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Volant vertebrate insectivores, including birds and bats, can be important regulators of
herbivores in forests and agro-ecosystems. Their effects can be realized directly through
predation and indirectly via intraguild predation. This paper examines data from bird and
bat exclosures in coffee farms in Chiapas, Mexico in order to determine their effect on
herbivores. Arthropods were sampled in 32 exclosures (with 10 coffee plants in each)
and their paired controls three times during 6 months. After 3 months, herbivore and
spider abundance increased, underscoring the importance of both intertrophic predation
between volant vertebrate insectivores and herbivores and intraguild predation between
volant vertebrate insectivores and spiders. After 6 months, herbivore abundance
increased in the exclosures, which is indicative of a direct negative effect of birds and
bats on herbivores. We suggest that intraguild predation is important in this food web
and that seasonality may change the relative importance of intraguild vs. intertrophic
predation. Results suggest a dissipating trophic cascade and echo the growing body of
evidence that finds birds and bats are regulators of herbivores in agro-ecosystems.

Keywords: coffee agroecosystem, food web, intraguild predation, trophic cascade, spiders, parasitoids, biological
control, ecosystem function

INTRODUCTION

Defining trophic levels and outlining the connections between them has long been a fundamental
goal in ecology. Much theoretical and empirical work has gone into understanding the factors
controlling dominant pathways and the immense complexity in terrestrial food webs (Schoener,
1989; Spiller and Schoener, 1990; Hairston et al., 1997; McCann et al., 1998; Oksanen and
Oksanen, 2000; Yodzis, 2000; Lambers and Dickerman, 2003; Stouffer et al., 2007). Inter-trophic
consumption (ie., feeding between trophic levels, as when a predator eats an herbivore) is
undoubtedly important in structuring food webs, but is complicated by intraguild predation.
Intraguild predation (i.e., organisms in the same trophic level consuming one another) is also very
common (Gagnon et al., 2011). The feeding bias of predators—that is, whether they are primarily
predating within or outside of their guild or trophic level—can have important consequences on
food web structure.

The relative importance of inter-trophic vs. intra-guild predation has particular practical
significance in managed ecosystems (Montoya et al., 2003). Natural enemies in the food web
represent one of many tools for holistic pest management. But, for natural enemies to contribute
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to biocontrol, it is essential to understand the relative strength
of intraguild predation and inter-trophic predation in the
food web. For example, land managers might be interested in
increasing the density of a predator in an effort to control
pests. This intervention implicitly assumes that the primary
effect of the predator on the pest is through direct inter-
trophic predation. Alternatively, if the predator is also practicing
intraguild predation and predating upon other predators of the
pest, the managed predator could indirectly facilitate the pest
by reducing the overall number of predators. The widespread
benefits of holistic pest management are well-known (Lewis
et al., 1997), but effective implementation requires an in-depth
understanding of not just the pest and potential predator, but the
food web within which they are embedded.

Volant vertebrate insectivores (VVIs), which includes birds
and bats, have received a great deal of attention within the food
web literature, in an effort to both conserve VVIs and ascertain
their impact on managed ecosystems (Greenberg et al., 2000; Van
Beal et al., 2003; Perfecto et al., 2004; Philpott et al., 2004, 2009;
Borkhataria et al., 2006; Whelan et al., 2008; Johnson et al., 2010;
Mooney et al., 2010; Bohm et al., 2011; Karp and Daily, 2014;
Maas et al., 2016; Nyffeler et al., 2018). Early studies on the effects
of birds on arthropods in temperate ecosystems concluded that
birds exert little control over most arthropod groups (Holmes
et al,, 1979). If true and birds have little impact, there should
be little net effect of VVIs on plants, since the positive effects of
predation on herbivores should be counterbalanced by negative
effects of intraguild predation depressing arthropod insectivore
populations (Pejchar et al., 2018).

