were taken in July 2016. We calcu-
lated an average tree height using the measurements. The
understory measurements are part of the vegetation inven-
tory conducted as part of the long-term monitoring of the
plots (Widemo & Christofferson, SLU, Project web page,
language Swedish;, https://www.slu.se/globalassets/ew/org/
inst/vfm/files/miljoanalys/arsrapport_2012_bilagor.pdf).
Insect abundance
Insect abundance was estimated on the five selected pine trees

in each plot using the beating tray method in one time in June
and one time in July 2016. We sampled branches up to 1 m
from the ground on one side of the tree (or the whole side of the
tree if it was shorter than 1 m). There was no minimum size of
branches sampled, but no branch was larger than the tray. The
tray was held under each branch while it was beaten, and each
branch was beaten 10 times. There was no method of capturing
insects that left the tree during beating. Branches were beaten
over the beating tray and insects in the tray were collected,
stored in alcohol, and brought back to the laboratory where they
were counted and sorted into orders. Samples from June and
July were summed, and insect counts were pooled per plot.
Attack rate
To quantify predation pressure, we used plasticine model

larvae. We aimed to make the models resemble generic
insect larvae/caterpillars in size and shape. Plasticine models
were roughly 2 cm long and between 0.3 and 0.5 cm in
diameter, which corresponds to previous studies using plas-
ticine models (reviewed by L€ovei & Ferrante, 2017): the
median length and diameter were 2.5 and 0.35 cm, respec-
tively. We rolled the plasticine model clay (Smeedi plus,
500 gr, medium green and brown) around a copper wire.
The copper wire was used to attach the model to the tree.

In each fenced and each control plot a subset of three pine
trees (total 96 pine trees) were selected arbitrarily from the
five trees measured. We used two colours to represent non-
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specific prey. On the selected trees four plasticine models (2
brown and 2 green) were placed on branches in approxi-
mately the middle of each tree. The middle of each tree was
estimated based on whorl count. Trees within 1 m from the
fence were excluded. After two weeks, the models were col-
lected and brought back to the laboratory. Prior to re-collec-
tion a picture of each plasticine model was taken. Many
plasticine models had multiple attack marks; we did not dis-
tinguish between the multiple marks on the model but
counted a model with signs of attack (one mark or multiple
marks) as one attacked model. This was done because usu-
ally if a larval prey is attacked the prey is removed and thus
not available to other predators. By doing so we believe that
over-estimation of differences in predation pressure, also as
predators might learn, is avoided. The attack rate used in the
analysis is the number of attacked models per plot.

An important reason for using artificial prey made of plas-
ticine was that it is easy to produce large amounts of prey
items with a low degree of variation. The use of plasticine
models to estimate natural enemy attack rate is an estab-
lished method for comparative studies of attack rates
between different habitats (Howe et al., 2009; L€ovei & Fer-
rante, 2017; Tvardikova & Novotny, 2012). Although the
absolute measure of attack rate may differ from ‘real’ attack
rates, the relative difference between habitats or treatments
remains the same (L€ovei & Ferrante, 2017).
Statistical methods

All analyses were carried out in R version 4.1.1 (R Core
Team, 2021), for separate analyses reference to the specific
package will be included.
Difference in habitat variables between treatments
We used multivariate analysis of variance (manova; pack-

age stats) to assess the difference in vegetation between the
two treatments. The response variables were tree diversity,
tree height, tree density, understory vegetation cover and
understory vegetation height. The explanatory variable in
the model was treatment. We choose to include Latitude,
Location and Site as fixed blocking factors to account for
the spatial hierarchy in the set-up of the experiment. There
were three locations at the lower latitude, three locations at
the intermediate latitude and two locations at the high lati-
tude. At each location, two sites were established, each con-
taining one replicate (plot) of each treatment.
Parameters determining herbivorous insect abundance
and attack rate

