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Tree species richness, forest structure, and seasonal fluctuations between rainy
and dry seasons can strongly affect trophic interactions in forest ecosystems, but
the inter- and scale dependence of these variables remains unclear. Using
artificial caterpillars (~18,000 replicates), we analyzed predation pressure by
arthropods, birds, and rodents along a tree species richness gradient across
seasons in a subtropical tree diversity experiment (BEF-China). The aim of the
study was to test if forest structure, in addition to tree species richness, has an
effect on predation pressure and to further specify which structural variables are
important in driving predation. We assessed the effects of tree species richness
and forest structure at the plot and local neighborhood levels. We also included
fine-scale placement covariates, plot size, and topographical covariates of the
study site. Forest structure and tree species richness independently and
interactively affected predation pressure. The spatial scale was an important
determinant for tree species richness and structural effects, extending from
within plot scales to the overall heterogeneity of the plots’ surrounding
environment. For example, the effect of branch density in the local
neighborhood depended on both surrounding tree species richness and plot-
level vegetation density. Similarly, visibility-enhancing factors increased attacks
by arthropods (lack of branches in close surroundings) and by birds (open area),
depending on the surrounding vegetation. A comparison of structural measures
showed that predation pressure can be addressed in much greater detail with
multiple specific structural features than with overall forest complexity. Seasonal
change also affected predation pressure, with foliage being a stronger attractant
in spring, but also by presumable topography-driven study plot differences in sun
exposure and humidity between rainy and dry seasons. Our study demonstrates
that predation pressure is not simply a function of tree species richness or
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structure but is shaped by the interplay of structural elements, spatial scale, and
seasonal dynamics along gradients of tree species richness and forest structure.
The structural and seasonal effects are important to take into account when
addressing how current and future biodiversity loss may change top-down
control of herbivory and overall ecosystem functioning.

KEYWORDS

artificial caterpillar, forest structure, scale-dependence, season, top-down control,
topography, tree species richness, vegetation density

1 Introduction

Globally declining biodiversity is altering ecosystem functions
(Hooper et al, 2012), with a loss of plant diversity leading to
declining herbivore and predator populations and altered trophic
structures (Haddad et al., 2009; Wan et al.,, 2020). Higher plant
species richness can lead to higher predator abundances and top-
down suppression of arthropod herbivory, as demonstrated in
agroecosystems and grasslands (Andow, 1991; Siemann et al,
1998; Barnes et al., 2020; but see, e.g., Koricheva et al., 2000;
Harmon et al., 2003). This can be due to increased habitat
amounts and complexity providing alternate food sources and a
more stable prey supply over time, as posited by the “Enemies
hypothesis” (Root, 1973). Relationships between plant species
richness and higher trophic levels are generally less well explored
in forests, with more evidence for the increase of predator
abundance than predator activity (Stemmelen et al, 2022). This
leaves the general role of tree species richness on actual predation
pressure unresolved (Staab and Schuldt, 2020).

Although some studies have shown a positive effect of tree
species richness on predation rates by arthropods (Leles et al., 2017)
and birds (Muiruri et al., 2016; Nell et al., 2018), others have
demonstrated that forest structure is a more important
determinant, for example, for bird abundance and richness
(Khanaposhtani et al., 2012; Mag and Odor, 2015). Similar to the
effects of increasing plant species richness, predation can increase
with increasing vegetation complexity, as also shown in grasslands,
through increased niche space, alternate and more abundant food
sources, microclimate amelioration, and reduced intra-guild
interactions among predators (Flaherty, 1969; Finke and Denno,
2002; Langellotto and Denno, 2004). However, negative effects of
habitat complexity on predator and parasite efficiency can arise as
well, for example via increased refuge availability for prey in more
complex vegetation (Andow and Prokrym, 1990; Hawkins et al.,
1993; Clark and Messina, 1998). Studies on the effect of vegetation
complexity and density on predators in forests have shown, for
example, positive effects on bird abundance and diversity
(MacArthur and MacArthur, 1961; Khanaposhtani et al., 2012),
spider abundances (Halaj et al, 1998; Halaj et al., 2000), and
predation by arthropods (Schwab et al., 2021), but also negative
effects on predation by birds and ants (Sipo$ and Kindlmann, 2013).
Notably, however, comparisons between studies of vegetation
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complexity tend to be difficult because of differences in the
complexity measures (McCoy and Bell, 1991; Loke and Chisholm,
2022). Structural features might play a particularly important role in
forest ecosystems because of the wide range of microhabitats in
canopies (Wardhaugh et al., 2014), with highly promoted arthropod
abundance, vegetation biomass, and structural complexity as
compared to herbaceous/grassland vegetation (Lawton, 1983).
The structural variation in forests can already differ within and
between monocultures due to tree size, density, and species, but is
generally higher in tree species mixtures because of interspecific
differences in tree crown forms and diversity-driven plasticity of
tree crowns (Pretzsch, 2014; Ali, 2019; Kunz et al., 2019).

The effects of plant species richness and vegetation structure on
predator abundance are highly scale-dependent (Root, 1973; Russell,
1989; Staab and Schuldt, 2020), which may explain some of the
variability in earlier results. Scale dependence has also been shown for
the predation activity of birds (Muiruri et al,, 2016) and arthropods
(Schwab et al., 2021). In forests, besides the size of a plot, area effects
already play an important role through tree sizes and vegetation
density, as those form the plant surface area which, in turn,
determines the predator—prey interaction zone (e.g., Erwin, 1983;
Nakamura et al., 2017). A larger area can support greater numbers of
species and higher abundances through species—area relationships
brought about by an increase in resources, greater habitat variability
within a larger area, and a lower likelihood of local extinctions due to
larger population sizes (e.g., Connor and McCoy, 2001).
Furthermore, small-scale habitat variation can then influence
predation through selection of the hunting grounds based on cues
from the vegetation (e.g., volatile compounds) (Heinrich and Collins,
1983; Miéntyld et al., 2008; Sam et al., 2015; see also review in Turlings
and Erb, 2018) and increased visibility (Tschanz et al., 2005). The
effects of vegetation structure on predation rates, in turn, have been
found to be dependent on predator and prey densities (Riihimaki
et al., 2006; Scheinin et al., 2012). Predators may aggregate at the
highest prey densities (Hassell and May, 1974; Kareiva and Odell,
1987), and the movement of predators between habitats of varying
prey densities can promote and stabilize predator populations and
prevent prey resource depletion where prey densities are high but
increase depletion where they are low (Holt, 1985; Pulliam, 1988;
Polis et al., 1996). Thus, very low or high predator and prey
abundances can make the effect of structural habitat components
negligible (McCoy and Bell, 1991). The source-sink interactions
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between “component communities” (Root, 1973), which the
structurally different patches can be seen as, are expected to
become stronger the larger the predator population in the source
(Pulliam, 1988), the greater the dispersal ability of the predators, and
the closer the source and sink patches are to each other (Bianchi et al.,
2010). Movement between patches is suggested to be the reason why
the positive effects of vegetation diversity observed at small scales are
negligible when they occur at larger scales (Bommarco and Banks,
2003). This negative scale dependence of plant species richness has
been observed, for example, for predation by birds in forests (Muiruri
et al,, 2016). However, it remains largely unexplored in most studies
of tree diversity—predation relationships.