More recent work has shown that VVIs can be important
in controlling arthropod populations (Greenberg et al., 2000;
Van Beal et al.,, 2003; Perfecto et al., 2004; Philpott et al., 2004,
2009; Borkhataria et al., 2006; Whelan et al., 2008; Johnson
et al.,, 2010; Mooney et al., 2010; Bohm et al,, 2011; Karp and
Daily, 2014; Maas et al., 2016; Nyffeler et al., 2018). Furthermore,
studies in tropical forests and coffee agroforestry systems have
found the effects of birds and bats (Kalka et al., 2008; Williams-
Guillén et al., 2008; Morrison and Lindell, 2012), and of birds
and lizards (Borkhataria et al., 2006), to be additive. These and
other studies argue that VVIs serve an important function as
regulators of arthropods, including herbivores, in forested and
agricultural systems (Sekercioglu, 2006; Mooney et al., 2010;
Maas et al., 2016). The food web structure can determine the net
effect of VVIs on herbivory if VVIs are consuming predators or
mesopredators, as demonstrated in cereal systems (Grass et al.,
2017). Maintaining VVI populations could be important for pest
control in coffee agro-ecosystems, but VVIs are also associated
with a host of other ecosystem goods and services including
pollination, climate regulation, and nutrient cycling and carbon
sequestration (Jha et al., 2014).

Intraguild predation could be important in determining the
effects of VVIs on arthropod herbivores not only if VVIs
consume other predators, but also if arthropod predators
consume one another. For example, while VVIs tend to prefer
larger arthropods (Holmes et al., 1979; Marquis and Whelan,
1994; Greenberg et al., 2000; Van Beal et al., 2003; Gruner, 2004;
Philpott et al., 2004), parasitoids are consumed mainly by spiders,

especially web weavers (Polis and Hurd, 1995; Ibarra-Nufez
et al., 2001). Thus, the feeding behavior of VVIs and arthropod
predators could shape food web dynamics and pest control
dynamics in the coffee system. However, the effects of intraguild
predation among arthropods are less frequently considered in
VVI exclosure experiments [for exceptions, see Martin et al.
(2013), Maas et al. (2013), Karp and Daily (2014)].

In a further complication, in systems with marked seasonal
shifts, the dominance of a trophic scheme and the importance of
intraguild predation could change with the season (Pejchar et al.,
2018). In the tropics, where this study was carried out, distinct
dry and rainy seasons could have major impacts on life cycle
dynamics, migration, and foraging strategies (Greenberg, 1995).
In the dry season, ants are less abundant (Philpott et al., 2006),
spiders are more abundant (Rendon et al., 2006) and migratory
birds join the year-long residents, nearly doubling overall bird
abundances (Greenberg et al, 1997). Shifting abundances of
predators and prey can alter feeding habits and thus the
importance of intraguild predation.

Arthropods can represent a significant threat to yields in
agroforestry systems, including coffee agro-forestry systems. The
coffee leaf miner (Leucoptera coffeella) and the coffee berry
borer (Hypothenemus hampei) are the predominant threats to
coffee yields with the former reducing photosynthetic potential
of plants (Borkhataria et al., 2006) and leading to less fruit
production and the latter boring into fruits, eating the seed and
rendering the coffee unsaleable (Damon, 2000). In intensified
coffee systems, pests are often managed with chemicals, to
varying levels of success and with a number of negative
externalities (Staver et al, 2001). In less intensively managed
coffee systems, namely shaded agro-forestry systems, a diversified
food web is relied upon to keep pest densities below a problematic
threshold (Staver et al., 2001; Jha et al., 2014; Vandermeer et al.,
2019).

We conducted this study in coffee agroecosystems of southern
Mexico to assess the effect of VVIs on arthropod herbivores—
an outcome dependent, in part, on the relative importance
of inter-trophic consumption and intraguild predation—by
experimentally excluding VVIs from target coffee plants. We
explore three hypotheses regarding the general structure of
the system: (1) direct inter-trophic interaction between the
VVIs and herbivores, (2) intraguild predation between VVIs
and arthropod predators, and (3) intraguild predation between
VVIs and arthropod predators plus intraguild predation among
arthropod predators (Figure 1). The exclusion of VVIs will result
in an increase in herbivores for #1 and #3, and a decrease in
herbivores for #2. In our system, the arthropod predators include
beetles, lacewings, wasps, robber flies, ants and spiders, with
spiders being the most common (Perfecto, unpublished data).
The vertebrate predators include frogs, toads, lizards, bats and
birds, with bats and birds being the most common, and the ones
addressed in this study.