To test which habitat variables differed between treatments
and affected insect abundance and attack rate we used piece-
wise structural equation modeling (piecewiseSEM package;
Lefcheck & Freckleton, 2016). Piecewise structural equation
modeling is a useful method when dealing with more compli-
cated networks containing multiple factors and effects as it
allows for determination of all possible relationships simulta-
neously (Lefcheck & Freckleton, 2016). The method to com-
pile the structural equation using piecewise SEM uses
individual linear models, which are evaluated individually,
allowing for a lower sample size compared to the ‘traditional’
way to model structural equation analysis. The models were
evaluated locally (i.e., individually) and globally, i.e., the mod-
els were evaluated simultaneously. The more correct term for
this type of analysis is ‘confirmatory path analysis’ but has
been referred to Structural Equation Modeling (Lefcheck &
Freckleton, 2016). Prior to constructing the structural equation
models, we modeled the effect of treatment (fenced and control
plots) on insect abundance and attack rate with linear and gen-
eralized linear mixed models, respectively (lme4 package;
Bates et al., 2015). As there was no effect of treatment on either
of those response variables, we did not include a direct link
between treatment and insect abundance or attack rate in the
structural equation models (Table A.5).

We used the variables tested with the MANOVA (i.e., habitat
variables) as explanatory variables for insect abundance and
attack rates in the structural equation model, and treatment (con-
trol or fenced) as an explanatory variable for the habitat varia-
bles. Attack rate is defined as the number of attacked models
per plot and insect abundance as number of insects per plot
(log-transformed). Using piecewiseSEM allowed us to build the
structural equation model using linear mixed models and gener-
alized linear mixed model (lme4 package; Bates et al., 2015).
All individual models contained site nested in location nested in
latitude as a grouping factor. The first SEM included the rela-
tionship between all habitat variables and treatment. In addition,
it included attack rate and insect abundance in response to all
habitat variables, and insect abundance was used as an addi-
tional explanatory variable for attack rate (Fig. 2). Based on the
test of the directed separation, we added significant direct rela-
tionship to the model either as direct relationships or covariance
structure giving us the final model. As there was a strong rela-
tionship between insect abundance and tree height, we per-
formed a second run of structural equations models in which
we scaled insect abundance for tree height. We did this for two
reasons. First, because we wanted to assess if the density of
insects was affected by tree height (or the other structural varia-
bles). Second, because it allows us to investigate predation in
relation to structural complexity without the tree height-insect
abundance relationship as a confounding factor. The procedure
was otherwise identical to the one described above.
Results

Treatment differences in vegetation variables

The results of the MANOVA show a marginally signifi-
cant overall difference between the fenced and the control
plots (p-value 0.051, Table 1; Fig. 3) and the locations at



Fig. 2. The initial model with the direct relationships between treatment and habitat variables and the direct relationships between the habitat
variables and attack rates and insect abundance and in addition, the direct relationship between attack rates and insect abundance.
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which the experimental plots were established are strongly
related to differences between the vegetation parameters.
The ANOVA:s for the individual variables show that the
Table 1. Results for multivariate analysis of variance for all vegetation va
control). First the total results are provided, and the following rows are th
in bold. Pillai’s trace test was used as test statistic, which is converted to F

MANOVA
Total Df Pillai

Latitude 2 1.26
Location 5 2.85
Site 8 2.54
Treatment 1 0.59
Tree diversity Df Sum Sq
Latitude 2 2.08
Location 5 14.79
Site 8 5.00
Treatment 1 0.13
Residuals 15 7.88
Tree density Df Sum Sq
Latitude 2 32.71
Location 5 214.17
Site 8 330.00
Treatment 1 0.50
Residuals 15 306.50
Tree height Df Sum Sq
Latitude 2 1245.3
Location 5 22124.1
Site 8 26477.5
Treatment 1 5142.8
Residuals 15 6480.1
Understory cover Df Sum Sq
Latitude 2 3479.1
Location 5 3157.5
Site 8 1716.8
Treatment 1 33.00
Residuals 15 967.6
Understory height Df Sum Sq
Latitude 2 80.1
Location 5 855.9
Site 8 155.25
Treatment 1 0.63
Residuals 15 476.9
majority of the variables displayed differences determined
by location and only tree height was significantly higher in
fenced plots versus control plots (Table 2).
riables with respect to exclusion treatment (two levels � fenced and
e results for the individual variables. Significant effects are marked
-statistics to check for significance.