A given habitat can also vary seasonally in being a source or sink
for predators and prey (Pulliam, 1988). Prey abundance and
predator activity are highest in early to mid-summer in temperate
forests (e.g., Remmel et al., 2009). In the tropics, arthropod
abundances are highest in the rainy season, or somewhat after
with a delay due to development time, correlating with the flush of
new leaves (Janzen, 1973; Wolda, 1978; Richards and Coley, 2007;
Valtonen et al,, 2013). As the foliage-eating prey are impacted by
seasonal food availability (Wolda, 1978), the associated predators
need to time their activity according to prey abundance (Janzen,
1973; Polis et al., 1996; Molleman et al., 2016), and as such,
predation rates have been observed to peak during these periods
(Richards and Windsor, 2007; Molleman et al., 2016). Caterpillar
abundance was also observed to be highest in the late rainy season
in temperate but seasonally rainy sub-tropical forests (in the same
field site and year of the current study) (Anttonen et al, 2022).
However, organisms at higher trophic levels are expected to be more
susceptible to environmental conditions and able to respond to
them based on higher mobility (Menge and Sutherland, 1987), and
abiotic conditions can break down the positive correlation between
predator and prey abundances (Richards and Windsor, 2007). The
dry season can promote arthropod abundances in more humid
habitats and cause mobile arthropods to shift from open sites to
forests (Janzen, 1973; Richards and Windsor, 2007), where higher
canopy cover, and also structurally more complex stands, have
lower solar radiation, lower temperatures, and less variation in
abiotic conditions (e.g., Breshears, 2006; Ehbrecht et al., 2017).

When looking into the small-scale dynamics of predation
pressure, predator abundance and species richness are not
necessarily the most accurate predictors due to the source-sink
interactions of habitats and small-scale predator efficiency
determinants, making direct measurements of predation rates
necessary. Artificial caterpillars have proved an effective method
for testing predation rates in various types of forests (e.g., Posa et al.,
2007; Muiruri et al., 2016; Roslin et al., 2017), allowing reliable
assignment of predation to broad taxonomic groups (Low et al,
2014). The method, however, does not necessarily cover the whole
extent of predator taxa in the habitats due to a lack of prey
movement and olfactory signals (Lovei and Ferrante, 2017;
Zvereva and Kozlov, 2023). This approach, nevertheless, allows
for efficient comparisons of how predation pressure is shaped by
dynamics between patches of different quality, by scale dependence
of tree species richness and forest structure, and by seasonal
variation in abiotic conditions.

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1199670

In this study, we tested how tree species richness at different
spatial scales (local neighborhood vs. plot), forest structure, and
season jointly affect predation pressure on artificial caterpillars in a
forest biodiversity-ecosystem functioning experiment in
subtropical China (BEF-China; Bruelheide et al., 2014). In this
experiment, tree species richness per plot (~26 m x 26 m) was
manipulated over a gradient from monoculture to 24-species
mixtures. Forest structure was quantified using different
approaches: measurements of basal area (BA) of focal and
neighborhood trees, tree mortality-based estimates of open area,
and terrestrial laser scanning (TLS). Because tree species richness is
often expected to influence predation through changes in forest
structure, we analyzed the data with and without TLS-derived
variables. Additionally, we compared how well predation pressure
is explained by the separate measures of tree species richness and
forest structural variables to measures of overall vegetation
complexity. Moreover, predation pressure may respond to very
fine-scale features of vegetation and visibility as well as to larger-
scale variables that define the area around the plot. For this reason,
we included covariates of fine-scale surroundings around the
artificial caterpillar (presence of leaves and branches), of
topography (elevation, slope angle, and solar irradiance), and of
plot grouping (as a proxy for environmental heterogeneity in the
surrounding plots).

We hypothesized that: (1) increasing tree species richness and
denser (and more complex) vegetation both increase attacks
through a presumed increase in predator abundance and species
richness; (2) predation pressure in small-scale habitats varies
depending on the large-scale structure, such as visibility
promoting attacks in overall denser vegetation. Also, a higher
amount of branches at the immediate neighborhood scale is
expected to increase attacks through predator aggregation within
larger-scale areas where overall predator and prey densities are
presumably lowest; (3) predation pressure is highest in the late rainy
season and is promoted by new foliage in spring. Season was
expected to interact further with vegetation structure and
topography, with predation pressure shifting to more humid
habitats during the dry season, such as those with a more closed
canopy and topographically lower solar irradiance plots. Testing
how the interplay between scales of forest structural variables within
close neighborhoods affects predation pressure and how these
variables are influenced by plant richness will aid in producing a
more mechanistic view of the top-down regulation of
arthropod herbivory.

2 Materials and methods
2.1 Study area and design

The experiment was conducted in the world’s largest
biodiversity—ecosystem functioning experiment (BEF-China) in
sub-tropical China (Jiangxi province, 117° 54" E, 29° 07" N)
(Bruelheide et al,, 2014). The annual precipitation in the area is
1,821 mm, and the mean annual temperature is 16.7°C (Yang et al.,
2013). The experimental site (“site A” of the BEF-China
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experiment) was planted in 2009 in a mountainous area, ranging
from 105 m to 275 m above sea level (Yang et al., 2013), with an
average slope of 27.5° (Bruelheide et al., 2014). The mountain slopes
encircle a narrow wetland valley, where the lowest elevation plots
are situated. The field site is 14.8 ha in size and consists of 268 plots
placed in random order, of which 65 were used in this experiment.
Each plot is 25.8 m x 25.8 m in size, which equals the Chinese
traditional area unit of 1 mu. Each tree species combination is
represented by five plots, of which four are grouped into one
continuous unit, so-called “super-plots” (see Bruelheide et al,
2014). The tree replicates used in this study were divided between
the 1 mu and 4 mu plots. See Supplementary Figure SI for a map
and an example picture of BEF-China site A and plot setup, and
Bruelheide et al. (2014) and Huang et al. (2018) for further details.

Trees within the plots were planted in 20 rows and 20 columns
with a 1.29 m distance from each other, in equal amounts per
species, and placed in a random design. The tree planting setup
followed a “broken stick” design, which halves the tree species
richness between levels while keeping the composition otherwise
constant, with tree species richness levels of 1, 2, 4, 8, 16, and 24
(Bruelheide et al., 2014). The 24-species mixture is an extra mixture
on top of the richness gradient and was included to increase the
number and spatial spread of the highest-richness tree replicates.
The 24- and 16-species mixtures were combined into a single high
species richness level in the analyses and renamed as a 16-species
mixture. We used all tree species per plot for predation estimation
up to the 16 species mixtures. Additionally, some Castanopsis eyrei
Champ. Individuals were recognized to belong to Castanopsis
fargesii Franch., increasing the total number of tree species in the
experiment to 17. All tree species used in the experiment are listed
in Supplementary Table S1.

We analyzed the data based on individual trees, but the focal
trees within each tree species richness level were selected as mono-
and heterospecific tree species pairs. This design was used to follow
the set-up of Trogisch et al. (2021) in order to match the predation
estimation with high accuracy with the TLS data examining the
structural traits of the trees, for which the paired design was also
used (Hildebrand et al., 2021) (see Section 2.3). In the paired design,
the trees were selected from the plots at random, but with the
requirement that they have either a mono- or heterospecific pair.
Both trees were then used for predation estimation. All possible
tree species pair combinations were used up to four-species
mixtures, and these combinations were then replicated at higher
richness levels. Additionally, only tree species pairs with
nonoverlapping neighborhoods were selected. The paired design
was accounted for with a random effects structure in the models (see
Section 2.4).

Predation was estimated in four campaigns: autumn 2018
(August-September), spring (March-April), mid-summer (June),
and late summer (August) 2019. The autumn 2018 campaign was
set as the last season in analyses due to the campaign being
conducted later in autumn than in 2019 (the campaign started on
26 August 2018 vs. 8 August 2019), with leaf senescence starting in
the first trees in 2018 but not in 2019. The 2019 spring campaign
began for most trees just prior to bud burst and ended when the
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trees were nearly in full leaf. Spring and mid-summer campaigns
were conducted during the rainy season, and late summer and
autumn campaigns in the dry season.

The number of tree replicates was 375 in spring, 383 in mid-
summer, 380 in late summer, and 384 in autumn, with almost all tree
individuals remaining the same between sampling campaigns. The
number of trees sampled in total across all 17 species was 96, 113, 50,
74, and 62 for richness levels 1, 2, 4, 8, and 16, respectively, varying
between one and 10 (mean = 4.3, SD = 2.4) replicates per species per
richness level per campaign. The differences in tree replicate numbers
are caused by the experimental design of Trogisch et al. (2021), which
focuses on tree species pair interactions and promotes tree species
replicate numbers in monocultures (six replicates per species) and
two-species mixtures (nine replicates per species) over higher tree
species richness levels (five replicates per species), and by variability
in self-thinning between tree species in different richness levels. The
plot-level tree species richness used in the analyses was based on the
planting design but corrected for Schima superba Gardner &
Champ.- Rhus chinensis Mill. two-species combinations, where no
individuals of R. chinensis were alive and were therefore treated as
monocultures. Additionally, the tree species richness was estimated
for each tree neighborhood based on the eight closest
potential neighbors.