In experimentally removing the effect of VVIs, we can infer
the general food web structure based on the responses of
herbivores and arthropod predators (particularly spiders). If
inter-trophic consumption is controlling the net effect of VVIs
on herbivores, we expect the exclusion of VVIs will lead to an
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FIGURE 1 | Conceptual figure illustrating potential trophic dynamics with (1) only direct inter-trophic consumption, (2) intraguild predation between WIs and arthropod
predators, and (3) intraguild predation between both VWIs and arthropod predators and among arthropod predators. Intraguild predation is indicated by a dashed
arrows and inter-trophic interactions are denoted with solid arrows. Modified from Perfecto and Vandermeer (2015) with additional vector elements from Tracey Saxby

increase in herbivores. If intraguild predation is more important,
we expect an increase in arthropod predators with the removal of
VVIs, followed by a concomitant decrease in herbivores due to
increased predation by arthropod predators. Further, we expect
that effects of intraguild predation will be greater in the dry
season vs. the wet season, because spiders and birds are both
more abundant during this time.

METHODS

Working on four coffee farms in the Soconusco region of
Chiapas, Mexico, we established 32 large bird/bat exclosures
(ten in each of two farms and six in the other two farms). The
farms included Finca Irlanda, Finca Hamburgo, Finca Bélgica,
and Finca Belen. The last two farms were united under the single
name [Finca Belén] right before we started working there, but
continued to be managed in different ways. All farms are located
on the Pacific side of the Sierra Madre mountain range, in a
region dominated by coffee farms [Figure 2, see Perfecto et al.
(2003), Philpott et al. (2006), Gordon et al. (2009)]. They are
managed under a gradient of management styles from rustic
to commercial polyculture management (Moguel and Toledo,
1999). These differences were not taken into account in the
analysis, which is a conservative approach, and are discussed
elsewhere (Perfecto et al., 2003; Philpott et al., 2006).

Exclosures were constructed of transparent monofilamentous
nylon (5 cm? mesh) fishing net. This mesh size is comparable
to the mesh size used in other exclosure studies (e.g., Morrison
and Lindell, 2012) and was chosen to exclude birds and bats, but
permit most arthropods to pass through the cages (Figures 2d,e).

They were established in November of 2000, and left for the
duration of the experiment. Each exclosure enclosed 10 coffee
plants [with the exception of five exclosures that enclosed seven
(3), eight (1), and nine (1) plants] and each was ~10m long,
5m wide, and 3m high (Figure2e). The same number of
control plants were selected from a parallel row of coffee ~2-
3m from the paired exclosure. Each pair was separated by at
least 50 m, with the majority separated by more than 100 m. In
total, 616 coffee plants were sampled, half of which were inside
the exclosures and half outside. The coffee farms represented a
variety of management systems, from shaded organic farms to
unshaded conventional farms. Farm management can directly
and indirectly influence VVIs and arthropods—some of the
effects of management at these sites are discussed in relation to
arboreal ants (Philpott et al., 2006) and ground foraging ants
(Perfecto et al., 2003).

Arthropods were sampled using a D-vac (a reversed leaf
blower modified with a fine mesh that allowed the collection
of micro-arthropods), passed over a branch for a standardized
amount of time. The contents of each sample were carefully
transferred from the mesh and stored in 70% ethanol until
identifications were made. Two coffee branches were randomly
selected for arthropod sampling from each of 10 coffee bushes
inside and outside exclosures (except in five exclosures and their
controls where a lower number of plants were available for
sampling). Samples were taken 2-3 days after the establishment
of the exclosures (for baseline data) and at 3 and 6 months
after establishment. This sampling method is destructive, with
all arthropods on the two branches of the focal plants effectively
removed; however, three months between sampling periods was
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FIGURE 2 | Location of study sites and exclosures; (a) regional map indicating study sites; (b) location of exclosures in the Finca Irlanda and Finca Hamburgo sites;
(c) location of exclosures in the Finca Bélgica/Belén sites; (d) photo from outside one of the exclosures; (e) setting up an exclosure.

