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Fungi and insects compensate for lost vertebrate
seed predation in an experimentally defaunated
tropical forest

Peter Jeffrey Williams® '®, Robert C. Ong?, Jedediah F. Brodie'3® & Matthew Scott Luskin@® %>

Overhunting reduces important plant-animal interactions such as vertebrate seed dispersal
and seed predation, thereby altering plant regeneration and even above-ground biomass. It
remains unclear, however, if non-hunted species can compensate for lost vertebrates in
defaunated ecosystems. We use a nested exclusion experiment to isolate the effects of
different seed enemies in a Bornean rainforest. In four of five tree species, vertebrates kill
many seeds (13-66%). Nonetheless, when large mammals are excluded, seed mortality from
insects and fungi fully compensates for the lost vertebrate predation, such that defaunation
has no effect on seedling establishment. The switch from seed predation by generalist ver-
tebrates to specialist insects and fungi in defaunated systems may alter Janzen-Connell
effects and density-dependence in plants. Previous work using simulation models to explore
how lost seed dispersal will affect tree species composition and carbon storage may require
reevaluation in the context of functional redundancy within complex species interactions
networks.
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unting is reducing large vertebrate populations around

the world, a phenomenon known as defaunation!. This

can have cascading impacts due to altered plant-animal
interactions! 3, with potential consequences for plant species
composition, forest regeneration, and even ecosystem functions
such as carbon storage*~6. For example, defaunation-induced
losses of seed dispersal by large vertebrates have been predicted to
drive declines in the largest and heaviest-wooded tree species—
many of which are vertebrate dispersed—decreasing above-
ground biomass and carbon storage by 2.4-26% in the
Amazon’, Brazilian Atlantic Forest®, and Thailand®. However,
reduced dispersal only causes plant population declines if there is
strong conspecific negative distance- or density-dependent mor-
tality for undispersed seeds, which is lacking in many plant
species!®11, Furthermore, even assuming that defaunation-caused
dispersal limitation increases seed mortality, this could be offset
by the concurrent decline in large vertebrate seed predation!2.
Therefore, predicting the cascading impacts of defaunation on
plants requires understanding the effects of both altered seed
dispersal and seed predation®.

Seed predation is a key interaction that strongly influences plant
abundance!>!4, coexistence!>16, and diversity!”:!3. Seed predation
in tropical forests is largely performed by insects!®20, fungi?!1-*2, and
vertebrates!42324, The Janzen-Connell hypothesis suggests that
host-specific insect and fungal enemies cause conspecific density-
dependent mortality for under-dispersed offspring, which promotes
species coexistence and diversity>>~28, However, different seed pre-
dators cause different spatial patterns of mortality, depending on
their mobility and diet specificity!-282%, Importantly, wide-ranging
generalist seed predators, such as most vertebrates, are comparatively
less important sources of Janzen—Connell effects!12830, Therefore, if
defaunation switches the dominant seed predators from non-
selective vertebrates that do not induce density-dependence to fungi
and insects that do induce density-dependence, this could alter
species composition, coexistence, and diversity. To date, studies have
observed that defaunation can change patterns of vertebrate seed
predation!-33, but the net effects on seed survival remain largely
unknown because there is little information on how other non-
hunted seed enemies respond to defaunation.

Here we assess whether fungi, insects, or smaller vertebrates
compensate for the loss of the larger hunted vertebrate seed
predators. If the different enemy groups are functionally redun-
dant, then reduced seed predation by larger animals in hunted
forests could be compensated by increasing populations or
feeding rates of other enemies, leading to no net change in seed
survival or seedling recruitment34. Alternatively, seed predators
could have additive effects, meaning that the loss of one species or
group may not be compensated by others. For example, if seed
predators are specialized to attack different species, types, or sizes
of seeds, they may be unable to expand their diet breadths (in an
ecologically relevant timeframe) to predate unexploited seed
resources>?. If seed predator effects are additive, then seed sur-
vival and seedling recruitment could increase in defaunated for-
ests, in which case higher survival due to lost vertebrate seed
predators could potentially offset the negative effects of reduced
zoochorous seed dispersal on plant recruitment!2.