2.2 Predation estimation

Production, placement, and checking of artificial caterpillars
followed the general recommendations by Howe et al. (2009) and
Low et al. (2014). The artificial caterpillars were made of green
nontoxic and odorless modeling clay (Staedtler® Noris Club®
Plasticine green), formed around an iron string, and placed by
wrapping the string around branches (Supplementary Figures S2,
S3). Caterpillars were ~5 cm long and ~0.5 cm wide, with small
variations due to manual production. The artificial caterpillar size
was within the range of real caterpillars observed at the field site. Six
caterpillars were placed per tree in two groups of three caterpillars
each. Caterpillars within one group were placed horizontally no
more than 50 cm apart from the central caterpillar of the group,
with as little vertical difference as possible. The two caterpillar
groups were placed at different height levels as long as the tree
height allowed, with an average lower group height of 1.4 m (SD =
0.61) and a higher group height of 2.8 m (SD = 0.85). The height of
the caterpillar group was recorded with half a meter accuracy, and
this distance from the ground was included in the analyses to
account for potentially different movement modes between
predator groups. The caterpillars were placed primarily within
20 cm of leaves on branches. If branches with leaves were not
within reach, the caterpillar was placed on a leafless branch or, if no
branches were within reach, on the trunk of the tree, with a
preference for leaves in close proximity (tiny branches). Thus,
placement on the trunk indicates increased visibility of the
caterpillars due to the absence of branches on focal trees in close
proximity to the caterpillars. The location (branch or trunk) and
presence of leaves were marked down for each caterpillar.
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Each campaign consisted of three rounds, namely placing
caterpillars and checking two times. Damaged caterpillars after
the first round were either replaced or fixed for the second round.
Rainy weather caused delays to the checking schedule due to
hazardous conditions, and water droplets on the caterpillars,
making small bite marks difficult to detect. Caterpillar placement
between consecutive days was divided into different parts of the
field site, which ensured that no area with respect to topography was
systematically checked later in the season or accumulated
disproportionate rain delays. In the case of rain delays, checking
was intensified and divided between the delayed and the original
schedule caterpillars. In a few cases, a certain tree was accidentally
ignored during the intended checking date, leading to increased
checking intervals. The average checking period was 8.4 (SD = 1.1),
9.1 (SD=1.8),7 (SD =0.1), and 7.8 (SD = 0.9) days in spring, mid-
summer, late summer, and autumn, respectively. The exact length
of the checking period for each caterpillar was included in the
statistical analyses.

The attack marks were identified to the following broad
taxonomic categories: arthropod (Supplementary Figure S2A, C),
bird (Supplementary Figures S3A-D), mammal (Supplementary
Figures S3E, F) (Low et al., 2014), and snail (Supplementary Figure
S2B) (M. Volf, personal communication). The mammal category
was subdivided into rodent (Supplementary Figure S3E) and
insectivore (likely a bat) (Supplementary Figure S3I) categories.
Arthropod attacks were subdivided into two categories by visual
observation of clearly distinguishable types of damage. Piercing
mandible marks of varying width were considered to have been
made by predators (Supplementary Figure S2A). Possible sting
marks by Hymenoptera (Low et al, 2014) or Heteroptera were
challenging to reliably separate from piercing mandible marks and
were, therefore, included in the arthropod predator category.
Shallow scraping damage was recognized to be made by
grasshoppers in the Caelifera suborder (Supplementary Figure
S2C) by frequent observations of them being in contact with the
caterpillars and leaving similar damage on thicker tree leaves
(Supplementary Figure S2D). This damage could lead to nearly
the whole caterpillar being eaten and plasticine frass pellets being
excreted on the spot. Obscure bite marks were checked with x10
and x20 field magnifiers or photographed for later assessment. Due
to checking bite marks in the field, very small arthropod bite marks
requiring microscopic examination were likely not noticed (Howe
et al,, 2009). All caterpillars were checked by the same person, and
attacks were recorded as presence-absence.

In total, we placed 20,508 artificial caterpillars. Caterpillars with
unrecognizable attack marks (12), being damaged by leaves, etc., or
falling from the tree (488) were removed from the data.
Furthermore, 2,292 caterpillar checks were removed because of
missing structural trait measurements, making the final amount
used in analyses 17,728 caterpillars (note that exclusions slightly
overlap). Additionally, from the caterpillars kept in the data, attacks
by bats were not analyzed because of only a few observations (5).
Also, attacks by grasshoppers, despite their commonness (see
Section 3), and snails (19 observations), were not analyzed as they
represent herbivory.
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2.3 Vegetation structure and topography

We aimed to test how forest structure affects predation
probability in the immediate neighborhood and at the plot level,
and we used several measures to describe the forest surroundings
around the artificial caterpillars. The diameter at breast height was
measured for the focal trees and the eight potential trees in the
immediate neighborhood and transformed to BA. Although the
neighborhood BA was estimated only from the immediate
neighborhood of the focal trees, it is expected to reflect conditions
of the overall plot because of the observed uniformity in low tree
species richness plots and the correlation of neighborhood tree
species richness on plot tree productivity at high richness levels
(Fichtner et al., 2017). Based on BA, 25% of the trees reached >10 m
in height at the time of the experiment (Schnabel et al., 2021). Few
trees were smaller than 1.3 m, and the DBH was marked down to
0.5 cm for these trees. The open area in the neighborhood
represents gaps in the canopy and was estimated by summing up
the ground surface areas left open by dead trees around a focal tree.
The area assigned to each dead tree was calculated on the basis of
the systematic planting pattern and covers ~1.66 m”. Continuous
open areas (i.e., = 2 dead trees next to each other) were weighed
higher to account for space filling by foliage from neighboring trees,
which was achieved by dividing the total open area by the number
of gaps left by dead trees.

Further information on vegetation structure was derived from
terrestrial laser scanning (TLS) data of the local neighborhood of
each focal tree and the overall plot, conducted in February-April
2019 (Hildebrand et al., 2021). At both spatial scales, we aimed to
distinguish the effects of the density of vegetation elements and their
vertical distribution by using a set of clearly distinguishable
structural measures. Neighborhood branch density was estimated
as the number of branch-occupied voxels (defining an observed
point in three-dimensional space) with a 5 cm edge per 50 cm
vertical layer in a 3 m radius for each caterpillar placement height
(voxels per layer). Neighborhood canopy packing was estimated as
the vertical Gini index of the canopy voxel vertical distribution in a
3 m radius, where lower values indicate a more equal distribution
(Ehbrecht et al, 2017) of biomass and thus a less densely packed
canopy. At the plot level, the density of vegetation elements was
addressed using the mean fractal dimension (MeanFrac) index
(Ehbrecht et al.,, 2017) as a proxy. MeanFrac is a scale-
independent measure that increases with a higher perimeter-area
ratio, defined to measure structural complexity, and it roughly
responds to the space-filling capacity of an object independently
of area (Loke and Chisholm, 2022) and, thus, to the density of
vegetation elements (Ehbrecht et al., 2017; Zemp et al., 2019). As a
scale-independent measure, stands with a high density of branches
from small trees can gain the same or higher MeanFrac values than
stands with large trees and a higher amount of open space
(Ehbrecht et al., 2017; Zemp et al., 2019), which ensures that
when using MeanFrac as a proxy for vegetation density, it is not
driven directly by biomass. The canopy vertical stratification of the
plot was quantified using the effective number of layers (ENL) index
(Ehbrecht et al.,, 2016). For calculating ENL, the voxel point cloud
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was subdivided into 25 c¢m slices, the proportion of filled voxels in
each slice was quantified, and the inverse Simpson Index was
calculated between these layers. ENL values increase with
increasing tree height and a more even vertical distribution of
space occupation. Thus, the lowest ENL values occurred in the small
amounts of plots with very small trees with practically no canopy
layer, but the variation of ENL highly increased when trees were
larger (Supplementary Figure S4).

