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Abstract

1. Birds, bats, and ants are recognized as significant arthropod predators. However, empirical
studies reveal inconsistent trends in their relative roles in top-down control across strata. Here,
we describe the differences between forest strata in the separate effects of birds, bats, and ants

on arthropod communities and their cascading effects on plant damage.

2. We implemented a factorial design to exclude vertebrates and ants in both the canopy and
understory. Additionally, we separately excluded birds and bats from the understory using
diurnal and nocturnal exclosures. At the end of the experiments, we collected all arthropods and

assessed herbivory damage.

3. Arthropods responded similarly to predator exclusion across forest strata, with a density
increase of 81% on trees without vertebrates and 53% without both vertebrates and ants.
Additionally, bird exclusion alone led to an 89% increase in arthropod density, while bat
exclusion resulted in a 63% increase. Herbivory increased by 42% when vertebrates were
excluded and by 35% when both vertebrates and ants were excluded. Bird exclusion alone
increased herbivory damage by 28%, while the exclusion of bats showed a detectable but non-
significant increase (by 22%). In contrast, ant exclusion had no significant effect on arthropod

density or herbivory damage across strata.

4. Our results reveal that the effects of birds and bats on arthropod density and herbivory
damage are similar between the forest canopy and understory in this temperate forest. In
addition, ants were not found to be significant predators in our system. Furthermore, birds, bats,
and ants appeared to exhibit antagonistic relationships in influencing arthropod density. These
findings highlight, unprecedentedly, the equal importance of birds and bats in maintaining

ecological balance across different strata of a temperate forest.
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Introduction

Arthropod herbivores play a critical role as primary consumers of leaf tissue in forest
ecosystems (Coley, 1991; Coley & Barone, 1996). This may have various effects not only on
individual plants but also on vegetation as a whole, such as plant growth and fitness (Garcia &
Eubanks, 2019), species composition (Bagchi et al., 2014), and nutrient cycling (Belovsky &
Slade, 2000; Chapman et al., 2003).

By feeding on arthropod herbivores, insectivorous predators indirectly increase plant
biomass, creating what is commonly known as top-down control or a trophic cascade (Paine,
1966, 1980). However, the strength of top-down control by insectivorous predators varies due
to factors such as prey availability (Garrett et al., 2022), predation rate (i.e., the consumption
of prey by predators per unit of time; Thomine et al., 2020), and the magnitude of non-
consumptive effects (i.e., alterations in prey behaviour in the presence of predators; Kollross
et al., 2023). Given the complexity of food webs, the degree of top-down control is context-
dependent, leading to variations even within a single forest and among different forest strata.
Unfortunately, research on trophic cascades has so far predominantly focused on easily
accessible forest understories (Denmead et al., 2017; Ocampo-Ariza et al., 2023), limiting our
understanding of their full extent (e.g., forest canopy).

The impact of different predator groups on arthropod densities can vary, and when
their effects overlap, it can become challenging to distinguish the individual contributions of
each predator group (Mooney, 2007; Perfecto & Vandermeer, 1996; Richards & Coley, 2007;

Sih et al., 1998). An obvious step to evaluating trophic cascades is thus to observe what
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happens when the abundance or community composition of predators is altered. To address
this, a common experimental approach is the use of exclosure experiments (Maas et al.,
2019), which exclude different predator groups from insect prey and foliage.

Vertebrate insectivores such as birds and bats often act as top predators of terrestrial
arthropods (Bohm et al., 2011; Johnson et al., 2010; Karp & Daily, 2014; Maas et al., 2013;
Mooney et al., 2010; Nyffeler et al., 2018). Previous research has generally emphasised the
significant impact of insectivorous birds on arthropod communities (Bael et al., 2008;
Mooney et al., 2010). However, it is important to note that most of these studies did not solely
assess the effect of bird exclusion but rather considered the impact of both bird and bat
exclusions combined (Greenberg et al., 2000; Holmes et al., 1979; Sam et al., 2023; Singer et
al., 2017; Van Bael et al., 2003), with a few exceptions (Bouarakia et al., 2023; Cassano et al.,
2016; Kalka & Kalko, 2006; Williams-Guillén et al., 2008). The classical approach of
covering foliage with a net successfully excludes both predator groups but does not allow the
predatory effects of each group to be assessed separately. As a result, the individual
contributions of insectivorous birds and bats to top-down control remain poorly understood.

In addition to vertebrate insectivores, certain groups of arthropod insectivores,
particularly ants, are also expected to have a significant role in trophic cascades. Although
they have been extensively studied as natural enemies and biological control agents (Mestre et
al., 2012; Philpott & Armbrecht, 2006; Rosumek et al., 2009; Schifani et al., 2020; Tobing &
Kuswardani, 2018), their importance as key predators remains uncertain both in tropical and
temperate forests (Pérez-Espona, 2021; Sanders & van Veen, 2011; Thurman et al., 2019) and
various other habitats (Blaise et al., 2021; Bulgarini et al., 2021; Ohyama et al., 2020; Tuma
et al., 2020). The ambiguity persists because only a limited number of studies have aimed to
exclude ants whilst also considering vertebrate predators. Additionally, these studies often

focus either on the forest understory (Denmead et al., 2017; Ocampo-Ariza et al., 2023) or the
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93  canopy (Singer et al., 2017). Findings have been mixed, with studies showing both negative
94  (Denmead et al., 2017; Singer et al., 2017) and positive (Ocampo-Ariza et al., 2023) effects of
95 ants on the abundance of mesopredators and herbivorous arthropods.
96 The combined predatory activity of multiple groups may have additive (Morrison &
97  Lindell, 2012; Williams-Guillén et al., 2008), synergistic (Losey & Denno, 1998) or even
98 antagonistic effects (Ferguson & Stiling, 1996; Mooney, 2007) on the control of arthropods.
99  Compared to ants, insectivorous birds and bats primarily target larger arthropods (Philpott et
100  al., 2004; Van Bael et al., 2003), and their diurnal and nocturnal foraging behaviour gives
101  them access to distinct prey types. In such instances, their combined impact on arthropod
102  communities equals the sum of the arthropods consumed by each group independently (i.e.,
103  additive effect). That considered, and acknowledging the distinct dietary preferences observed
104  among ants, birds, and bats, we expect that they will evenly and strongly affect arthropod
105 communities and that their effects will be additive [H1].
106 It remains unclear whether, or under which conditions, predators indirectly affect
107  plants (Mooney et al., 2010). This uncertainty emerges because predators can also function as
108 intraguild predators, consuming predatory arthropods. This can have a negative effect on
109  plants, and consequently, when predators simultaneously consume predatory arthropods and
110  herbivores, their net effect on plants could be dependent on the balance between these two
111 factors (Gras et al., 2016; Ocampo-Ariza et al., 2023). While the theory on trophic
112  interactions predicts that the effect of vertebrate exclusion might be moderately
113 counterbalanced by the release of spiders, carabid beetles and other predatory arthropods
114  (Holldobler & Wilson, 1990), the existence of such release in the absence of ants appears to
115  be minimal, at least in tropical habitats (Gras et al., 2016). We can expect that the impact of