Finca Bélgica/Belén

assumed to be more than sufficient for arthropods to re-establish
on the focal plants. The study site experiences distinct rainy
and dry seasons. The 3 months sampling, in February, was in
the middle of the dry season. The 6 months sampling in May
occurred at the start of the rainy season.

Total foliar biomass on each sampled branch was estimated
by measuring the length and width of each leaf and assuming
the area results from an ellipsoid relationship between length and
width (a justified assumption given the shape of coffee leaves).
One hundred leaves from each farm (10 from 10 coffee plants)
were collected at random. The area was estimated and the leaves
were dried in an oven to constant weight. With that data, an
empirically derived regression equation relating area with weight
(weight = (0.025*area) — 0.08) was used to estimate the biomass
of each leaf.

Arthropods were sorted to order and some to family. The
information at the family level was used to assign individuals
to the herbivore trophic level (within Coleoptera, Hemiptera,
etc.). Insects in the order Hymenoptera were separated into
formicids (ants) and non-formicids (bees and wasps). Numbers
of arthropods are presented as number per unit of foliar biomass.
Our use of abundance, rather than biomass, as a measure of
arthropod populations likely underestimates the effects of VVIs,
given that they preferentially feed on larger arthropods. We did
not estimate biomass because of the high variability and lack of
precision associated with biomass estimation methods (Gruner,
2003).

A random sample of 15 leaves was taken from each sampled
plant at the beginning of the experiment and after 6 months.
Herbivore damage, approximated by leaf area loss, was estimated
through image analysis using NIH-Image. Yield data were
obtained by repeatedly harvesting all mature (red) berries for
all the experimental plants from August 2001 to January 2002.
Berries were counted and weighed for each individual plant.

We built generalized linear models using the “glmmTMB”
function in the “gImmTMB” package in R (Brooks et al., 2017).
Models for herbivores, spiders and parasitoids included the
date (i.e., seasonality), treatment (control or exclosure), and
interaction between date and exclosure, and farm. For the
purposes of this analysis and paper, we were not interested in
assessing the inter-farm differences in management, but with four
farms, there were too few levels to include it as a random effect.
We used exclosure replicate nested by farm as a random intercept
to account for increased correlation between repeated measure at
the exclosure (and control) sites. The data for herbivores, spiders
and wasps was non-normal semi-continuous data, because it was
adjusted by foliar biomass. We used a Gamma distribution and
check the model fit using the “DHARMa” package in R (Hartig,
2019).

We used post-hoc tests to generate contrasts that allowed
us to make pairwise comparisons between all three sampling
points. We calculated the estimated marginal means, also
known as least square means, using the “emmeans” function
from the “emmeans” package in R (Lenth and Lenth, 2018).
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FIGURE 3 | Means and confidence intervals predicted from the GLMM output for herbivores (A), spiders (B), and parasitoids (C) per 100 g foliar biomass. Black
circles represent the control treatment and gray triangles represent the exclosure treatment. Note that the y-axes are different in each panel.

This allowed us to compare across sampling dates and the
factorial combinations of treatments. The model could be re-
paramaterized using difference reference categories, but using
contrasts provides comparisons between all levels of the factor
with re-calculating the intercepts.

Similarly, we used generalized linear mixed models with the
same random effects structure to assess the impact of treatment
(control or exclosure) on herbivory and yield. This data was taken
just once, so no effect of seasonality and no interaction with
seasonality and treatment could be assessed.

To test the robustness of our results, arthropod, herbivory and
yield data were also analyzed using non-parametric Wilcoxon
paired tests. The non-parametric Wilcoxon test was used because
the data failed to meet the assumption of normality required of
parametric tests. Paired tests were executed between treatments
(control and exclosures) at each time point.

RESULTS

The vast majority of the herbivores collected were in two
suborders of Hemiptera: Sternorrhyncha and Auchenorrhyncha
(e.g., in the first sampling period 93% of all herbivores were
in these two suborders). An overwhelming majority of the
non-formicid hymenopterans (>95%) were parasitic wasps (i.e.,
parasitoids). There was high variability in ant abundances
and our collection method was not well-suited to capture
differences in ants, given their eusociality. The majority of the
spiders captured in our study were web builders in the families
Theridiidae (24%), Tetragnatidae (11%), and Araneidae (10.3%).