There is evidence that hunted tropical forests can experience
changes in plant recruitment, but the directionality is incon-
sistent. Defaunation has been associated with declining seed
predation and higher plant recruitment3>-37, but also compen-
satory rises of seed-predating rodent populations leading to lower
plant recruitment3®-40. In one study in the Neotropics, insects
partially compensated for reduced vertebrate seed predation in
overhunted forests!'®. The role of compensatory seed predation by
both insects and fungi remains largely untested. Collectively, the
degree to which the effects of different seed predator groups are
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Fig. 1 Experimental design. Diagram of the nested exclusion experimental
design used here with 10 replicate blocks, each containing the 6
treatments shown.
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predominately additive or compensatory remains unclear, limit-
ing our understanding of how defaunation will alter plant
regeneration and influence Janzen-Connell effects.

We experimentally test whether other seed enemies compen-
sate for lost seed predation by large vertebrates in a nearly
faunally intact lowland rainforest in Borneo. We use a nested set
of treatments to experimentally isolate the effects of large verte-
brates, small vertebrates, insects, and fungi on seed survival
(Fig. 1). Specifically, we disentangle predation by large terrestrial
vertebrates (>~1 kg) using fenced exclosures and by rodents using
smaller wire cages, and we attributed seed mortality to vertebrates
based on physical signs (such as chew marks) or seed removal
(see Methods, below). We established insecticide and fungicide
treatments within the vertebrate exclosures. Our study includes
seeds from five native tree species, including four members of the
dominant family Dipterocarpaceae and one species (Dimocarpus
longan), that is native in the region and also cultivated for its
fleshy fruit (Fig. 2).

Our results show that large hunted vertebrates are important
seed predators, but we observe strong compensatory increases in
seed mortality from insects and fungi when large vertebrates are
excluded. This suggests that the defaunation-induced loss of
vertebrate seed predation does not affect seed survival. If our
results are consistent across the tree community, there would be
no reduction of seed mortality to offset the negative effects of
defaunation-caused dispersal limitation for zoochorous plants.

Results

Fungal and insect enemies compensate for vertebrate seed
predation. Across all tree species, vertebrate seed predation sig-
nificantly declined inside large-vertebrate exclosures (4.8% of
seeds predated) as compared to outside the exclosures (24.8%
predated; mixed-effects logistic regression: p =-1.89 + SE = 0.47,
P <0.001; Fig. 3), suggesting that large vertebrates were significant
seed predators. The exclusion of large vertebrates reduced ver-
tebrate seed predation in all five species, though for one species
this reduction was not significant (see Species-specific results,
below; Fig. 4). Despite reduced vertebrate seed predation inside
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Species Family Dispersal See(:gl;\ass
Dimocarous Fleshy fruit
P Sapindaceae for vertebrate 0.95
longan .
dispersal
' Winged seed
Dryobalanops Dipterocarpaceae for g.yratlon 372
lanceolata or wind
dispersal
Winged seed
Parashorea Dipterocarpaceae for g.yratlon 185
malaanonan or wind
dispersal
Winged seed
Shorea Dipterocarpaceae for 9y ration 0.39
leprosula or wind
dispersal
Winged seed
Shorea Dipterocarpaceae for gyration 11.75
i macrophylla P P or wind ’
dispersal

Fig. 2 Species used in experiment. Information on the five tree species used in the nested exclusion experiment here.

fenced exclosures, overall seed survival did not differ between the
exclosures and open control plots (B =0.30+0.30, P=0.887;
Figs. 3 and 5), indicating compensatory seed predation by other
enemies (ie., fungi and insects). We confirmed that insects and
fungi were significant non-vertebrate seed enemies because
applying insecticide increased seed survival across all species
when the taxa were analyzed together (f =0.53 +0.16, P=0.011;
Fig. 5a), and applying fungicide increased seed survival for two of
the five species individually (see below; Fig. 5). Surprisingly, small
vertebrates killed few seeds of any species, and excluding them
did not significantly increase seed survival when all species were
analyzed together (p =0.37 +0.21, P=0.411; Figs. 3, 4, 5).