Additionally, in comparison to using MeanFrac and ENL
separately, we reduced the plot-level structural variables to a
single measure of stand structural complexity index (SSCI), which
is MeanFrac scaled by ENL (Ehbrecht et al., 2017). For clarity
between measures, we refer to MeanFrac as vegetation density and
SSCI as canopy complexity. MeanFrac, ENL, and SSCI were aligned
relative to the slope angle (see Perles-Garcia et al., 2021). Forest
structure can vary based on tree species richness (Williams et al.,
2017; Kunz et al,, 2019), including canopy vertical stratification, as
shown at the BEF-China field site (Perles-Garcia et al., 2021).
However, the correlations between tree species richness and
structural variables in our study were low enough to allow them
to be used in the same GLME models due to the high number of tree
species with a wide range in crown forms, growth, and mortality
rates. We further reduced tree species richness and all plot and
neighborhood-level structural variables, i.e., neighborhood tree
species richness, focal BA, neighborhood BA, open area in the
neighborhood, voxels per layer, vertical Gini, MeanFrac, and ENL
with principal components analysis (all variables scaled) for a
measure of overall forest complexity using the function
“princomp” in the package “vegan” (Oksanen et al, 2022). The
scores of the first three principal components (PC), which together
explained ~64% cumulative variance (Supplementary Table S2A),
were selected for further analysis. The highest loadings on PC1 were
ENL and neighborhood BA, but all other variables also contributed
(Supplementary Table S2B). The highest loadings on PC2 were
voxels per layer, MeanFrac, and vertical Gini, and on PC3 focal BA,
but also with further smaller contributions by other variables.

Plot replicates were divided between 1 mu and 4 mu plots. The
smaller plots had a more variable plot neighborhood, as all their
eight surrounding plots had a different tree species composition
compared to the focal plot, while tree species composition in a 1 mu
super-plot was the same as in three of the neighboring plots. Thus,
increasing plot size (1 mu vs. 4 mu) can be considered a proxy for a
lower variation in tree species diversity and vegetation structure in
the more distant neighborhood. Topographical variables, elevation
(measured by hypsometer and interpolation from a map using GIS),
slope angle (GIS), and solar irradiance (GIS, MWh/m?) (Bruelheide
et al., 2013), were also included to account for the differences in the
environmental conditions caused by plot placement along slope
positions. Slope angle also influences canopy vertical structure,
which is not completely addressed by ENL, as the canopy follows
a vertical gradient along the slope irrespective of the stratification
along the trunks (Lang et al., 2010).

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1199670

2.4 Statistical analysis

Arthropod predator, bird, and rodent attacks were analyzed
using generalized linear mixed-effects models (glmmTMB) (Brooks
et al,, 2017) (see Supplementary Material 2 for the analysis code).
The response variable of being attacked was analyzed as binary
using Bernoulli distribution with complementary log-log
transformation (link function “cloglog”) in R v 4.2.2 environment
(R Core Team, 2022). Random factors used in the models were focal
tree species identity and focal trees nested within the plot. Tree
species pair identity nested within the plot was tested in comparison
to the focal tree, with the models compared by their AIC values.

Before including fixed factors, low collinearity between them was
ensured by estimating their internal Spearman correlations (all
variables: r < 0.7; see Supplementary Figure S5). In addition,
variance inflation was estimated for all fixed factors and their
interactions (only variables with vif < 5 were included in the
models) with package “performance” (Liidecke et al., 2021). Further
model validations using predicted and observed estimates and
residuals were done using the “DHARMa” package (Hartig, 2022).
In order to focus on the most important estimates, interactions of fixed
factors, but not the covariates, were reduced based on model AIC
using the function “drop1”. Fixed factors in all models were season (as
an ordinal variable representing shift from early to late growing season
and transition from rainy to dry season), tree species richness,
neighborhood- and focal-tree BA, open area in the neighborhood,
plot size, plot topography, covariates describing the immediate
placement conditions, and checking schedule-related covariates:
checking round and the number of days the caterpillar was
positioned on the tree (delays caused by rainy days). Focal and
neighborhood BA were square root-transformed for increased
linearity in all models. The presence of leaves, placement on a
branch or trunk, and checking round were included in the models
as factorials, and all other variables were scaled by subtracting the
mean and dividing by the standard deviation. The effect of tree species
richness was tested by comparing the AIC values of two different
models, one using plot-level richness and the other using the richness
of the eight closest potential neighbors. The relationship of tree species
richness with structural metrics was further tested by comparing
models that either included only tree species richness or additionally
included the TLS-derived structural variables. Furthermore, two
different models were compared that used either SSCI or MeanFrac
and ENL. Finally, due to moderate collinearity between tree species
richness and ENL (Spearman r = 0.47 and 0.45 with plot and
neighborhood tree species richness, respectively) and between voxels
per layer and MeanFrac (Spearman r = 0.6), neighborhood tree species
richness and MeanFrac were removed from the reduced arthropod
predator model using TLS-derived structural variables in order to see if
this has strong effects on the respective moderately collinear covariates.

Furthermore, several interactions between explanatory variables
were tested. After ensuring low vif values, for arthropod predator
models, these were as follows:
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* Interactions of tree species richness with focal and
neighborhood tree sizes, voxels per layer, vertical Gini,
and MeanFrac.

¢ Interactions of plot, neighborhood, and fine-scale
placement variables. Interactions of voxels per layer and
vertical Gini were included with MeanFrac, and interactions
of the presence of leaves were included with voxels per layer
and ENL but not with MeanFrac due to high vif values. The
interaction of MeanFrac and ENL was included with focal
and neighborhood tree sizes. The effect that placement on
the trunk may have on visibility due to the absence of
branches in close proximity to the artificial caterpillar was
further tested with interaction with focal and neighborhood
tree sizes, all TLS-derived plot- and neighborhood
structural variables (that describe the canopy structure
surrounding the patches of increased visibility), open area
in the neighborhood, and placement height. The interaction
of open area in the neighborhood was further included with
all plot and neighborhood TLS-derived structural variables,
neighborhood tree size, and placement height.

* In the comparative model using SSCI, the same interactions
were included as with MeanFrac and ENL except for
interactions of vertical Gini and placement on branch or
trunk with SSCI and voxels per layer with the presence of
leaves, due to increased vif values.

* The interactions of plot size with tree species richness,
neighborhood BA, and TLS-derived plot-level structural
variables were included. The plot size-tree species richness
relationship was also included with neighborhood tree
species richness, as it was highly correlated with the plot-
level tree species richness (Spearman r = 0.86).

» Seasonal differences in attack probability were tested with
tree species richness, all TLS-derived plot and
neighborhood structural variables, the presence of leaves,
all topographical variables, and checking round and
number of days on the tree.

Due to the low number of attacks, bird and rodent models were
analyzed with simplified models in order to avoid overfitting and to
keep the results generalizable. All the same interactions with season
and plot size were used as with arthropod predators, except in the
bird model, where the interaction of season and presence of leaves
was dropped due to high vif values. Otherwise, interactions were
limited to testing the effects of plot-level vegetation density
(MeanFrac) and canopy complexity (SSCI). These included tree
species richness, focal and neighborhood tree sizes, voxels per layer,
vertical Gini, open area in the neighborhood, placement height,
presence of leaves, and placement on branch or trunk, except for
bird models where the interaction of placement on branch or trunk
with SSCI was dropped due to a high vif value.

In the models with neighborhood tree species richness and
forest structure reduced to principal components, interactions with
PC1, PC2, and PC3 were included with each other, plot size, and
season for all predator groups. Additionally, for arthropod
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predators, interactions of PC1, PC2, and PC3 were included with
placement on the branch or trunk, and PC1 and PC3 with the
presence of leaves, but not PC2, in order to reduce vif values.
Interactions between checking round, days on the tree, and
topographical variables were included with season for all predator
groups, similar to other models.