Approx F Num Df, Den Df P-value

4.06 10,24 0.002
3.99 25,75 <0.001
1.94 40,75 0.007
3.17 5,11 0.051
Mean Sq F-value P-value
1.04 1.98 0.172
2.96 5.63 0.004
0.63 1.19 0.366
0.13 0.24 0.632
0.53
Mean Sq F-value P-value
16.35 0.80 0.467
42.83 2.10 0.123
41.25 2.02 0.115
0.50 0.02 0.878
20.43
Mean Sq F-value P-value
622.7 1.44 0.268
4424.8 10.24 <0.001
3309.7 7.66 <0.001
5142.8 11.90 0.004
432.0
Mean Sq F-value P-value
1739.6 26.97 <0.001
631.5 9.79 <0.001
214.6 3.33 0.021
33.0 0.51 0.485
64.5
Mean Sq F-value P-value
40.0 1.25 0.312
171.2 5.38 0.005
19.4 0.61 0.756
0.63 0.02 0.890
31.8



Fig. 3. Interval plots for the measured habitat variables. The grey dots are the raw data points and black dots are mean values with standard
errors. The lower and upper boarders of the box correspond to the first and third quartiles (the 25th and 75th percentiles). The upper whisker
extends from the third quartile to the largest value no further than 1.5 * Inter-Quartile Range from the third quartile. The lower whisker
extends from the first quartile to the smallest value at most 1.5 * IQR of the first quartile (Wickham, 2016).
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Insect abundance and plasticine model attack

In total 5725 insect specimens were collected, of which
5176 belonged to the order Hemiptera (90,4%), 369
belonged to the order of Coleoptera, 66 Collembola, 55 Dip-
tera, 37 Thysanoptera, 16 Hymenoptera. The orders Psocop-
tera, Neuroptera, Trichoptera were represented by one
individual each. Within the order of Hemiptera, 2353 speci-
men were waxy pine needle aphids (Schizolachnus spp.),
1412 were Pine needle aphids (Eulachnus spp.), 914 Scots
pine aphids (Cinara pini) and 325 belonged to the Large
pine aphid (Cinara pinea). These genera/species dominated
the collected Hemiptera sample. Within the Coleoptera the
order with the largest representation were the soldier beetles
(97; Malthodes spp.), none of the other genera were repre-
sented by more than 10 specimens.

In total 384 models were placed on pine trees in control and
fenced plots, in total the models were attacked 378 times. We
could determine that from the total number of marks; 43 (11%)
were attributed to bird attack, 335 marks were attributed to
arthropod attack (89%) using the method presented by Low et
al. (2014). The bird attacks were divided over 5 plots, with 26
marks in 3 control plots and 17 marks in 1 fenced plot. Arthro-
pod attacks were divided over 28 plots, with 194 marks in 14
control plots and 141 marks in 14 fenced plots. Overall, for the
models placed out in the control and fenced plots in total 82
models were attacked at least once, 47 attacks in 15 control
plots and 35 attacks in 14 fenced plots, leading to a total (both
insect and bird) attack rate of 21%. In only one control plot of
all 32 fenced and control plots the attack on the plasticine mod-
els was solely caused by birds. We found that the colour of the
model (brown or green) had no influence on the probability of
attack. We did not distinguish between colour in subsequent
analyses of treatment effects. There was no difference in num-
ber of plasticine models with marks (attack rate) (Table A.5,
Fig. 4) between fenced and control plots, nor was there any dif-
ference in insect abundance between fenced and control plots
(Table A.5, Fig. 4).
Parameters determining herbivorous insect
abundance and attack rate