Species-specific results. In models with each species analyzed
separately, we found that excluding large vertebrates significantly
reduced vertebrate predation in four of our five species (P < 0.001
in all cases) but not in Parashorea malaanonan (p =-1.51+0.87,
P=0.083, Fig. 4). Large vertebrates ate too few Parashorea
malaanonan seeds so there was not an opportunity for com-
pensation in this species.

Fungicide did not increase seed survival across all species
combined (see Fungal and insect enemies compensate for
vertebrate seed predation, above), but it did increase survival
for Shorea leprosula (p=1.39+0.31, P<0.001, Fig. 5¢) and
Dimocarpus longan (f=1.03+0.28, P=0.003, Fig. 5b) indivi-
dually. Excluding large vertebrates increased Dimocarpus longan
seed survival to the germination stage (p = 1.70 £ 0.36, P < 0.001),
but survival to seedling establishment was unaffected by
experimental defaunation (Fig. 5b).

Discussion

We observed strong compensation among seed predator groups,
and this has important conservation implications given the
widespread destruction of large-bodied granivorous vertebrates
globally*!. Large mammals were significant seed predators in our
system, but their exclusion had no effect on overall seed survival
because—when they were removed—predation by fungi and
insects fully compensated. This suggests that seed enemies are
predominately redundant, rather than complementary, in this
system. If such patterns hold at the community-scale, abiotically
dispersed trees are unlikely to be affected by defaunation because
overall seed predation may remain constant. For zoochorous
trees, the negative effects of hunting-induced dispersal
limitation*>43 may not be offset by the positive effects of reduced
vertebrate seed predation.

A key insight from our findings is the potential for defaunated
systems to switch from seed predation patterns dominated by
generalist vertebrates to seed predation by specialist insects and
fungi. The switch towards higher seed mortality from insects and
fungi may have important implications for tree composition by
altering Janzen-Connell effects and conspecific negative density-
dependence. Janzen-Connell effects are driven by host-specific
and dispersal-limited insects or fungi enemies?$2°, which cause
higher seed and seedling mortality nearby conspecific adults!!.
However, vertebrate generalists consume many plant species and
are highly mobile, making them unlikely sources of conspecific
negative density-dependence?®. Therefore, a switch towards
increased seed mortality from insects and fungi in defaunated
forests could potentially increase conspecific negative density
dependence and drive patterns of diversity and coexistence?”-28.
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Fig. 3 Source of seed mortality. Total seed mortality did not differ based on
the presence or absence of large vertebrates (mixed-effects logistic
regression: P =0.887), even though vertebrate mortality significantly
declined when large animals were excluded (P < 0.001), due to
compensatory predation by fungi and insects. Total mortality also did not
change when small mammals were excluded (P = 0.411). Mortality is
defined as seeds that died prior to establishing as seedlings and was
calculated across all species (N =500 seeds per treatment for each of the
five species). Error bars show mean values * standard errors across
experimental blocks (N =10).
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Fig. 4 Seed predation. Differences in seed predation by large and small
vertebrates (circles) vs. small vertebrates only (squares); error bars show
mean values * standard errors across experimental blocks (N =10).
Predation was determined by physical signs or seed removal and limited to
the period prior to establishing as seedlings (i.e., excluding trampling). LO =
Dimocarpus longan, DL = Dryobalanops lanceolata, PM = Parashorea
malaanonan, SL = Shorea leprosula, and SM = Shorea macrophylla. Excluding
large mammals significantly decreased vertebrate predation (mixed-effects
logistic regression: P < 0.001). Overall vertebrate mortality did not
significantly differ only for PM (P = 0.083). This suggests that large
vertebrates are significant seed predators for LO, DL, SL, and SM.