The three major groups of interest—herbivores, spiders and
parasitoids—responded differently to the treatments over time
(Figure 3, Supplementary Figure 1). There were no differences
in the abundance of herbivores or spiders between treatments
at the start of the experiment (emmeans, herbivore p = 0.9949,

spiders p = 0.9985). GLMM results showed no difference between
parasitoid abundances at the start of the experiment (emmeans,
p = 0.6686). However, the non-parametric Wilcoxin test was
marginally significant (Supplementary Table 1, p = 0.0545).

Three months after VVIs were excluded we found an increase
in herbivore abundance across both treatments (emmeans, p
= 0.0178). Spiders were also more abundant after 3 months
(GLMM, p = 0.0114), and there was a significant interaction
between treatments between November and February (emmeans,
p = 0.0467). After 6 months, herbivore abundance increased
(emmeans, p = 0.0259) in both treatments and there was a
significant interaction between treatments in November and
May (emmeans, p = 0.0263). Spider abundance did not differ
between November and May (emmeans, p = 0.79) and there was
a marginally significant decrease in abundance between February
and May (emmeans, p = 0.0621). Parasitoid abundance was
lower in exclosures after 3 (emmeans, p < 0.001) and 6 months
(emmeans, p = 0.0037).

There were more spiders, regardless of time, in the exclosures
(GLMM, p = 0.0388) and fewer parasitoids (GLMM, p =
0.001). Treatment alone was not a significant predictor of
herbivore abundance (GLMM, p = 0.428). Model results
(Table 1) are expanded upon with full pairwise interactions in
Supplementary Table 1.

When summing all arthropods captures, there were
season differences, but no differences between treatments
(Supplementary Table 3,  Supplementary Figure 1A).  All
arthropods captured are detailed in Supplementary Table 4.

Six months after the exclosures were established, foliar
herbivory was an average of 0.17% lower in the exclosures
(GLMM, std error = 0.04603, p = 0.00013). However,
herbivory levels across both treatments were quite low (~1-
2%, Supplementary Figure 2A). Higher herbivory in the absence
of VVIs did not translate into lower coffee yields (GLMM,
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TABLE 1 | Generalized linear mixed model results and pairwise estimated marginal
means contrasts of dates for herbivores (A), spiders (B), and parasitoids (C).

Predictors Estimates Std. Error P-value
A. Herbivores

(Intercept) 9.7676 1.6774 <0.0001
Date

February-May -0.183 1.37 0.9902
February-November —4.540 1.65 0.0178
May-November —4.356 1.66 0.0259
Treatment 1.515 1.99 0.4280
B. Spiders

(Intercept) 21.682 3.144 <0.001
Date

February-May —6.42 2.82 0.0621
February-November —8.60 2.96 0.0114
May-November —2.18 3.33 0.7900
Treatment —6.918 3.348 0.03880
C. Parasitoids

(Intercept) 15.778 2.076 <0.0001
Date

February-May 4.41 2.44 0.1699
February-November 10.53 2.17 <0.001
May-November 6.12 1.87 0.0037
Treatment 12.452 3.778 0.001

The reference treatment was control treament, the reference date was February.
Significant factors at the 0.005 level are bolded. Full pairwise estimated marginal means
for all combinations are provided in Supplementary Table 2.

std error < 0.001, p = 0.4987, Supplementary Figure 2B)
and there was no correlation between herbivory and yield
(Supplementary Figure 2C).

DISCUSSION

Our results highlight the role of intraguild predation in food
webs with VVIs, as well as the direct role of VVIs in consuming
herbivores. Our findings also support recent studies that indicate
that VVIs can contribute to biocontrol, limiting arthropod
populations in forests and agroecosystems (Greenberg et al,
2000; Kalka et al, 2008; Van Bael et al, 2008; Williams-
Guillén et al., 2008; Johnson et al., 2010; Bohm et al., 2011;
Morrison and Lindell, 2012; Karp and Daily, 2014; Gras et al.,
2016; Maas et al., 2016). The implicit assumption of these and
other exclosure studies is that vertebrate predators provide an
important ecosystem function via inter-trophic predation. We do
find evidence of direct consumption, but also suggest intraguild
predation within the predator guild could be a key determinant
in the net impact of VVIs on herbivores.