116  birds and bats as intraguild predators on arthropods will have a relatively mild cascading
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117  effect on plant damage [H2a]. Conversely, ants with comparatively weaker intraguild

118  predation abilities are likely to exhibit a more pronounced influence on plant damage [H2b].
119 Forest canopies are crucial for the overall functioning of forest ecosystems (Ozanne et
120  al., 2003). According to ecological theories, species interactions are more intense and species
121 richness is higher in the warmer and more productive forest canopies than in the cooler

122  understories (Basset et al., 2015; Janzen, 1970; Nakamura et al., 2017; Schemske et al., 2009).
123 However, this is not always consistent with empirical findings. Various studies have reported
124  an opposite or variable pattern of abundance and diversity of different arthropod taxa across
125  tropical, subtropical, and even temperate forest canopies (Aikens et al., 2013; Basset et al.,
126  2003; Compton et al., 2000; De Dijn, 2003; De Vries, 1988; DeVries et al., 1997; Haack et
127  al., 2022; Hill et al., 1992; Intachat & Holloway, 2000; Larrivée & Buddle, 2009; Schulze et
128  al., 2001; Ulyshen, 2011). Moreover, the effects of predators on plants through trophic

129  cascades have seldom been investigated across the strata of temperate forests (Aikens et al.,
130  2013; Bohm et al., 2011).

131 According to the optimal foraging theory, predators should allocate more time to

132 foraging in areas with higher prey density to reduce search time (Balza et al., 2020; Emlen,
133 1966; MacArthur & Pianka, 1966; Piel et al., 2021). Additionally, the majority of birds in

134  temperate forests are expected to be foraging strata generalists (Marra & Remsen Jr, 1997).
135  Similarly, in the northern hemisphere, there is no clear stratification of bat species

136  composition between the canopy and understory (Collins & Jones, 2009; Kalcounis et al.,

137 1999; Plank et al., 2012; Zeus et al., 2017). In contrast, understory dominance is more

138  pronounced among ants in temperate forests (Seifert, 2008). In light of these observations, we
139  predict that the impact of predators on arthropods will be more pronounced in strata with

140  higher arthropod densities, thereby attracting birds and bats [H3a]. Conversely, following our


https://doi.org/10.1101/2023.11.07.565745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.07.565745; this version posted November 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

141 hypothesis [H2b], we expect a more pronounced effect of predators on plants in the forest
142 understory, which is anticipated to be richer in ants in temperate forests [H3b].

143 To address the aforementioned hypotheses, we individually excluded birds, bats and
144  ants in a fully factorial design that allowed us to separate the effects of predators on the

145  arthropod communities in the understory and canopy of a temperate forest in Japan. We

146  complemented our research on the impact of predators on arthropods and plants by

147  conducting surveys of the excluded predator communities.

148

149  Materials and Methods

150  Study site

151  We conducted our experiment in the Tomakomai experimental forest in Japan (42° 40 '48.0"N
152 141°35'24.0 "E, 50m a.s.l.). The study area covers a total of 2,720 hectares and has canopy
153  crane access (Figure S1.1 in Appendix S1). It is situated on a hillside within the district,

154  approximately 4 kilometres from the Pacific Ocean. The forest belongs to a cool, temperate
155  zone and is composed of approximately 25% artificially planted conifers (e.g., Picea glehnii
156  and Abies sachalinensis) and 75% young secondary deciduous forest, mainly occupied by

157  broad-leaf trees dominated by oak (Quercus crispula), ash (Fraxinus lanuginosa), maple

158  (Acer mono, A. palmatum) and elm (Ulmus davidiana), regenerated after typhoon damage

159  (Wuetal,, 2019). The temperature ranges from -22°C to 28 °C depending on seasonality.

160  Annual precipitation ranges between 800 to 1,600 mm.
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161

162  Figure 1. Schematic design of the experimental setup used in the study: (a) Pre-selection of
163  individuals, removal of arthropods and assessment of preexisting herbivory on developing
164  leaves to establish a baseline for the experiment; (b) Canopy - Understory Vertebrate and Ant
165  exclusion (CUVA) experiment setup performed on branches in the canopy and on saplings in
166  the understory; (c¢) Understory Bird and Bat exclusion (UBB) experiment, performed only on
167  saplings in the understory; (d) Final arthropod collection and leaf herbivory survey at the end
168  of each experiment. CN1 and CN2 = control treatments, FCN2 = frame-control treatment,
169  ANT = ant exclosure, VER = exclosure of vertebrate predators, ALL = exclosure of

170  vertebrates and ants, BIR - bird exclosure, BAT = bat exclosure.

171 Treatment preparation

172 We preselected eight plant species in the understory and seven in the canopy (Table S1.1)

173  based on their abundance in the forest understory and canopy, and accessibility from the crane
174  (Figure la). For each plant species, we identified suitable individuals - “saplings” (i.e., young

175  trees, 1.5-3 m tall) in the understory and canopy “branches” (i.e., 1-1.5 m long branches of
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176  adult trees). The branches in the canopy had a comparable size and number of leaves to the
177  saplings in the understory. They extended to heights ranging from 12 to 22 metres (Matsuo et
178  al., 2022), resulting in a vertical separation of approximately 10.5 to 20.5 metres between the
179  canopy and the understory.