3 Results

Overall, attacks by arthropods were much more frequent than
those by any vertebrate predator. Predatory arthropod attack rates per
season were 52% in spring, 19.8% in mid-summer, 2.4% in late
summer, and 9.6% in autumn. Bird and rodent attacks were
systematically low. Bird attacks increased toward the later seasons,
with per-season values of 0.2% in spring, 0.7% in mid-summer, 1.8% in
late summer, and 1.6% in autumn. Rodent attacks decreased toward
the later seasons, with per-season values of 0.9% in spring, 1.0% in mid-
summer, 0.6% in late summer, and 0.2% in autumn. Additionally,
grasshopper attack rates per season were 2.0% in spring, 5.6% in mid-
summer, 51.4% in late summer, and 17.6% in autumn.

The following are the results of models including neighborhood
tree species richness and TLS-derived variables as fixed factors
and using focal tree individuals as random factors (Table 1) for
each predator group (see Section 3.5 for comparison to
alternative analyses).

3.1 Plot size

Neighborhood tree species richness did not show a direct
significant relationship with any of the predator groups (after
including TLS-derived variables), but arthropod predator attacks
increased in larger plots with high tree species richness (Figure 1A;
Table 1). In contrast, arthropod predator attacks were promoted at
low vertical stratification (ENL) (Figure 1B) in 1 mu plots, and a
similar, although nonsignificant (0.1 < p > 0.05) relationship was
observed with vegetation density (MeanFrac) (Figure 1C). Larger
plot sizes had a negative effect on rodent attacks, and attack
probability was higher in smaller plots of low vegetation
density (Figure 1D).

3.2 Forest structure

Neighborhood tree species richness showed a positive effect on
arthropod predator attacks in more densely branched
neighborhoods (voxels per layer) (Figure 2A; Table 1). In addition,
more densely branched neighborhoods also had a positive effect on
arthropod predator attacks at low plot-level vegetation density and a
negative effect at high vegetation density (Figure 2B). For bird
attacks, no significant direct influence was observed with plot
vegetation density and open area in the neighborhood, but the
attacks were promoted when there was more open area in the
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TABLE 1 Summary of generalized linear mixed effects model results for arthropod predator, bird, and rodent attacks, using neighborhood tree species
richness and TLS-derived structural variables (for the model without TLS variables, see Supplementary Table S3); MeanFrac and ENL are used
separately in the models instead of SSCI (for the model including SSCI, see Supplementary Table S4).

Arthropod predator attacks Bird attacks (AIC = 1,971.3) Rodent attacks

(AIC = 10,161.0) (AIC = 1,328.6)

Estimate + Pr Estimate + Pr Estimate + Pr

Std. error (>z]) Std. error (>|z]) @ Std. error (>lzD
Intercept —2.49 + 0.08 -29.5 = <0.001 —5.38 £ 0.24 -22.3  <0.001 —5.89 £ 0.31 -19.1 <0.001
Tree richness 0.08 £ 0.05 1.7 0.083 -0.23 +0.17 -14 0.171 -0.19 £ 0.18 -1.1 0.278
Plot size —0.06 + 0.04 -1.6 0.118 0.03 +0.10 0.3 0.769 -0.48 +0.15 -3.1 0.002
Plot size: tree richness 0.10 + 0.04 23 0.023 0.19 + 0.11 1.7 0.091 - - -
ENL 0.12 £ 0.07 1.8 0.076 -0.50 = 0.16 -3.1 0.002 -0.12 £ 0.21 -0.6 0.558
Plot size: ENL —-0.11 + 0.05 -2.1 0.032 - - - - - -
MeanFrac 0.04 + 0.05 0.8 0.442 0.15+0.13 1.2 0.224 0.07 £ 0.21 0.3 0.733
Plot size: MeanFrac —0.08 + 0.05 -1.8 0.075 - - - 0.38 £ 0.16 24 0.017
Leaves present 0.30 + 0.07 4.2 <0.001 0.09 +0.20 0.4 0.663 -0.03 +0.24 -0.1 0.893
Leaves present: ENL -0.18 + 0.07 =27 0.007 NA NA NA NA NA NA
Open area 0.01 = 0.04 0.3 0.746 0.01 +0.10 0.1 0.891 0.15 +0.12 1.2 0.220
MeanFrac: open area - - - 0.25 £ 0.11 2.3 0.024 - - -
Voxels per layer 0.07 + 0.04 1.7 0.087 0.01 £0.12 0.1 0.935 023 +0.17 14 0.176
Tree richness: voxels per 0.11 + 0.04 2.8 0.005 NA NA NA NA NA NA
layer
MeanFrac: voxels per layer -0.11 £ 0.04 -2.5 0.011 - - - - - -
Placement height 0.16 £ 0.03 5.4 <0.001 0.08 + 0.09 0.9 0.353 -0.64 + 0.13 -5.0 <0.001
Placement on trunk -0.02 + 0.10 -0.2 0.841 -0.49 + 0.34 -1.5 0.145 0.10 + 0.33 0.3 0.771
Placement on trunk: 0.13 +0.08 1.7 0.084 NA NA NA NA NA NA

placement height

Neighborhood BA —0.05 + 0.05 -1.0 0.312 -0.10 £ 0.13 -0.8 0.451 —0.14 £ 0.16 -0.9 0.367

Placement on trunk: —0.25 + 0.09 -2.7 0.007 NA NA NA NA NA NA
neighborhood BA

Focal tree BA 0.08 + 0.04 2.0 0.045 0.09 £ 0.11 0.8 0.403 0.10 £ 0.13 0.8 0.452
Vertical Gini 0.10 + 0.04 2.4 0.016 0.15 +0.10 1.5 0.130 —-0.09 £ 0.13 -0.7 0.494
Season 0.30 + 0.05 5.6 <0.001 0.76 £ 0.11 6.6 <0.001 -0.29 £ 0.11 -2.5 0.012
Checking round —0.16 + 0.06 -2.9 0.004 -0.37 £ 0.15 =25 0.012 -0.53 £ 0.19 -2.8 0.006
Season: checking round -0.35 £ 0.05 -6.5 <0.001 - - - - - -
Days on tree 0.55 + 0.03 20.1 <0.001 —-0.08 + 0.09 -0.9 0.347 0.13 £ 0.09 14 0.162
Season: days on tree 0.53 + 0.04 13.8 <0.001 = = = N N N
Season: tree richness —0.05 + 0.03 -17 0.083 0.22 £ 0.13 1.7 0.091 - - -
Season: ENL —-0.09 + 0.03 =29 0.004 0.31 £0.11 2.8 0.005 - - -
Season: meanFrac -0.06 £ 0.03 -1.8 0.079 - - - —-0.31 £0.12 -2.7 0.007
Season: voxels per layer 0.06 + 0.03 2.0 0.045 - - - - - -
Season: leaves present —-0.20 + 0.06 -3.7 <0.001 NA NA NA - - -
Slope angle -0.08 £ 0.05 -1.6 0.105 0.11 £ 0.15 0.8 0.448 0.15 +0.20 0.7 0.463
Season: slope angle - - - -0.21 £ 0.10 -2.0 0.047 -0.38 + 0.14 -2.8 0.005
(Continued)

Frontiers in Ecology and Evolution 08 frontiersin.org


https://doi.org/10.3389/fevo.2023.1199670
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Anttonen et al. 10.3389/fevo.2023.1199670

TABLE 1 Continued

Arthropod predator attacks Bird attacks (AIC = 1,971.3) Rodent attacks

(AIC = 10,161.0) (AIC = 1,328.6)