With significantly higher herbivore abundance inside the
exclosures after 3 and 6 months, we find evidence of top-down
control of herbivores by VVIs and of inter-trophic predation.
A common concern in exclosure studies is that birds may use
closures as a perch, artificially increasing the density of birds in
the area. However, even the most intensified site in our study had

a canopy of shade trees, so perch sites are unlikely to be limiting.
While we find evidence of top down control by VVIs, higher
spider abundance in the exclosures at both sampling points also
underscores the role of intraguild predation. This is congruent
with past work that finds intraguild effects of birds preying on
spiders (Sherry, 1984; Burger et al., 1999; Greenberg et al., 2000;
Strong, 2000; Van Beal et al., 2003; Gruner, 2004; Philpott et al.,
2004; Gunnarsson, 2007; Karp and Daily, 2014) and spiders
preying on parasitoids (Gunnarsson, 2007) can alter the net effect
of VVIs on herbivores.

Our design does not allow us to disentangle the role of
birds from bats, but each group is likely acting differently as
predators. Other studies that have used diurnal and nocturnal
exclosures have found a negative, additive effect of birds and
bats on arthropod abundance (Williams-Guillén et al., 2008) and
that bats can have a stronger effect than birds on arthropod
abundances and resultant herbivory (Kalka et al., 2008).
Exclosure studies suggest bats affect all arthropod groups, except
spiders, though analysis of bird and bat feces in another coffee
growing region found little evidence that bats are controlling the
coffee berry borer (Karp et al., 2013). Unfortunately, the method
we used for sampling arthropods is not good for sampling the
coffee berry borer, which is found inside the berries, nor coffee
leaf miners, which is inside the leaf tissue. Therefore, we cannot
make inferences about the effect of VVIs on these two important
coffee pests. Gut or fecal analysis would be useful in further
defining these trophic relationships and determining the role
of birds and bats broadly and determining which species are
involved in these trophic relationships.

Parasitoid abundance was lower when VVIs were excluded,
and parasitoid abundance was negatively correlated with spider
abundance both in and outside of exclosures. This might suggest
an indirect positive effect of VVIs on parasitoids, mediated
by their consumption of spiders. Although the number of
parasitoids was marginally lower within the exclosures at the
initiation of the experiment (according to the Wilcoxin test,
but not the GLMM), the difference between the controls and
exclosures got larger and more highly significant both 3 and 6
months after establishment, which indicates that the exclosures
had an important effect on the parasitoids. We know of no
methodological bias that would lead to lower parasitoid numbers
at baseline, but the baseline data was collected 2-3 days after the
establishment of the exclosures, so it’s possible that parasitoids
were highly sensitive to any disturbance created during the
establishment of the exclosures and therefore their numbers
were marginally lower a few days after the disturbance. Physical
structures are often limiting for web-building spiders (Uetz,
1991); the exclosure apparatus may have inflated the number of
spider webs, and augmented the effect of spiders on parasitoids,
but this is unlikely to have happened within 2-3 days of
establishment. Regardless, this finding highlights the need to
consider both arthropod predators and parasitoids together
in food web studies and focus further research on the role
of parasitoids.

Ants and beetles from this study design have been analyzed
elsewhere (Philpott et al., 2006; Gordon et al., 2009) and showed
no significant differences between exclosures and control. In

Frontiers in Sustainable Food Systems | www.frontiersin.org

April 2021 | Volume 5 | Article 512998


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Schmitt et al.