180 We carried out two distinct experiments, each was conducted twice; first in 2018 and
181  then replicated in 2019, using a distinct set of individuals each year. A total of 120 saplings
182  were used each year for the Understory Bird and Bat exclusion (UBB) experiment, which was
183  conducted exclusively in the understory. For the Canopy - Understory Vertebrate and Ant

184  exclusion (CUVA) experiment, we used 84 branches and 160 saplings each year (Table S1.2
185 and S1.3). To establish a baseline at the beginning of the experiment, we removed all

186  arthropods from the understory saplings and canopy branches. After the first leaves were fully
187  developed, we randomly chose three small twigs from each sapling, once having at least ten
188  leaves and no herbivory. Each twig was marked and had ten leaves numbered individually
189  with a permanent marker. Then, we randomly assigned the individuals to a given experiment

190 (UBB or CUVA) and a treatment.

191  Canopy - understory vertebrate and ant exclusion (CUVA)

192  The CUVA experiment was conducted in both the canopy and understory (Figure S1.1),

193  between May and July 2018 and 2019 (Table S1.4), until the end of the growing season which
194  was determined by the leaf fall of Prunus species. The experiment lasted 65 + 3 days. The

195  experimental design consisted of setting up exclosures of vertebrates (VER), ants (ANT), and
196  all predators combined (ALL). Each treatment was matched with a CUVA experiment control
197  treatment (CN2), and a frame-control treatment (FCN2, Figure 1b). Each treatment was set on
198  five individual saplings in the understory and three branches in the canopy for each of the

199  eight/seven plant species in each year of collection (Table S1.2).
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200 We constructed vertebrate exclosures (VER) using bamboo poles covered with

201  agricultural transparent green netting, with a mesh size of 3 x 3 cm, which was comparable to
202  mesh sizes used in other exclosure studies (e.g., Greenberg: 29x29 mm, Greenberg et al.

203 2000; Mols and Visser: 25x25 mm, Mols & Visser 2002; Van Bael: 20x20 mm, Van Bael et
204  al. 2003). Each exclosure measured 2 x 2 x 2.5 m and had a total volume of 10 m3 in the

205  understory, while in the canopy, they measured 1.5 x 1.5 x 1.5 m with a volume of 3.38 m3,
206  enclosing an average of 1.63 m2 (+ S.E. 0.06) of leaf area. The vertebrate exclosures were set
207  permanently for the whole duration of the experiment in each year. The nets made firm

208  contact with the ground in the lower part of the exclosures (Figure S1.2), and we securely
209 fastened them to branches for canopy branches. Our observations confirmed that small

210  insectivorous lizards and terrestrial mammals could access the exclosures, although we rarely
211 observed them. We took special care to ensure that the foliage of the inner sapling did not
212 touch the netting or cage construction, preventing flying vertebrates from accessing

213 arthropods through the mesh. Importantly, the exclosure materials neither attracted arthropods

214 nor caused damage to leaves or branches, and they did not reduce light exposure.

215 Ants (ANT) were excluded using a Tanglefoot sticky pest barrier (Philpott et al., 2004;
216  Philpott et al., 2008). We applied the adhesive in a 10-15 cm wide stripe around the entire

217  circumference at either the breast height of sapling trunks or the thickest section of canopy
218  branches. Additionally, we removed all tall herbs and foliage in the surrounding area that

219  could act as vegetation bridges, so the individual tree would not become accessible to ants

220  after the treatment was set up.

221 To exclude all predators (ALL) we used a combination of the aforementioned
222 methodology to exclude vertebrates and ants. Additionally, tangle glue was applied along any

223 supportive ropes attached to the cage that could be used as a bridge for foraging ants.

10
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224 The controls (CN2) were not enclosed by any constructions or protected by a

225  tanglefoot barrier. The frame-controls (FCN2), on the other hand, were surrounded by

226  identical bamboo constructions with dimensions 2 x 2 x 2.5 m (Figure S1.2). However, we
227  did not surround these structures with agricultural nets. We used this treatment to investigate
228  whether the construction had any unintended effects on the experiment, such as deterring

229  vertebrate predators or attracting more mesopredators.

230  Understory bird and bat exclusion (UBB)

231 The UBB experiment was conducted between May and June in 2018 and 2019 (i.e., the whole
232 experiment was replicated twice) (Table S1.4). The exclosure experiment always lasted 30 + 2
233 days. We set up exclosures for birds (BIR) and bats (BAT) with additional UBB experiment
234 control saplings (CN1) (Figure 1c). Each of the three treatments was set on five individual
235  saplings per plant species each year (Table S1.3). We exclusively conducted this experiment

236  in the understory.

237 To exclude birds (BIR) or bats (BAT) separately, we used similar exclosure cages to
238  those used for the VER treatments (Figure S1.2). The netting was pulled up to allow predators
239  to access the sapling and down to exclude them. We moved the netting up or down +30 min
240  around sunrise and + 30 min around sunset, ca. 4:15 AM and ca. 6:40 PM in mid-May,

241  respectively, adjusted to the real sunrise and sunset daily. For BIR exclosures, we opened the
242 exclosures during the night and closed them during the day and vice versa for BAT. As for

243 CN2, individuals in CN1 were only marked.

244  Collection of the experiments

245  The leaves marked at the beginning of the experiments were collected at the end of the
246 experiments (Figure 1d). Individual leaves were scanned (EPSON, 600 dpi, colourful tiff
247  format) within 12 hours of collection (Figure S1.2). To analyse insect herbivory, we first

11
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248  outlined any missing parts of leaves in Photoshop® using the protocol established by Sam et
249  al. (2020). Then, we calculated the remaining area (a) and the full expected area of each leaf
250  (b), in cm? using ImageJ version 1.47 (National Institute of Health, USA) in order to calculate
251  the total area eaten by herbivores (c), (c = b - a) per leaf. We then calculated the proportion of
252 leaf area loss as c/b. To determine the total leaf area of each individual sapling or branch, we
253  calculated the mean leaf area based on the leaves collected for herbivory assessment. Then we
254  multiplied it by the total leaf count in each sapling or branch using the mean value obtained
255  from three independent estimations conducted by sampling technicians.