The complete results of the final structural equation models
are presented in Fig. 5 and in Tables A.2 and S4. The initial
models are presented in the Tables A.1 and A.3. The results
presented below are the estimates (§SE) for the relationships
included in linear model part of the structural equation model.
SEM insect abundance

The structural equation model showed treatment affected
tree height, trees were taller in fenced plots compared to
controls (161 § 11.25 cm versus 136 § 11.48 cm,



Fig. 4. Interval plots for the response variables attack rates, insect
abundance and insect abundance scaled for height. The grey dots
are the raw data points and black dots are mean values with stan-
dard errors. The lower and upper boarders of the box correspond to
the first and third quartiles (the 25th and 75th percentiles). The
upper whisker extends from the third quartile to the largest value
no further than 1.5 * Inter-Quartile Range from the third quartile.
The lower whisker extends from the first quartile to the smallest
value at most 1.5 * IQR of the first quartile (Wickham, 2016).
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p< 0.01). No other direct effect of treatment on habitat vari-
ables was found (Table A.2, Fig. 5). Insect abundance was
positively affected by tree height (0.009 § 0.002, p-
value < 0.01), and understory cover tended to show a posi-
tive effect on attack rates (marginally significant;
0.015 § 0.008, p-value < 0.1). The global goodness of fit
shows a good fit with Fisher’s C = 14.8 with P-value = 0.68
and on 18° of freedom.

We scaled insect abundance for tree height to ascertain
that the relationship between tree height and insect abun-
dance would not mask any other potential relationships in
the model. Again, the model shows that tree height was
higher in the fenced plot, no other direct relationship was
found between treatment and habitat variables (Table A.4,
Fig. 5). Understory cover was positively related to attack
rates (0.016 § 0.008; Fig. A.2). The global goodness of fit
shows a good fit with Fisher’s C = 17.7 with P-value = 0.6
and on 20° of freedom.
Discussion

We set out to investigate the effect of ungulate browsing on
habitat characteristics, insect herbivore abundance and natural
enemy predation pressure. Four years into the experiment, no
strong effects of ungulate exclusion on any of the measured
habitat variables were found, except for a positive effect of
fencing on tree height. The lack of a strong effect of browser
exclusion makes us unable to draw any conclusion on the
effect of browsers on attack rates. However, we did find effects
of habitat structure on insect abundance (positively affected by
tree height) and attack rates (positively affected by understory
cover), allowing us to make inferences on the link between
browsers and attack rates based on previous studies on browser
exclusion and habitat characteristics.
Habitat variables

Our study only found minute differences between the fenced
and control plots. A possible explanation is that the exclusion
experiment might have been too young to induce strong differ-
ences between the fenced and control plots. Kolstad et al.
(2018a) and Speed et al. (2019) showed increased differences
in both tree and understory vegetation over time after longer
exposure to browsing. Another reason for the lack of a strong
effect could be that the study sites were not selected based on
browsing pressure, which could be different from other studies
reporting a stronger effect. Boulanger et al. (2018) showed that
the strength of the effect of vegetation characteristics was posi-
tively correlated to ungulate density.
Insect abundance

Herbivore insect abundance on pine trees was positively
related to tree height. Higher trees provide more resources and
space for species that utilize that tree species, and taller trees
have been shown to hold higher abundances of herbivores
(Campos et al., 2006). However, when we scaled the insect
abundance for height, the model results did not change. The
strong relationship between tree height and insect abundance
could have masked the indirect relationship between fenced
and control plots as we found differences in tree height
between control and fenced plots. Thus, higher abundances
found in fenced plots were mainly dictated by the difference in
tree height and not related to any other habitat variables.
Attack rates

Attack rates were positively related to understory cover,
which supports the hypothesis that forest vegetation struc-
ture is important in shaping the predator community and/or
behavior (Langellotto & Denno, 2004) and thereby preda-
tion rates (Poch & Simonetti, 2013). Ferrante et al. (2017)