Estimate + Pr Estimate + Pr Estimate + Pr

Std. error (>|z]) Std. error (>|z]) Std. error (>lz])
Elevation ~0.07 + 0.05 -15 0124 —021 +0.12 -17 0085 ~0.20 +0.17 12 | 0247
Season: elevation —0.10 + 0.03 -3.6 <0.001 - - - - - -
Solar irradiance ~0.01 + 0.05 —0.1  0.908 ~0.07 +0.12 06 0559 —0.02 +0.18 0.1 | 0919
Season: solar irradiance —0.12 + 0.03 —-4.2 <0.001 -0.24 + 0.09 -2.7 0.006 —0.30 + 0.12 -2.5 0.013

Standardized parameter estimates (with standard errors, z, and p-values) are shown for explanatory variables. AIC values are given for comparison to alternative models not using TLS data or
using SSCI. Values in bold signify p < 0.05 and in italics p < 0.1. “~” means that the variable in question was not retained in the best AIC-based model for that predator group, and “NA” means the
variable was not included in the model. The number of artificial caterpillars for which predation was estimated as 17,728 for all predator groups.
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FIGURE 1
Attack probability as a function of plot size (1 vs. 4 mu) and (A) neighborhood tree species richness, (B) ENL, or (C, D) MeanFrac. In (D), 7 data points
between y-axis values 0.175 and 0.33 were removed for visual purposes from the point column with the highest values. Points show fitted values,
shaded areas the 95% confidence intervals, and histograms the amount of observed data points per x-axis levels.
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high vegetation density neighborhoods (Figure 2C). Arthropod
predator attacks were more common on larger trees (focal tree
BA), and additionally, attacks were more likely when there were no
branches close to the caterpillars (placement on trunk instead of
branch) and the surrounding neighborhood trees were smaller, but
less likely when the neighborhood trees were large (Figure 2D).
Higher placement heights had a positive effect on arthropod
predator attacks, whereas rodent attacks were more frequent with
lower placement heights. A canopy with fewer vertical layers
promoted bird attacks at the plot level. The more frequent
arthropod predator attacks when leaves were present in the
immediate surroundings were also further promoted in less
vertically stratified plots (Figure 2E). Additionally, a more densely
packed canopy at the neighborhood level (vertical Gini) had a
positive effect on arthropod predator attacks.
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3.3 Seasonal effects

Arthropod predator and rodent attacks were highest in spring,
whereas bird attacks increased toward autumn. Arthropod predator
attacks were promoted in spring when leaves were present in the
immediate surroundings of the caterpillars (Figure 2). Higher
canopy vertical stratification had a positive effect on arthropod
predator attacks in spring, but the relationship turned negative in
autumn (Figure 3A). Bird attacks were instead highest at less
vertically stratified plots except in autumn, when they were
systematically high across the ENL value range (Figure 3B). A
lower amount of branches in the local neighborhood had a negative
effect on arthropod predator attacks toward autumn (Figure 3C).
Rodent attacks were promoted in denser vegetation plots in spring
(Figure 3D), and a similar but nonsignificant (0.1 < p > 0.05)
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positive trend with vegetation density was observed with arthropod
predators (Figure 2F).

Plots with lower solar irradiance had a higher attack probability
with all predator groups in the dry season toward autumn
(Figures 4A-C), but high solar irradiance had an equally high effect
on rodent attacks, with a positive trend also for arthropod predator
attacks in spring. Similarly, plots at low elevation promoted arthropod
predator attacks in the dry season, with a weaker positive trend in
high elevation plots observed in spring (Figure 4D). In addition, lower
slope angles promoted bird attacks in autumn (Figure 4E) and higher
slope angles promoted rodent attacks in spring (Figure 4F).

3.4 Checking schedule

Attacks were less frequent with all predator groups in the
second checking round, but this effect varied seasonally for
arthropod predators, with a positive effect of the later checking
round in spring turning negative toward autumn (Supplementary
Figure S9A). The delays caused by rainy days led to a significant
increase in attacks by arthropod predators but not by birds and
rodents. However, this increase was strong only during the dry
season (Supplementary Figure S9B).

3.5 Model comparisons

Comparison of models with tree species richness at the
neighborhood level instead of the plot level revealed that
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neighborhood tree species richness led to clearly improved
models for arthropod predators and birds (AAIC > 2), but for
rodents the improvement was small (AAIC = 1.1). Models without
terrestrial laser scanning (TLS)-derived structural variables
(Table 1) showed higher estimates of neighborhood tree species
richness and neighborhood BA (Table 1; Supplementary Table S3),
whereas in the models with TLS-derived variables, the ENL showed
similar relationships with stronger estimates (see Supplementary
Figure S6 for seasonal neighborhood tree species richness
relationship for arthropod predators). Removing tree species
richness from the arthropod predator model using TLS-derived
structural variables showed a sign of missing covariates, with the
interaction of plot size with ENL becoming weak (results not
shown). Thus, because of the moderate collinearity of ENL with
neighborhood tree species richness (Spearman r = 0.45;
Supplementary Figure S5), which varied in strength between tree
species (Supplementary Figure S7) and neighborhood BA
(Spearman r = 0.54), the results of these variables need to be

interpreted in comparison to each other. Instead, removing
MeanFrac from the arthropod predator TLS model had fairly
small effects on the estimates of voxels per layer despite their
moderately high collinearity (Spearman r = 0.60), with the direct
effect of voxels per layer becoming significantly positive and the
interaction of voxels per layer with season becoming weaker (results
not shown), due to the lack of the wider-scale vegetation density
covariate with an opposite seasonal trend. The inclusion of TLS
variables affected also estimates of slope angle due to slope angle
and ENL demonstrating different aspects of canopy vertical
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structure, with only low collinearity between them (Spearman r =
0.17). Using the focal tree as a random factor instead of tree species
pair identity also improved the arthropod predator and bird models
(AAIC > 2; results not shown), but in the case of rodents, the
improvement was fairly small (AAIC = 1).

Simplifying the plot-level forest structure to SSCI
(Supplementary Table S4) instead of using MeanFrac and ENL
(Table 1) separately led to reduced information value (AAIC > 2; see
Table 1 and Supplementary Table S4 for the exact AIC scores) of
arthropod predator and bird models, as estimates of SSCI and its
interactions were weaker than with MeanFrac and ENL. However,
in the case of rodents, where otherwise only MeanFrac from the
structural measurements showed a strong relationship with the
likelihood of a caterpillar being attacked, the change in AIC was
marginally in favor of SSCI (AAIC = 0.3).

Simplifying tree species richness and forest structure to PC
scores offered a robust outlook on the effects of forest overall

Frontiers in Ecology and Evolution

12

complexity on predation, with none of the PCs explaining
predation directly for arthropod predators, but PCI having a
negative effect on predation by birds and rodents, and PC3
having a nonsignificant (0.1 < p > 0.05) negative trend on birds
(Supplementary Table S5). The PCI1, whose loadings were affected
by multiple variables but most strongly by neighborhood BA and
ENL, and focal BA-driven PC3 interacted with the season in the
case of arthropod predators and birds, and vegetation density
measure-driven PC2 in the case of rodents. The PC1 and PC2
also had significant interaction in the case of arthropod predators.
The PC-based analysis offered clearly poorer information value
compared to using structural measures separately for arthropod
predators and rodents (AAIC > 2; see Table 1 and Supplementary
Table S5 for the exact AIC scores), whereas the difference was
marginal for birds (AAIC = 0.1). Notably, interactions with plot size
and very fine-scale variables of attraction and visibility (presence of
leaves and branches) in PC-based models were weak and not

frontiersin.org


https://doi.org/10.3389/fevo.2023.1199670
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Anttonen et al.

retained in the reduced models, in contrast to models using
structural measures separately.

4 Discussion

Our results demonstrate that predation by arthropods and
vertebrates is influenced interactively by tree species richness and
various forest structural features at different spatial scales, from the
plot level to the immediate vicinity of the artificial caterpillars. In
addition, forest structure and topography affected the predation
pressure seasonally. Furthermore, using separate measures of forest
structure instead of overall measures of complexity provided higher
information value in the GLME models. Particularly, the specific
spatial-scale relatedness of variables became obscured with
complexity measures. Our results, thus, emphasize that predation
pressure is not a simple one-factorial function of tree species
richness or any specific forest structural metric and that
understanding the regulation of top-down control in
forests requires closer attention to scale dependency and
seasonal dynamics.