256 To survey the effect of our treatments at the end of each experiment, we first accessed
257  the individuals and cut open the cages where needed. We lowered the crown of the

258 individuals above a 1.5 x 1.5 m beating sheet, shook the foliage vigorously five times and

259  quickly captured all arthropods that had fallen on the sheet (Figure S1.2). We then inspected
260 the leaves for any concealed arthropods and took notes on any arthropods that escaped during
261  the beating process. We stored the arthropods in vials filled with DNA grade 95% ethanol

262  solution. All individual arthropods were later categorised into morpho-species, measured, and
263  identified into their taxonomic order in the laboratory in the Czech Republic. Individuals were
264  then assigned to one of four feeding guilds: predator, leaf chewer, sapsucker, or no

265  relationship (i.e., arthropod with no consumptive effect on other arthropods or plants, NR).
266  The developmental stage of the arthropods was taken into account when assigning them to
267  feeding guilds. For instance, adult Lepidoptera were classified as having "no relationship,"
268  while their caterpillars were categorised as "chewers". To calculate arthropod density, the

269  number of arthropod individuals was determined per square metre of total leaf area of the

270  individual sapling or branch. Closer identifications were done where needed to assign each

271  individual to a given feeding guild.

12
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272 Predator survey

273 We used baits to survey both terrestrial (those that nest or forage on or in the leaf litter) and
274 arboreal (those that forage or nest in the canopy) ants. The baits were exposed on eight

275 randomly selected tree individuals of each of the eight focal plant species (i.e., 64 saplings in
276  the understory and 64 branches in the canopy) during the second year of collection (i.e.,

277  2019). We selected trees and branches different from those used in the exclosure experiment
278  for the ant survey to avoid the disturbance of the experiment. Yet, the trees used for the ant
279  survey were growing in the same plot but randomly scattered among the individuals used for
280 the exclosures and were of a similar size and amount of foliage. Two types of baits (each

281  roughly 2-3 cm’) were used: 1) tuna chunks in vegetable oil (Giana®) and 2) cotton balls
282  soaked in sugar paste and wrapped in a piece of gauze. Baits were set out at each selected
283  sapling or canopy branch, attached with a string and separated by at least 20 cm, and an

284  alternating position of the bait was used (i.e., lower or higher on the trunk of saplings, and
285  either closer or further from the trunk on canopy branches, or altering positions on a fork-
286  shaped branch if available). We checked the baits after 4 hours of exposure and visually

287  morphotyped and counted any ants feeding on them. Up to five individuals of each

288  morphotype crawling on the bait were collected and put into 2 ml vials filled with DNA-grade
289  ethanol (99%). During sampling, information about the time, weather conditions, bait

290  position, ant morphotype and the abundance per morphotype was recorded on datasheets. We
291  later identified ants in the laboratory using the species level key (Ichinose, 1990; Imai et al.,
292 2003) based on records of existing ant species at the study site (Ichinose, 1990). While

293  collecting the baits, the surrounding branches were examined for additional ants that may

294  have been feeding on the baits prior to inspection.

295 We used point counts and Song Meter recordings to assess bird communities. Point

296  counts were carried out at 16 points regularly spaced along a 2,350-m transect at the study
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297  site; successive points were 150 = 5 m apart to avoid overlap and up to 120 m apart in

298 elevation. All birds seen or heard within a fixed radius of 0-50 m (estimated or measured by a
299 laser rangefinder) were recorded (Sam et al., 2019), and the height of the individual above
300 ground was noted. We started surveys 15 minutes before sunrise, each count lasted 15

301  minutes so that all 16 points were surveyed before 11:00 (i.e., such a survey on all 16 points
302  represents one replication in time) (Sam et al., 2019) during the second year of collection (i.e.,
303  2019). All points were surveyed equally, and the survey was replicated fifteen times (i.e., in
304 15 days). A Song Meter SM3BAT (Wildlife Acoustics Inc.) with one external acoustic

305 (SMM_AL, Wildlife Acoustic) and one ultrasonic (SMM_U1, Wildlife Acoustic) microphone
306  was set to record the first 10 minutes of every 30 minutes (10 min recording, 20 min sleeping)
307  from 3:00 AM to 9:00 PM. The Song Meter was set up for 15 days in the forest canopy (17m
308 above the ground) during the first month of the experiment and for 15 days in the forest

309 understory (1.5m above the ground) during the second month of the first year of collection
310 (i.e., 2018). We used manual identification of the bird calls from the recordings and

311  determined species richness and relative abundances of birds in the understory and canopy.

312 Similarly, we estimated bat communities using the same Song Meter. The Song Meter
313  was set for 14 days in the forest canopy and 14 days in the forest understory during the second
314  year of collection (i.e., 2019) using the same parameters as the bird survey. The recordings
315  were divided into five-second files and analysed by opening each WAV file in Kaleidoscope
316  Pro Software (Wildlife Acoustics Inc.) and manually inspecting the spectrograms for bat

317  echolocation pulses. The sampling rate was 192 kHz. Echolocation call types were recognised
318  from the recordings and attributed to a bat species (when possible) based on literature (Fukui
319 etal. 2004). We measured bat activity from the Song Meter recordings as a proxy of

320 abundance. We defined a ‘bat pass’ as a sequence with at least two recognisable echolocation

321  pulses per species emitted by a flying bat within a 5-second sound file (Kerbiriou et al., 2019).
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322  Bat activity was quantified as the number of bat passes recorded for each species. Later on,
323  we used the Handbook of the Mammals of the World (Zachos, 2020) and Handbook of the
324  Birds of the World (Del Hoyo et al., 1996) to obtain the body weight and feeding guild of
325  each bird or bat species to determine the biomass of insectivorous predators at each forest

326 strata.