Rodent seed predation appears to be relatively unimportant in
our system, which contrasts with observations from other
work!93840_ This may be because rodents in defaunated forests
can increase in abundance (e.g., following release from predators
and competitors)38, which may then compensate or over-
compensate for the lost seed predation by larger-bodied
granivores3—40, Qur large-vertebrate exclosures (99 m2 each)
were too small to trigger population-level increases in rodents.
Rodents tend to predate smaller seeds than those consumed by
larger mammals?$4>, It has remained unclear whether rodents
would shift their diet breadths once their larger competitors were
eliminated324647, though our study suggests that this might
not occur.

The net effects of defaunation on plants will vary depending on
whether the plant species is vertebrate-dispersed and has seeds
that are targeted by vertebrate predators’3. Seed predation is
clearly more important than seed dispersal for abiotically dis-
persed species such as the dipterocarps that dominate the cano-
pies of Southeast Asian equatorial forests. Our study—which
included four dipterocarps—suggests that defaunation might not
affect these species’ populations. This conclusion is consistent
with prior modeling work®. For vertebrate-dispersed trees,
reduced seed dispersal from defaunation may still lead to shifts in
species composition and even the erosion of forest carbon
storage®®7? if lost seed dispersal by large vertebrates is not
compensated for by the remaining species in the community. But
overall, it remains unclear how defaunation will affect vertebrate-
dispersed tree species given the complex, concurrent impacts on
seed predation.

In one of the largest empirical studies of the cascading impacts
of defaunation on tropical tree communities, Harrison et al.3”
found that spatial aggregation increased for vertebrate-dispersed
trees but not for abiotically-dispersed species, driven by the loss of
dispersers such as primates and hornbills. However, they also
found that sapling abundances increased >25% over the two-
decade study period, which is the opposite of what would be
predicted if undispersed seeds tend to suffer high conspecific
negative density-dependence. Harrison et al.3” suggest that the
higher sapling recruitment was due to the absence of seed pre-
dators and herbivores. But our results show that compensatory
effects of other enemies may have offset the effects of lost seed
predators. Therefore, we suspect that the explanation for
enhanced sapling recruitment was lower seedling herbivory as
well as non-trophic effects of megafauna such as trampling
seedlings that have already established. The importance of non-
trophic disturbances on seedling and sapling mortality is sup-
ported by two recent studies. First, a study monitoring artificial
seedlings found that wildlife may trample >50% of stems in
Malaysian Borneo®’. Second, in a Peninsular Malaysian primary
forest where wild pig (Sus scrofa) populations are elevated due to
food subsidies from crop-raiding in adjacent oil palm plantations,
pig nest construction was the primary driver of a 62% decline in
saplings over a two-decade study period*8. There appears to be an
immense effect of trampling and nest building on seedlings in
Malaysian forests, and this could explain why Harrison et al.3”
observed higher sapling recruitment in a defaunated Malaysian
forest even in the presence of compensatory seed predation.

Generalizations from our findings are limited by the relatively
few species that we assessed and the short duration of our study.
We focused on only five species in two families, out of
>700 species at our site, and our study was undertaken in a single
season. Therefore, we do not know how widespread compensa-
tory seed predation is in our tree community or in other systems.
Our site also lacks a persistent seedbank, which is true of most
tropical rainforest tree communities®?, but this limits the extra-
polation of our results to temperate systems where longer-lived
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Fig. 5 Seed survival. Proportions of seeds surviving under experimental treatments (indicated by different colors and shapes); error bars indicate mean
values * standard errors across treatments (N = 50 for all species; N =10 for individual species). Logistic regressions were performed to test the effect of
treatment on seed survival. Then, post-hoc Tukey tests were used to adjust for multiple tests and identify significant pairwise comparisons. All statistical
tests were two-tailed. Selected pairwise comparisons shown with P-values; significant comparisons in bold. a Across species, insecticide increased survival
(P=0.011). b,c Fungicide increased survival in Dimocarpus longan (P = 0.003) and Shorea leprosula (P < 0.001).

seeds face different predation pressures than those that germinate
quickly®?. Finally, we did not conduct full population-level
demographic analyses, so we are not able to assess how our
measured impacts on seed predation would translate into impacts
on plant abundance. Nevertheless, early life-stage vital rates
generally have very low elasticities in long-lived tree species®!, so
even relatively large changes in seed predation often have limited
impact on plant abundance®? (and we observed no defaunation-
induced changes in overall seed predation at all).