Fig. 5. The final path models describing significant relationships and covariances for insect abundance. Upper figure shows the path model
with insect abundance not scaled for height, and the lower figure insect abundance scaled for height. Black arrows indicate significant rela-
tionships. Dashed black arrows indicate marginally significant relationships. The light grey dotted double-headed arrows indicate significant
co-variance between variables. The full model is provided in Table S3.
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found a similar pattern between understory cover and attack
rates in maize fields. Understory cover has been found to be
important for ground-dwelling arthropods (Magura, 2002)
which are thought to be a key group attacking artificial larval
models (Ferrante et al., 2014). Thus, experiments using arti-
ficial prey support the hypothesis that habitat complexity
affects predators (Bereczki et al., 2014; L€ovei & Ferrante,
2017; Zvereva et al., 2020). Most of the attacks on the model
larvae in our study were made by insects, like ants and pred-
atory beetles, hence, improved microhabitat through the
presence of understory cover (Sadler et al., 2006) could be
underlying the relationship with attack rates. If we extrapo-
late our finding this could mean that when ungulate brows-
ing reduces understory biomass (Kolstad et al., 2018a) and
cover (Martin et al., 2010), arthropod predator attack rates
could also be reduced. However, the magnitude of the effect
of browsing on understory is related to browsing pressure.
Future efforts to understand the direct and indirect effects of
ungulate browsing on herbivorous insect abundance and
predation rate would be most effective if studied over a gra-
dient of ungulate browsing pressure.

Another driving mechanism for attack rates could be the
abundance of alternative prey (Barbosa et al., 2009). More
resources could sustain a more diverse and more abundant
prey community and result in a more abundant and diverse
predator community; both responses have been found (Staab
& Schuldt, 2020). However, the unanswered question is
what the relationship is between prey abundance, predator
abundance and attack rates. In our study, attack rates were
not related to insect abundance, we might be able to explain
this through the low diversity of our alternative pray, mainly
Hemipterans. We used model prey to measure attack rates.
What is unknown is whether the predator community attack-
ing the sampled Hemiptera orders overlaps with or is equal
to the community that would attack the herbivorous larvae
represented by our model prey. In our samples most of the
attacks were made by arthropod predators (89%, compared
to 11% bird marks). Bird predation has been shown to be
high in other studies using plasticine caterpillars (Muiruri et
al., 2016). Low predation by birds in this study is likely
related to the low age of the stands or potentially to the
‘host’ tree of the plasticine models. The type of predator
attacking plasticine models could be related to the habitat
the attack rates are measured in. Currently to our knowledge
most studies using this method are conducted in either agri-
cultural habitats or habitats dominated by deciduous trees.

One caveat that needs to be mentioned is that natural enemies
can use plant and/or herbivore cues (such as chemical signals or
movements) to locate prey, cues that are not emitted by plasti-
cine models (Howe et al., 2009). This might bias the detection
rate when predation attempts are made by mobile generalist
predators versus more specialist natural enemies that will have a
more targeted searching method (Birkhofer et al., 2017). In
addition, this method disregards ambush predators. However,
even though the measured attack rates might not represent abso-
lute predation rates, the relative predation rates should not be
affected (L€ovei & Ferrante, 2017). Another limitation with the
use of plasticine model larvae is reliability of distinguishing
between different arthropod predators. However, one of the
strengths with the method is that it allows for distinguishing
between predation marks caused by bird and insect predators.

In conclusion, our study shows that attack rates are
directly affected by habitat characteristics that are commonly
associated with changes due to ungulate browsing (Kolstad
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et al., 2018a; Martin et al., 2010). Therefore, we believe our
study provides a basis to further investigate the possibility
that predation pressure on trees could be negatively affected
in areas with high browsing pressure, potentially creating
opportunity for more insect herbivore damage. We believe
further research efforts to understand these interactions
would be valuable as a previous study has also found
increased performance of insects on browsed trees (Nordkv-
ist et al., 2019). Eventually, the combination of browsing-
induced changes to habitat structure and host plant quality
could lead to higher damage levels in forest stands where
ungulate browsing pressure is high.
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