327  Statistical analysis

328  We first built linear mixed-effect models using the package “lme4” (Bates et al., 2015), to test
329 the effect of treatment (factor of 4 levels), strata (factor of 2 levels) and their interaction on
330 log-transformed total arthropod densities (number of individuals per cm? of foliage) and

331 arthropod densities partitioned into four feeding guilds: chewers, mesopredators, sapsuckers
332 and no relationship (hereafter referred to as NR) for the CUVA experiment. All the models
333  additionally contained the sampling year (factor of 2 levels) as a fixed effect and individual
334 trees (factors of 361 levels) and plant species (factor of 8 levels) as random effects. We also
335  considered strata both as a fixed effect and as a random slope for the plant species (referred to
336  as Plant species: Strata in Table 3) to account for species differences between strata. Then, we
337 ran generalised linear mixed-effect models using the package ‘glmmTMB’ (Brooks et al.,

338  2017), using a beta error distribution and the same predictors as above to model herbivory
339  damage (the proportion of the leaf area lost per branch). All the models contained the

340 sampling year as a fixed effect and individual trees, branches (factor of 487 levels) and plant
341  species as random effects. We again considered strata both as a fixed effect and as a random
342  slope for the plant species. To select the best models, we used the AICctab function from the
343  ‘bbmle’ package (Bolker & Bolker, 2017), which computes the corrected Akaike information
344  criterion of all our models (Table S2.1, S2.2). For each best model, we obtained estimated

345  marginal means (= emmeans) and comparisons among all variable levels (Table S2.3, S2.4,
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346 S2.5,8S52.6, S2.7), using the ‘emmeans’ package (Lenth, 2018). We controlled the model’s

347  quality and fit with the ‘performance’ package (Liidecke et al., 2021).

348 We then constructed linear mixed-effect models to test the effect of treatment (factor
349  of 3 levels) on log-transformed total arthropod densities and arthropod densities partitioned in
350 four feeding guilds: chewers, predators, sapsuckers and NR for the UBB experiment. All the
351  models contained the sampling year as a fixed effect and plant species (factor of 8 levels) as a
352  random effect. Then, generalised linear mixed-effect models using a beta error distribution
353  were used to determine the effect of treatment on herbivory damage. All the models contained
354  the sampling year as a fixed effect and plant species and individual trees (factor of 240 levels)
355 asrandom effects. The best models were selected following the same method as for the

356 CUVA experiment (Table S2.8, S2.9), as well as for their estimated marginal means (Table

357  S2.10).

358 We used Wilcoxon rank sum tests to compare total arthropod densities, predator,
359  chewer, sapsucker and NR densities, and herbivory between canopy and understory control
360 treatments (CN2) as well as total arthropod and mesopredator densities between control
361  (CN2) and frame-control (FCN2) in the understory. All analyses were performed using R

362  Statistical Software (v4.3.1; R Core Team, 2020).

363 Results

364  Arthropod density and herbivory damage after the CUVA experiment

365 In total, we collected 10,649 arthropods from 488 individual branches and saplings across 9
366  plant species (i.e., two years combined). We found that the overall arthropod densities, as well
367  as predatory arthropod densities, on control individuals, were significantly lower in the

368  canopy than in the understory (W = 2245, P = 0.002 and W = 2539, P < 0.001) (Figure S3.1),
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369  whereas the arthropod chewer, sapsucker and NR densities on controls did not vary

370  significantly between forest strata (see Table 1 for more details).

371

372 Table 1: Mean arthropod density per square metre (i.e., total and split into feeding guilds) and
373  herbivory damage (%) found in the control individuals in the canopy and understory (+

374  standard error). Significant comparisons between the canopy and understory are marked as

375  follows: * P <0.05, ** P<0.01, *** P <0.001.

Toal Predators Herbivory
Strata arthioﬂ})ods Chewers s Sapsuckers NR (%) *#
Canopy 222+£39 [ 2805 50+1.0 29+0.6 | 114+£32 | 5105
Understory | 46.1£6.0 | 13.2+39 | 243+43 1.9+£0.5 6.6+£14 | 85+£0.3

376

377 Ant exclusion was relatively effective, we only collected a total of 49 ants in ALL and
378  ANT understory treatments (which excluded ants) and 3 ants in the canopy. In contrast, 140
379  and 100 ants were found in VER and CN2 understory treatments respectively, accounting for
380  approximately 7% of all collected arthropods, while only 4 ants were recorded in VER and

381  CN2in total in the canopy (Table S3.1).

382 In both the canopy and understory, only VER and ALL exclusions led to a significant
383 increase in arthropod density (Figure 2a). Arthropod density increased by 82 % in VER and
384 53 % in ALL compared to the controls (z = -5.086, P < 0.001; z =3.631, P =0.001,

385 respectively) (Table 2) in both the canopy and understory. The effect of ANT exclusion did
386  not differ significantly from the control in both the canopy and the understory (Table 2 and

387  Table S2.11).
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Among the control treatment individuals, herbivory damage was significantly higher
in the understory than in the canopy (W = 1290370, P < 0.001) with a 60 % increase in

herbivory in the understory (Table 1).

In both the canopy and understory, only VER and ALL exclusions led to a significant
increase in herbivory damage. In the canopy, herbivory increased by 42 % in VER and 36 %
in ALL (Table 2) compared to the controls (z = -5.386, P < 0.001; z =4.726, P < 0.001,
respectively) (Figure 2b). In the understory, herbivory increased by 42 % and 35 % (Table 2)
in comparison to the controls (P < 0.001) (Figure 2b). The effect of ANT exclusion did not

differ significantly from the controls in both the canopy and understory (Table 2).

Table 2: The percentage increase or decrease of arthropod density and herbivory damage
between VER, ALL, and ANT treatments compared to CN2 (controls). The significance is

marked as follows: * P <0.05, ** P <0.01, *** P <0.001.

Arthropod density Herbivory damage
Canopy Understory Canopy Understory
VER-CN2 82 Jo** 82 Go*** 42 Go*** 42 Go***
ALL-CN2 53 ¥ 53 G *** 36 Po*** 35 Po***
ANT-CN2 -2 % -3 % -9 % -9 %
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402

403  Figure 2: Total densities of all arthropods per square metre of foliage (a) and herbivory
404  damage (%) (b) on surveyed saplings and branches of the CUVA (Canopy and Understory
405  Vertebrate and Ant exclosure) experiment. Each individual data point represents (a) the
406  density of arthropods or (b) the percentage of herbivory damage on either a canopy branch
407  (green) or sapling individual in the understory (orange). The y-axis of (a) is on a log scale.
408  Square and whiskers mark estimated marginal means and standard errors of the most

409  parsimonious model. Significant pairwise comparisons between predictors were tested by
410 Tukey post hoc tests and are indicated with letters (note that the results are the same for
411  canopy and understory). CN2 = control treatment, ANT = ant exclosure, VER = vertebrate
412 exclosure, ALL = all predator exclosure.