Seed traits such as size and toxicity likely influence which
enemies attack seeds. By altering seed predator assemblages,
defaunation could affect which seeds are consumed. For example,
Mendoza and Dirzo3? hypothesized that larger seeds escape
rodent granivory due to poor handling efficiencies and so would
experience less seed predation in defaunated areas. We did not
see any effect of seed size in our study, though our sample size
was too small to explicitly examine this trait, and a meta-analysis
did not find a correlation between seed size and changes in seed
predation under defaunation3!. We found the insects had
stronger effects on seed survival than fungi in defaunation
treatments. This is consistent with results from a recent green-
house experiment that found very weak effects of fungal patho-
gens on dipterocarp seedling mortality overall®>. In fact, that
study included three of the dipterocarp species we used, and their
fungicide results were non-significant for Dryobalanops lanceo-
lata and Parashorea malaanonan and significant for Shorea
leprosula, which is exactly the pattern we observed in our field
experiment. Other studies suggest that seed-predating insects are

resistant to disturbances such as hunting and logging®*>, though
defaunation could have cascading effects on seed-predating insect
communities®®. Compensation by insects and fungi may be
mediated by seed traits, but the field currently lacks sufficient data
to assess how defaunation will affect seed mortality across plant
traits.

Defaunation will alter tropical tree communities, but we
require more empirical work to unravel the complex interactions
that determine the net impacts on plant recruitment. Future
research should focus on expanding the set of tree species tested
at a single site to determine if the patterns we observed for five
tree species are representative of a community-wide phenom-
enon. In lieu of testing hundreds or thousands of species, studies
that focus on how plant traits affect susceptibility to specific
enemy guilds could also help in developing inference about
community-wide patterns. We caution that previous research
assuming that losses in seed dispersal will lead to population
declines may be premature, since reduced seed predation may
offset this!2, or, as we show, compensatory increases in other seed
predator guilds can shift which predators are important in a
system. We are especially interested in whether the compensatory
increase in insect and fungal seed predation in defaunated forests
alters density-dependence, as this could interact with altered seed
dispersal”#2 and affect species coexistence and diversity%7-28,
Despite a significant body of work investigating the cascading
impacts of defaunation on plant communities, there remain more
questions than answers; this is an applied ecological issue that is
ripe for new discoveries.
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Methods

Study system. We conducted our research in the lowland dipterocarp forests of
Danum Valley Conservation Area in the state of Sabah, Malaysian Borneo. The
majority of the conservation area consists of terrain below 700 m elevation and has
no history of logging®’. Danum Valley has a wet equatorial climate, with ~2800
mm of annual rainfall, a mean maximum temperature of ~31 °C, and a mean
minimum temperature of ~23 °C°’. The forests are dominated by trees in the
Dipterocarpaceae family with a canopy ~60 m high and even taller emergent
trees®8. Dipterocarp trees produce non-fleshy, lipid-rich fruits that are abiotically
dispersed by wind and gyration and predated by many vertebrates?4. A large
percentage of Borneo’s lowland tree species produce flowers and seeds in irregular,
supra-annual masting cycles, with dipterocarps showing particularly strict adher-
ence to this pattern®®. Major post-dispersal seed predators of large tree seeds in this
system include bearded pigs (Sus barbatus), porcupines, murid rodents, and insects
such as beetles?#%0. Other large terrestrial vertebrates that may consume tree seeds
include sun bears (Helarctos malayanus)®!, pheasants®?, several ungulate species
(sambar, muntjac, chevrotain)®3, and several primate species (macaques and
orangutan)®2. This area is faunally intact, with the exception of the Sumatran
rhinoceros, Dicerorhinus sumatrensis, which has been extirpated from here and
throughout the vast majority of its range.