Predation by arthropods was higher than by vertebrates, as
often shown in studies with the same methods (e.g., Sam et al., 2015;
Leles et al., 2017; Roslin et al., 2017; but see Poch and Simonetti,
2013; Yang et al., 2018). Yet, we restrict the comparisons here to
only among predator groups, as the likelihood of attacking artificial
caterpillars might vary between predator taxa (Zvereva and Kozlov,
2023). Birds are well known to be important predators of
caterpillars, and rodents have been reported as an important
predator group of arthropods in agroecosystems (Tschumi et al,
2018) and have also been observed to attack artificial caterpillars
placed on trees (e.g., Posa et al., 2007). However, it needs to be noted
that the estimated attack probabilities of rodents and birds were low
in our study due to overall infrequent attacks, and therefore,
interpretations should only be made with caution. As we lack
predator abundance or behavior-related data from the field site
during the time of the experiment, we discuss here the potential
mechanisms explaining the relationships between tree species
richness and forest structure with predation pressure in light of
other studies focusing on these relationships. The main focus is on
the effects through expected changes in predator abundance,
movement between patches, and close-scale visibility and
attraction determinants.

4.1 Tree species richness

Our results provided partial support for the expectation of
increased predation at higher tree species richness, based on the
expected increase in predator abundances as posited by the
“Enemies hypothesis” (Root, 1973), but this support was
dependent on predator group, spatial scale, and season. The
relationship was generally positive and similar to earlier studies
about arthropod predator abundances (Andow, 1991; Haddad et al.,
2009), predation rates (Leles et al., 2017), and attacks by birds
(Muiruri et al., 2016). However, after the inclusion of forest
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structural metrics, the positive effect of tree species richness was
replaced altogether by structural effects for birds and remained only
in larger plots and in more densely branched neighborhoods for
arthropods, showing that the tree species richness effect is partially
driven by accompanying changes in forest structure. The effect of
higher tree species richness on predator population sizes is likely
stronger in larger areas due to species-area relationships. However,
different tree species can host differing predator fauna compositions
(as shown for spiders, Zhang et al, 2018), and, for example,
differences in leaf structure can influence predation rates (Carter
et al., 1984; Grevstad and Klepetka, 1992; Coll and Ridgway, 1995;
Clark and Messina, 1998). In turn, higher branch/foliage density has
been shown to increase prey and arthropod predator (spider)
abundances (Halaj et al., 1998; Halaj et al., 2000). Thus, denser
mixtures of foliage from different neighboring tree species may
locally increase predation pressure through predator richness and
abundance, especially for the tree species where the efficiency of
predators is otherwise lowest. The direct effect of plant species
richness may, thus, be more evident in agroecosystems and
grasslands than in forests (Russell, 1989; Wan et al., 2020) due to
plants of different species being systematically in closer contact with
each other when they are smaller.

4.2 Forest structure

Besides tree species richness, forest structure is an important
component affecting predator-prey interactions as it shapes the
physical environment that animals encounter. Our results showed
that predation pressure responded to vegetation structure between
spatial scales, as demonstrated in previous studies of predation by
arthropods (Schwab et al., 2021). The positive effects of a more
vertically stratified canopy (ENL) and vegetation density
(MeanFrac) on predation by arthropods were restricted to smaller
plots. Even if the higher canopy vertical stratification and vegetation
density would promote arthropod predation, the higher tree species
and structural variability in the plot surroundings may have
overruled this effect. More variable plot neighborhoods also
increased rodent attacks, but in contrast to arthropods, rodent
attacks were promoted in smaller low vegetation density plots.
The different responses to plot size-forest structural relationships
likely demonstrate habitat size restrictions between the predator
groups, as rodent abundances have been shown to respond to
habitat characteristics at various spatial scales, but in areas mostly
much larger compared to our study plots (Bowman et al., 2000;
Silva et al., 2005).

In addition to the plot size-related effects, the response of
predators to small-scale vegetation structure was shaped by the
larger-scale neighborhood structure within the plots, as the
intensity of arthropod predator attacks varied in relation to
neighborhood branch density and plot-level vegetation density.
The encounter and/or acceptance likelihood of less-appealing
artificial prey might increase if natural prey is scarce, as search
time can be expected to be inversely related to prey density (Andow
and Prokrym, 1990). For example, higher predation rates on
artificial caterpillars were observed in forest sites that actually had
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lower real lepidopteran density compared to those with higher
density, a result that was attributed to the increased pressure on the
available prey (Koh and Menge, 2006). It has also been
demonstrated that seemingly prey-deficient sink habitats can
encounter steady predation pressure from neighboring source
populations, upholding larger predator abundances (Holt, 1985;
Pulliam, 1988; Koricheva et al., 2000; Bommarco and Banks, 2003;
Harmon et al,, 2003). As arthropod attacks increased in the lower
neighborhood branch density patches only in overall high
vegetation density plots, there is a likely source effect from the
surrounding vegetation making the more visible caterpillars subject
to more frequent predator encounters in these simple structured
component communities. In turn, higher predation pressure in
densely branched neighborhoods when the plot-level vegetation is
less dense might indicate aggregation of predators, either by higher
prey density attracting or retaining predators in these patches
(Hassell and May, 1974; Kareiva and Odell, 1987) or possibly by
the dense patch itself appearing as a cue of prey presence within a
surrounding area of lower quality.

Arthropod predation varied also in relation to the presence of
leaves in the immediate surroundings of the caterpillars and canopy
vertical layering at the plot level. The direct positive effect of a
vertically more densely packed canopy was stronger for predation
by arthropods in the local neighborhood (vertical Gini), but the
positive effect of leaves in the immediate surroundings of caterpillars
was promoted when the canopy was less vertically stratified at plot
level. Predators can use cues of prey availability from herbivore-
damaged leaves (Heinrich and Collins, 1983; Mintyld et al,, 2008;
Sam et al., 2015), which naturally require leaves to be present, but the
leaves themselves might work as an indicator of prey in stands with
less foliage. This was further indicated by the increased effect of the
presence of leaves when they were still scarce during budburst and by
increased arthropod attacks at higher placement heights where the
caterpillars were closer to the canopy. Potential prey outside the
foliage zone might receive less attention from the predators, and
conversely, when the canopy is more vertically stratified, the presence
of leaves as a fine-scale cue may have weaker effects.

Potential visibility effects were observed with predation by birds,
as attacks were more common in the plots with the smallest trees
and the least stratified canopy. Birds are expected to prefer shade
habitats (Perfecto et al., 1996), but they are highly mobile predators,
and caterpillars in more visible environments may attract more
attacks. In addition, larger open areas in the local neighborhood
increased attacks on more densely vegetated plots. Denser
vegetation in the canopy layer as well as in the understory is
known to promote bird species richness, abundance, and the
predation pressure they exert (MacArthur and MacArthur, 1961;
Khanaposhtani et al., 2012; Mag and C)dor, 2015; Filloy et al., 2023).
Instead, results have been more equivocal on the role of reduced
habitat complexity and increased openness in increasing predation
by birds due to easier finding of prey, ranging from positive (Sipos
and Kindlmann, 2013; Yang et al., 2018) to negative (Koh and
Menge, 2006). It is thus likely, as suggested in earlier studies
(Muiruri et al., 2016), that visibility is important for birds mainly
in small spatial scales, with habitat selection being of
higher importance.

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1199670

Whereas vegetation biomass has been shown to increase
predation rates in grasslands (Haddad et al., 2009; Ebeling et al.,
2014), we did not observe positive effects of tree sizes besides the
focal tree BA. Instead, lower neighborhood BA demonstrated
possibly visibility-driven effects in the absence of branches on the
focal trees. The effect of vegetation biomass on predation pressure in
forests might, thus, be more variable due to the higher size and
structural variation within the vegetation than what occurs in
grasslands. However, some effects observed in this study may be
additionally influenced by canopy structure-driven differences in
understory vegetation, which varied to a large extent in the study
plots and was clearly higher when the trees were small or had large
open areas around them. For example, open areas have been
observed to attract predators, presumably through higher herb/
sapling and resulting higher herbivore densities (Richards and
Windsor, 2007). Rodent attacks were also more common at lower
placement heights, and rodent abundances are known to be
increased by denser understory vegetation (Silva and Prince,
2008; Fischer and Schroder, 2014). The effects of understory were,
however, not possible to quantify in our study.