413
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Arthropod density and herbivory damage after the UBB experiment

In total, we collected 2,544 arthropods from 240 saplings across 8 plant species at the end of
the UBB experiments (i.e., two years combined). The exclusion of birds led to a significant
increase in mean arthropod density by 89 % in comparison to the control trees (z = 3.789, P <
0.001). Similarly, in the absence of bats, arthropod density increased significantly by 63 % in

comparison to the control saplings (z = 2.876, P = 0.012) (Figure 3a).

However, only the exclusion of birds led to significantly increased mean herbivory
damage (z =2.827, P = 0.013) by 28% in comparison to the controls (Figure 3b). The effect

of bat exclusion was detectable (+ 22% in comparison to the control) but non-significant (z =

2.221, P =0.067).

Treatment = CN1 BAT # BIR
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Figure 3: Effects of the exclusion of birds and bats on the total densities of all arthropods per
square metre of foliage (a) and on the herbivory damage of individual saplings of the UBB

(Understory Bird and Bat exclusion) experiment. Individual data point represents a density of
20
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428  arthropods (a) or herbivory damage (b) on an individual sapling. The y-axis of (a) is on a log
429  scale. Square and whiskers mark estimated marginal means and standard errors of the most
430  parsimonious model. Significant pairwise comparisons between predictors were tested by
431  Tuckey post hoc tests and are indicated with letters. Note that four extreme values of

432  herbivory have been removed from the BIR raw data for visualisation purposes (b). CN1 =
433  control treatment, BAT = bat exclosure, BIR = bird exclosure.

434

435  Arthropod feeding guilds

436  During the CUVA experiment, sapsuckers were the most abundant feeding guild (5403

437  individuals), found on 48% of saplings and branches, followed by no relationship arthropods
438 (2231, present on 73%), predators (1865, present on 84%), and leaf chewers (1150, present on
439  58%). In the UBB experiment, predators (894, present on 89% of saplings) and sapsuckers
440 (662, present on 68% of saplings) were dominant, followed by leat chewers (526, present on

441 72%) and NR (462, present on 57%).

442 Across the CUVA experiment, only the sapsucker (z =3.531, P=0.001; z =4.547, P
443  <0.001) and NR (z =2.529, P =0.032; z = 2.575, P = 0.028) arthropods exhibited significant
444  increases in their densities, with increments of 297% and 161% after the exclusion of

445  vertebrates (VER) and 504% and 166% after the exclusion of all predators (ALL),

446  respectively (Figure 4a). Additionally, the exclusion of ants (ANT) resulted in a significant
447  64% reduction in the densities of predatory arthropods (z = -2.442, P = 0.041). None of the
448  exclusions had a significant impact on chewer densities (Table S3.2). It is important to note
449  that the strata did not exhibit significant interactions with the treatments for any of the

450  arthropod densities (Table S2.2); therefore, they were not considered in these results.
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451 At the end of the UBB experiment, the NR (z =2.17, P = 0.058; z=2.94, P = 0.007)
452  significantly increased their densities after excluding bats and birds independently by 285 and
453 517 % respectively. In addition, the sapsucker arthropods significantly increased their

454  densities by 741 % after the removal of birds (z = 2.84, P = 0.009). Neither the chewers nor
455  the predatory arthropods significantly changed their densities after the exclusion of bats and

456  birds (Figure 4b).

457 We did not find significant differences in the densities of total arthropods (W = 1491,
458 P =0.545) and predatory arthropods (W = 1626, P = 0.887) between controls (CN2) and

459  frame-controls (FCN2) (Figure S3.2, S3.3, respectively).
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460

461  Figure 4: Caterpillar plot showing how the feeding guilds (predatory arthropods, chewing
462  herbivores, sapsucking herbivores and NR) respond to (a) all (ALL, beige), ant (ANT, orange)
463  and vertebrate (VER, red) exclusion treatments in the CUVA (Canopy and Understory

464  Vertebrate and Ant exclosure) experiment using canopy and understory data combined and to
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465  (b) bat (BAT, light blue) and bird (BIR, dark blue) exclusion treatments in the UBB

466  (Understory Bird and Bat exclusion) experiment (understory only). The X-axis shows the
467  estimated marginal means (EMMs) of each treatment against the control (dashed line = no
468  change from control) with a 95% confidence interval of the most parsimonious model

469  including the variable treatment. When the confidence interval is strictly above or below the
470  dashed line, the effect is significant. CN2 = control treatment for the CUVA experiment. CN1
471 = control treatment for the UBB experiment.

472

473  Vertebrate and arthropod predators

474 Overall, we identified a total of 22 insectivorous bird species comprising 1,167 bird
475  calls using point counts and recordings (i.e., two methods combined), as well as 5

476  insectivorous bat species consisting of 79 bat passes from recordings and 7 ant species from
477 908 individuals caught on baits (Table S3.4). The surveys conducted across different strata
478  revealed that insectivorous birds were 139 % more abundant in the canopy than in the

479  understory whereas insectivorous bat activity and ant abundance were 238 and 1,264 %

480  greater in the understory than in the canopy (Figure 5a). For insectivorous birds, species

481  richness was similar within strata, while a greater number of ants and bats (i.e., 40 and 33 %
482  more species, respectively) were found in the understory (Figure 5b). In addition, bird

483  biomass was 90% greater in the canopy than in the understory, whereas bat biomass was

484  258% greater in the understory than in the canopy (Figure 5c).
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Figure 5: Simple comparisons between canopy and understory levels for (a) insectivorous

Canopy

\ o ) A

predator abundances (ants, birds, bats) (b) richness (ants, birds, bats) (c) biomass (birds and
bats) (d) CUVA (Canopy and Understory Vertebrate and Ant exclosure) experiment results
(effect on arthropod densities and herbivory damage in VER). Note that the size of the arrow

depends on the magnitude of the difference between the canopy and the understory.