Tree species used in the experiments. We used seeds from five native tree
species that included a fleshy fruited vertebrate-dispersed species (Dimocarpus
longan; Sapindaceae) and four Dipterocarpaceae species that are non-fleshy and
varied in size from 0.37 to 11.75 g (Fig. 2). Dimocarpus longan is a 10-25 m tall
tree, cultivated for its drupaceous fruits that are similar to (and related to) lychee,
which grows natively in Bornean forests®*. All four species of dipterocarps are tall
trees as adults (up to 45-70 m) and produce acorn-like nuts with 3-5 wings to aid
in wind dispersal (Fig. 2)°%. We chose these species because they represented a wide
range of seed sizes, included both fleshy and non-fleshy fruits, and were widely
available during the mast year in which we worked. Dipterocarp seeds germinate
within ~30 days and die if they fail to germinate®; Dimocarpus longan seeds
germinate after an average of ~21 days®, dying if they fail to germinate after

7 weeks®”. We obtained dipterocarp seeds during a mast-fruiting event in August
2019. Dimocarpus seeds were purchased from nearby markets. As we were inter-
ested in seed predation rather than seed dispersal, we removed the Dimocarpus
fruit flesh by hand, using the round, dark-colored seeds in our experiments.

Nested exclusion experiment design. We established 10 replicate experimental
blocks, each consisting of a 9 x 11 m, open-top exclosure with 1.8 m tall fencing of
4 x 4 cm wire mesh. These exclosures were designed to exclude large terrestrial
vertebrates (>1kg) such as elephants, bearded pigs, deer, and porcupines, but not
smaller rodents or arboreal species such as primates, squirrels, or birds. Exclosures
were spaced 75 m apart along a transect adjacent to the 50 ha permanent forest
dynamics plot. We established six treatments per species within each of the 10
blocks (Fig. 1). For treatment 1 (control), seeds were placed outside the exclosure,
accessible to all seed predators. For treatments 2-6, seeds were placed inside the
exclosure, excluding large vertebrate seed predators. For treatments 3-6, seeds were
protected by small, closed-top 1.3 cm wire mesh rodent exclosures. For treatments
4 and 6, seeds were sprayed with a broad-spectrum insecticide (malathion) and
another insecticide that proved to be more effective at stopping ants (chlorpyrifos).
We prepared concentrations of these insecticides following product instructions
(2.5mL 57% w/w malathion per 1L of water, and 23.5 mL 21.2% w/w chlorpyrifos
per 10 L of water). For treatments 5 and 6, seeds were sprayed with a broad-
spectrum fungicide (mancozeb) at the company-specified concentration of 2.5g
80.0% w/w mancozeb per 1L of water. Thus, treatment 4 was only treated with
insecticide, treatment 5 was only treated with fungicide, and treatment 6 was
treated with both insecticide and fungicide. Both insecticides and fungicide were
applied twice per week, and we sprayed an equivalent volume of water on other
treatments to reduce bias associated with repeatedly visiting sites.

We opted for this nested design, rather than a fully factorial experimental
design, for two reasons. First, we did not want to expose vertebrates to potentially
harmful insecticides and fungicides. Second, we wanted our experimental design to
mimic real-world patterns of defaunation, where large vertebrates are lost while
insects and fungi remain, while still isolating the impacts of different groups of seed
predators. Experimental treatments with large vertebrates but without insects or
fungi (which would be part of a factorial design) are not ecologically realistic.

Seed fate measurements. In each treatment in each block, we placed 10 seeds of
each species within a 30 cm diameter circle, excluding seeds that showed pre-
existing visible damage. In total, our experiment included 600 seeds per species and
3000 seeds total. Every week we recorded the number of seeds that survived, the
number that germinated, and the number of seedlings that established. Seeds
germinated when the radicle emerged and were considered to have established
when the cotyledons unfurled.

We monitored seeds for 11 weeks, at which point all seeds were either
established or assumed to be dead. Given that our species all have short
germination times and do not remain viable for long, we are confident that any
seeds that had not germinated by the end of the study would never have done so.