4.3 Seasonal variation along forest
structure and topography

Our results showed that predation pressure is not static in
relation to forest structure and topography but has a seasonal
dynamic across predator groups. New foliage can increase
predation through the promotion of herbivore prey abundance
(Richards and Coley, 2007), and the positive effect of canopy
vertical stratification on predation by arthropods and more
densely vegetated plots on rodents in spring is likely due to high
foliage resource abundance for herbivores. However, besides the
effects of foliage, our results suggest a shift in predation pressure
based on abiotic effects between rainy and dry seasons. Plots with
less sunny conditions (solar irradiation) had higher predation
pressure in the dry season, and an additional similar shift was
seen with arthropod predators along the elevational gradient toward
the more humid lowland plots. Predation has been shown to
decrease with increasing elevation, attributed to lower
temperatures (Preszler and Boecklen, 1996; Roslin et al., 2017),
but as the differences in elevation within the BEF-China sites were
only small, the effects of higher elevation are more likely to indicate
seasonal differences in exposure to wind and sun. Increased
checking intervals due to rain also had hardly any effect on
arthropod predation during the rainy season but instead
promoted arthropod attacks during the dry season.

Arthropod predators and rodents additionally appeared to favor
more sun-exposed plots in spring, likely due to earlier leaf
production and increased herbivore prey abundance but also
possibly due to benefitting from higher temperatures themselves
during the cooler weather period. Topography affected predation
only a little during the mid-summer rainy period, possibly due to
lower difference in foliage abundance and altogether higher
temperatures with presumably lower variation in humidity than
during the dry season. In addition, altogether higher prey and
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predator densities may also reduce the effect between habitats of
varying quality (McCoy and Bell, 1991), and caterpillar abundances
were observed to be highest in the mid-summer rainy season in the
BEF-China field site in the study year (Anttonen et al., 2022), when
the arthropod predator attack intensity was also highest. Predation
pressure following prey abundance also likely explains the observed
higher arthropod predator attacks in the second checking round in
spring and the first round in autumn. Arthropod predation pressure
further increased in autumn in more densely branched
neighborhoods, likely due to more shadowy microhabitats and/or
aggregation on the most promising patches of prey in the season
when prey abundance is lower. Bird attacks also increased toward
late summer, when the predation pressure by naive fledglings is
highest (Remmel et al., 2009; Zvereva and Kozlov, 2023), but the
attacks were nearly equally high even after the fledgling season in
autumn, likely because of increased abundance and species richness
caused by migratory birds (Van Bael et al, 2008). During this
period, the preference for the plots with the smallest trees and
canopy with the least vertical layers became absent, potentially due
to the combined effect of reduced prey but increased bird
abundance, forcing birds to search for prey across the
available habitats.

The seasonal effect of canopy vertical stratification on predators
may have also depended on canopy-driven microclimatic effects,
besides differences in foliage abundance. ENL values decrease when
the plot has a vertically more uniform canopy cover, which can
drastically decrease light availability and temperature (Breshears,
2006), leading to more humid conditions. In addition to the positive
effect that higher canopy vertical stratification had in spring,
arthropod predator attacks also increased during the dry season
in less- stratified canopy plots. Instead, no seasonal effect of BA was
seen with arthropods even in the non-TLS model, demonstrating
that the observed seasonal ENL-predation relationship is not driven
simply by tree size differences. In addition, predation pressure by
birds and rodents responded seasonally to canopy vertical structure
through slope angle in a similar manner as arthropods to ENL.
Altogether, the observed seasonal effects indicate that besides
predation pressure following seasonal shifts in prey abundance,
the predator’s avoidance of more sun-exposed areas during the dry
season and a combination of young leaves (Richards and Coley,
2007), foliage abundance, and microclimatic effects in spring are
important determinants shaping the predator’s response to its
environment. However, specific studies on how tree phenology
and seasonal fluctuations in abiotic conditions affect predation
pressure would be needed, as studies on the topic are scarce (but
see Richards and Coley, 2007; Molleman et al., 2016). This is
especially the case for temperate, but seasonally rainy, sub-
tropical forests.

4.4 Methodological considerations

Our study showed that forest structure captures a considerable
proportion of the variation in predation pressure, which otherwise
could be partly explained by tree species richness. Effects of forest
structure have been addressed in studies of bird and arthropod
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predators using a variety of measures (e.g., MacArthur and
MacArthur, 1961; Halaj et al, 1998; Khanaposhtani et al., 2012;
gipofs and Kindlmann, 2013; Poch and Simonetti, 2013), often
related to vegetation “complexity”. The strong inconsistency
between studies in terms of the value measured and the
terminology used (McCoy and Bell, 1991; Tews et al., 2004; Loke
and Chisholm, 2022) makes comparisons between them difficult, as
there are several indices for measuring forest structure, including
with TLS alone (McElhinny et al., 2005; Reich et al., 2021; Loke and
Chisholm, 2022). Our results demonstrated that when using
measures of overall forest complexity with principal components
instead of different spatial scale-specific measures or one measure of
plot-level complexity (SSCI) instead of vertical structure (ENL) or
vegetation density (MeanFrac) separately, not only is the overall
information value of the GLME models reduced, but also the
interaction of different structural elements between spatial scales
becomes challenging to define. TLS is a powerful method for
measuring forest structure, making possible the estimation of
multiple structural features (Calders et al., 2020) that can be
further combined with other specific measures of small- and
large-scale environments. However, further work is needed to
clarify how the different structural variables relate to predation
and animal behavior in general in different forest ecosystems.
Some specific notions of factors having an effect on the overall
attack rate should be taken into consideration for future studies.
The fairly long checking period in our study likely dampens the
differences in predation between habitats to some extent, but this
also demonstrates robustness in the results and buffers against
sporadic effects caused by weather conditions. In addition,
predators may learn the positions of the nonpalatable artificial
caterpillars (Mantyld et al., 2008), including eusocial insects, which
likely explains the overall lower attack frequency during the second
checking round of each season. Thus, longer-term experiments with
artificial caterpillars would benefit from regular changes of the
caterpillar’s positions. Grasshoppers have been observed to attack
artificial baits in other ecosystems (Gordon and Kerr, 2022), and the
sudden decline in predation by arthropods in late summer may be
due in part to the masking effects of high grasshopper-induced
damages. Thus, regular observations of the fauna in contact with the
artificial caterpillars are advisable. Very fine-scale determinants of
visibility and potential attraction to predators are important to take
into account in studies of the wider forest’s structural effects, or vice
versa, as their effects are not stable but interactive with each other.
The effect of structural variables may also change seasonally,
requiring close consideration of their role in study designs.

5 Conclusions

Our study highlights that not just tree species richness or
structural complexity per se determines predation pressure in
forests. Instead, scale dependence, the interplay of tree species
richness and structural variables, and seasonal fluctuations in
abiotic conditions and tree phenology all play a role in shaping
the predation pressure on herbivores. These relationships, rarely
addressed in previous studies, might explain some of the
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inconsistencies found in preceding analyses of tree diversity—
predator relationships (Staab and Schuldt, 2020; Stemmelen et al.,
2022). However, what effects predator and prey abundances,
movement between habitats, and fine-scale predator efficiency
determinants have on predation pressure, and how these relate to
predators of varying mobility and habitat range, is still a question
requiring more attention. Addressing these topics in forest
ecosystems and BEF-research will aid in predicting how
biodiversity loss will shape the top-down control of herbivores,
with important consequences for ecosystem functioning. Overall,
our results highlight the need to build a more dynamic framework
for assessing predation pressure in forests.
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