Discussion

Vertebrate predators (i.e., birds and bats together), but not ants, played a crucial role in
preventing arthropod outbreaks and indirectly protecting plants from herbivory damage. Our
results reveal that their effect was similarly strong in both the forest canopy and understory.
Specifically, the absence of vertebrates led to nearly double the density of arthropods,
indirectly increasing the herbivory damage by almost half, regardless of the strata.
Additionally, the individual effects of the bird, bat and ant exclusions demonstrated an
antagonistic rather than an additive impact on arthropod density. In contrast to vertebrate
predators, ants did not significantly impact either arthropod communities (except for
mesopredators) or herbivory damage in any forest strata. Our study underscores the

significance of vertebrate predator presence in maintaining the equilibrium of trophic
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503  cascades in both the canopy and understory of temperate ecosystems. These findings
504  contribute to our understanding of the role of stratification in trophic cascades within
505 temperate regions, an area that has been relatively unexplored in previous research (Aikens et

506 al., 2013; Bohm et al., 2011).

507 To provide context, the density of arthropods observed on control individuals revealed
508 a consistent trend: there were more arthropods per leaf area in the understory compared to the
509  canopy, irrespective of their trophic roles, except for the sapsuckers. This trend was

510 particularly pronounced among predatory arthropods in contrast to chewers, aligning with the
511  established notion that vertical stratification of herbivores in temperate forests is relatively
512  weak (Basset, 2003). Higher abundances or densities of arthropods in the understory have

513  been attributed to various factors, including the greater stability of the microclimate closer to
514  the ground (Parker et al., 1995), dispersal limitation after emergence (Brown, 1997) and the
515  distribution of quality food resources (Basset, 2003). In line with the trend in arthropod

516  distribution, we observed a 60 % increase in herbivory damage on understory control saplings
517  when compared to canopy control branches. Additionally, mean herbivory damage was

518  approximately 8% in our study, which closely matches the findings from previous studies in
519 temperate forests, which typically report herbivory damage levels around 5-10% (Gossner et

520 al., 2014; Reynolds & Crossley, 1997; Wang et al., 2016).

521 In contrast to our first hypothesis [H1], which postulated that predators would have a
522  strong and additive effect on arthropod communities, our results indicate that vertebrate

523  predators (VER) and ants (ANT) exhibit antagonistic effects when compared to the

524  combination of vertebrate predators with ants (ALL). Similarly, bats (BAT) and birds (BIR)
525  show antagonistic effects when compared to vertebrate predators (VER). This could imply

526 that despite their differing activity periods, birds and bats may be partially competing for the
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527  same prey resources. Indeed, birds and bats both display a preference for large prey (Philpott
528 etal., 2004; Sam et al., 2023; Sivault et al., 2023; Van Bael et al., 2003), potentially leading to
529  aconstraint in prey availability, thereby diminishing their collective effect. On the other hand,
530 it is possible that the differing collection times of the two experiments (i.e., a one-month

531  difference) might account for the observed pattern (Figure 6). We collected arthropods from
532  the VER exclosures later in the season, which could lead to differences in prey availability

533 and size.

534 Furthermore, during the UBB and CUVA experiments, only BIR, BAT, VER, and

535 ALL treatments significantly prevented arthropod outbreaks in both the canopy and

536  understory, whereas the ANT treatment did not. These results contrast with previous studies
537 in temperate forests where ants were shown to reduce the abundance of nearby insects (Gras
538 etal., 2016; Sanders & van Veen, 2011). Looking at the ant species found during our surveys
539 (Table S3.4), all of them are generalists, suggesting that ants were not a particularly important
540 mesopredator in our system. In fact, their mutualism with sap-sucking insects may have been
541  more relevant than their potential role as mesopredators in our study (Offenberg, 2001).

542  Furthermore, the relative abundance of ants (ca. 7% of all arthropods) makes them important

543  prey items for vertebrates.

544 Both the results of the UBB and CUVA experiments also showed that the removal of
545  vertebrates mainly affected the densities of NR arthropods and sapsuckers, but not chewers
546  and mesopredators (Figure 6). The lack of effects on chewers appears to be related to the
547  difference in time frame between the two experiments. Due to the necessary duration

548  constraints of the CUVA experiment required for the effective accumulation of predator and
549  herbivore effects, the arthropod collection occurred after the peak of caterpillar abundances

550  observed previously in similar Japanese forests (Murakami, 2002; Sayama et al., 2012;

26


https://doi.org/10.1101/2023.11.07.565745
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.07.565745; this version posted November 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

551  Verboven et al., 2001). Therefore, we did not collect many chewers at the end of the CUVA
552 and UBB experiments, diminishing the overall effects of treatments on chewers. Surprisingly,
553  ant exclusion led to a significant reduction in mesopredator densities. This could be because
554  ants were classified as mesopredators in our study, and their removal may impact the overall
555  mesopredator pattern. Additionally, ants can serve as an important food source for other

556  predatory arthropods through myrmecophagy, such as spiders (Aranea), bugs (Heteroptera;
557  Brandt & Mahsberg, 2002), net-winged insects (Neuroptera), or flies (Diptera; Aceves-

558  Aparicio et al., 2022; Wilson, 2000).

559 In treatments where birds were absent (VER, ALL, and BIR exclosures), we observed
560 an increase in sapsucker densities. This was unexpected, as we did not anticipate birds to feed
561  abundantly on sapsuckers. Their small size and sessility likely make them inconspicuous to
562  vertebrate insectivores which is consistent with recent findings in tropical areas (Ferreira et
563 al.,, 2023; Ocampo-Ariza et al., 2023). It, therefore, seems likely that the increase in their

564  densities observed here is due to an indirect interaction with vertebrate insectivores, since

565  some insectivorous birds (e.g., Parus minor, Sitta europaea) found abundantly in Tomakomai
566  forest consume other taxa, such as mesopredators (ants, wasps or spiders), and mutualists

567  (ants) (Eguchi, 1980; Wesolowski et al., 2019), that positively affect the sapsuckers by

568  relieving predation pressure.