We assessed how many seeds died before they could germinate, how many
germinated but died before they could establish, and how many successfully
established. For seeds that died, we attributed mortality to either vertebrate
predation or non-vertebrate mortality. Mortality was attributed to vertebrates
either based on chewed seeds and tooth marks, or if seeds disappeared. Dipterocarp
species were much more likely to be consumed by vertebrates in-place rather than
to be removed, and the former left obvious remains. For Dryobalanops lanceolata,
Parashorea malaanonan, and Shorea leprosula, we tagged half of the seeds in each
vertebrate-accessible treatment by tying 1-meter-long strings around each tagged
seed. We monitored these tagged seeds for the first five weeks of the 11-week study.
During the first five weeks, we observed very few moved seeds (6 out of 300;
Supplementary Table 1). After week 5, we continued to record seed fate for all
seeds, but we did not specifically monitor tagged seeds, so we do not have a record
of whether tagged seeds were moved during that period. Unlike dipterocarp seeds,
Dimocarpus longan seeds were moved frequently, particularly in treatments
accessible to large vertebrates (treatment 1). It is possible that these seeds may have
dispersed intact rather than destroyed, but because far fewer seeds disappeared in
treatment 2, the seeds in the control treatment were likely to have been consumed
by large vertebrates rather than dispersed by scatter-hoarding rodents. Still, we may
have overestimated vertebrate predation of Dimocarpus longan. We could not
confidently differentiate mortality caused by insects or fungi specifically, so we
classified all other mortality as non-vertebrate mortality.

Logistic mixed-effects regression. We used mixed-effect logistic regressions to
assess the probability that any given seed was (a) killed by vertebrates or (b)
survived to a given stage. For all regressions described below, we included block as
a random effect (ten levels). Analyses were performed using the lme4 package®®
version 1.1-19 in R% version 3.5.1.

In the model assessing seed mortality caused by vertebrates, the dataset was
limited to treatments 1 and 2, since these were the only two treatments accessible to
vertebrates. In this model, we also excluded the species Shorea macrophylla, as this
species had no seeds predated by vertebrates in treatment 2. Our predictor variables
were treatment (a fixed effect with two levels for the open controls versus inside
fences) and seed-stage (a fixed effect with two levels: germinated or established).
We included species as a random effect (four levels, one for each species included
in the analysis), with random intercepts and random slopes. This allowed us to
determine whether the effects of treatment were consistent across species.

To assess species-specific responses to treatments, we also ran separate models
for each of the four species (again excluding Shorea macrophylla). For each of these
models our predictor variables were treatment (a fixed effect with two levels for the
open controls versus inside fences) and seed-stage (a fixed effect with two levels:
germinated or established).

In the regression assessing seed survival, the dataset included all six treatments
and all five species. Our predictor variables were treatment (a fixed effect with six
levels for the six treatments, see Fig. 1) and seed stage (a fixed effect with two levels:
germinated or established). We included species as a random effect (five levels, one
for each species), with random intercepts and random slopes. To test for
differences among treatments, we conducted post-hoc Tukey tests to adjust for
multiple comparisons, using the multicomp package’® version 1.4-15. We used a
subset of the pairwise comparisons from the post-hoc tests to identify particular
exclusion effects on seed survival: treatments 1 vs. 2 for the effect of large vertebrate
exclosure, 2 vs. 3 for small vertebrate exclosure, 3 vs. 4 for insecticide, 3 vs. 5 for
fungicide, and 3 vs. 6 for the combined effects of insecticide and fungicide. We also
ran species-specific models with treatment (a fixed effect with six levels for the six
treatments) and seed-stage (a fixed effect with two levels: germinated or
established) as predictor variables. To test for differences among treatments, we
again conducted post-hoc Tukey tests. We used the same subsets of pairwise
comparisons listed above to identify particular exclusion effects on seed survival.

The full results from all regressions, including all pairwise comparisons from
post-hoc tests, are presented in the supplemental material (Supplementary
Tables 2-8).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Data are available at https:/figshare.com/articles/dataset/
Williams_NatComm?2021_seed_predation_data_csv/13699087.
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