569 Regarding mesopredator densities, vertebrates (VER) did not act as intraguild

570  predators significantly in the CUVA experiment, therefore contrary to [H2a], their net effect
571  on herbivory damage appeared significant (Figure 6). The 42 % increase in herbivory in the
572  vertebrate exclosures, compared to the controls, was comparable to the change in damage
573  found after vertebrate predator exclusion in a German canopy (ca. 23 to 44%; Bohm et al.,

574  2011), but greater than in other temperate canopies (ca. 0-15 %; Barber & Marquis, 2009;
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575 Beilke & O'Keefe, 2023; Lichtenberg & Lichtenberg, 2002) and understories (ca. 0-18%;

576  Barber & Marquis, 2009; Dekeukeleire et al., 2019; Maguire et al., 2015).

577 Bird exclosures led to an indirect increase in herbivory damage, whereas bat

578  exclosures had a weak impact within the UBB experiment. Moreover, the effects of birds and
579  bats on herbivory seemed to be additive. It is possible that the effect on herbivory damage was
580 more detectable than changes in arthropod densities, as herbivory accumulated throughout the
581  experiments, whereas arthropod collection was confined to a specific day. Consequently, the
582  magnitudes of these effects exist on distinct scales, and they are markedly biased. Contrary to
583 the second part of the second hypothesis [H2b] but following their weak effect on arthropods,
584 the effect of ants on herbivory damage was not detectable (Figure 6), when combined with

585  vertebrates, the effect remains significant but to a lesser extent.

a)

S

Effects:

--------- » Positive n.s.
---------- » Positive P<0.05
---+» Negative n.s.

)
~

= Negative P<0.05

Caterpillar biomass

- - - Seasonal variation of
caterpillars

586

587  Figure 6: Distinct effects of bats and birds (UBB experiment - Understory Bird and Bat
588  exclosure) (a), combined (VER), combined with ants (ALL) or predatory ants alone (ANT)

589 (CUVA experiment - Canopy and Understory Vertebrate and Ant exclosure) (b) on
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590 mesopredators (spider), chewers (caterpillar), sapsuckers (aphid), NR (fly) densities and

591  herbivory damage (leaf) (canopy and understory combined). Effects were assessed through
592  generalised linear mixed models (GLMMs) (Table S2.2 and Table S2.9). The generic seasonal
593  variation of caterpillar biomass in Japan, accompanied by the time frame of our experiments,
594 is depicted at the bottom of the plot, following the results of Verboven et al. (2001),

595  Murakami (2002), and Sayama et al. (2012) (c).

596 In contrast to the third hypothesis that the effect of predators will be more pronounced
597 in the strata with higher arthropod densities [H3a], our observations revealed that vertebrate
598  predators had a similar impact on arthropod densities both in the forest canopy and

599  understory. This result aligns with other studies from temperate forests where vertebrate

600  predation pressure on arthropods did not differ between vertical strata (Aikens et al., 2013;
601  Boege & Marquis, 2006). Yet, it contradicted the optimal foraging theory, as we observed
602  lower arthropod densities in the canopy than in the understory. Our predator surveys revealed
603 that the abundance of insectivorous birds was 140% higher in the canopy than in the

604  understory. In contrast, bats and ants were found to be the most abundant and rich in the

605  understory. Therefore, the similar impacts on arthropods observed across strata may be

606  attributed to the balanced predation pressure, with an increased presence of birds in the

607  canopy and greater abundances of bats and ants in the understory. This stratification of bats
608  followed previous observations in the Tomakomai experimental forest, where they exhibit
609  some degree of niche partitioning (Fukui et al., 2004); however, it is important to note that the
610  bat sampling effort is much lower than that for birds in this study, as such, these results

611  warrant a nuanced interpretation.

612 Our surveys confirmed the partitioning of ant species among distinct forest strata, with

613  the majority of ant species being located in the understory (Seifert, 2008). Despite a relatively
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614  modest count of ant morphospecies (7 morphospecies in the forest understory and 5

615  morphospecies in the forest canopy), the use of ant baits indicated a considerably higher ant
616  abundance in the forest understory. This pattern aligns with a comprehensive study conducted
617 by Floren et al. (2014), which identified that arboreal ants exhibited only 12 % of the species
618  found in temperate sites. This could be attributed to the ability of ants in tropical forests to
619  construct additional nesting forms, such as epiphytic nests. These nesting structures are

620  frequently absent in temperate forests, primarily due to differences in climatic conditions

621  (Bliithgen & Feldhaar, 2010; Liefke et al., 1998), which limit the opportunity for many ant

622  species to adapt to canopy conditions (Floren et al., 2014).

623 Our results contradicted the second part of our third hypothesis [H3b], where we

624  anticipated a stronger effect of predators in the forest understory. We found that the herbivory
625  damage, resulting from trophic cascades between predators and plants, was consistent

626  between the forest canopy and understory, likely independent of ant activity. As previously
627  noted, the effect of ants on arthropod communities, and consequently their impact on

628  herbivory, appears to be relatively minor within the studied temperate forest. These results
629  follow the same pattern as arthropod density, suggesting that predation pressure on

630 phytophagous insects may also be consistent within strata. However, we failed to detect

631  significant changes in the density of chewers in our study, likely due to the phenology of
632  caterpillars (Figure 6). To our knowledge, there is limited research on herbivory levels in the
633  understory and canopy of temperate forests, (but see Gossner et al., 2014; Reynolds &

634  Crossley, 1997; Wang et al., 2016 for the herbivory levels in temperate understories).

635  Therefore, further research is necessary to determine if this observed pattern is consistent

636  across other temperate forests.

637 Conclusion
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638 Our study demonstrates that birds and bats, but not ants, play a crucial role in reducing
639  arthropods in both the temperate forest canopy and understory, leading to a significant

640  decrease in plant damage. Given that insectivorous bats and birds are present in numerous
641  terrestrial ecosystems (Maas et al., 2013), the importance of their predation likely extends to
642  many other areas. In addition, being threatened by various factors worldwide such as habitat
643  loss, hunting, and the impacts of climate change (Benitez-Lopez et al., 2017; Donald et al.,
644  2001; Stephens et al., 2016), it is imperative that we prioritise the conservation of these

645  essential predators. This work also prompted several exciting follow-up considerations that
646  could deepen our understanding of the intricate relationships between bats, birds, insects, and
647  plant communities. For instance, exploring how these effects change in tropical forests, and
648  understanding the impact of bottom-up control on the patterns found here. It was shown that
649  the predation rate by ants strongly changes with increasing latitude, suggesting a potentially
650  more pronounced impact in tropical regions (Zvereva et al., 2020), than what we have

651  observed in this temperate study. Additionally, the effects of top-down and bottom-up forces
652  on generalist and specialist herbivores differ, with bottom-up forces exerting stronger effects
653  on specialists (Vidal & Murphy, 2018). Hence, future studies must consider the role of

654  bottom-up forces to encompass a critical aspect of most ecological interactions.

655
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