Intraguild Predation in Coffee Agroecosystems

another study conducted in some of the same sites as this
study, Philpott et al. (2004) excluded VVIs from tree branches
and found a marginally significant effect of VVIs on ants with
VVIs reducing ants by 68% (p = 0.07). The main difference
between these two studies is that in our study we excluded
VVIs from coffee plants, while in the Philpott et al. study VVIs
were excluded from branches on the shade trees. These are the
sites where birds spend more time foraging and perching and
therefore are more likely to affect the arthropod community,
including ants. It has been shown that some resident birds
shift their foraging from the shade layer to the coffee layer
during the dry season, when the migratory birds arrive in high
abundances (Jedlicka et al., 2006). However, that did not seem
to be sufficient to cause a reduction of ants in the control as
compared to the exclosures. Gordon et al. (2009) reported no
effects of the exclosures on the beetle as a whole. However,
they reported 293 morpho species of beetles belonging to 42
families, with representation of many predator families as well
as herbivore families. Further research is needed to get a more
complete picture of the role of these predator and parasitoid
communities in the coffee food web and, as mentioned above,
gut or fecal analysis would be useful in determining species-level
trophic interactions.

Interpretation of results across all groups is complicated by
seasonality. Sampling date, which could represent time from
the treatment set up or seasonality, was significant for all of
the major groups tested. Our exclosures were set up at the
start of the dry season and the first sampling event after the
baseline collection also took place during the dry season and
our second sample, 6 months after set-up, occurred at the start
of the rainy season. During the dry season (3 months survey,
February), herbivore and spider abundance was higher in both
exclosures and control. During the rainy season (6 months
survey, May), herbivore abundance in the exclosures continued
to rise, but abundances on the control plants decreased. The
effect of the exclosures remained for spiders in the rainy season,
though abundances decreased relative to the 3 months sample.
Spiders in this system are key players in intraguild predation,
as both prey of VVIs and predators of parasitoids. Thus, the
overall importance of intraguild predation in structuring food
web dynamics may be greater in the dry season when spiders are
more abundant.

Seasonality can also alter foraging behavior (Philpott et al.,
2004). For example, birds have been found to take more
Lepidopteran prey, which tend to be larger in size, in the rainy
season, though this seasonal difference is more pronounced
in the shade layer of the agro-ecosystem than on the coffee
plants themselves (Dietsch et al., 2007). Life cycle traits and
migration could both contribute to seasonal effects. Williams-
Guillén et al. (2008) found a greater impact of birds on
arthropods in the dry season, when insectivorous overwintering
migrants are present (Greenberg, 1995), and a greater impact
of bats during the wet season, possibly due to more bat
reproduction and higher abundances. If VVIs are predating
upon more large herbivores in the rainy season, we might
expect an increase in herbivore abundance (though not biomass)
and less of a difference between the exclosure and control

plants. We do find a higher abundance of herbivores in
the exclosures during the rainy season relative to both the
control plants during the rainy season and the exclosures
during the dry season. Without finer scale time series data,
it is difficult to parse apart the effects of seasonality and the
exclosures, but foraging behavior provides another mechanism
by which the relative importance of intraguild predation could
be seasonally dependent.

Herbivory, as measured by leaf area loss, was significantly
higher in the exclosures than controls after 6 months, which
suggests a trophic cascade initiated by removal of the top
predators. VVIs may preferentially be eating the relatively
large leaf chewing herbivores, including Orthopteran and
Lepidopteran, which more commonly cause leaf area loss. Given
that large leaf chewing herbivores are known to be common
in coffee agro-ecosystems (Dietsch et al., 2007), the lack of
large herbivores in our samples is a bit surprising, even if
VVIs are feeding preferentially. However, the lack of large
leaf chewers and prevalence of hemipteran in our samples is
consistent with the low documented levels of herbivory across
treatments. Herbivory measures also may not have captured
any damage caused by the coffee leaf miner, as coffee plants
often respond to coffee leaf miner damage by dropping the
damaged leaves (Guerreiro Filho, 2006). Thus, leaves sampled
at the end of the experiment would have underestimated this
damage. In previous work biocontrol services provided by
VVIs were mediated by local and landscape level forest cover,
but landscape level forest cover decreased leaf loss (Libran-
Embid et al.,, 2017). Our study operates at the landscape level,
with sites across farms in one coffee-growing region. Though
pesticides were not used across all sites, usage may have decreased
herbivory at some farms adding to some of the variability
between farms.

We find the effect of top predators diminishes through the
food web; we couldn’t detect a significant effect of the exclosures
on coffee yield. Other work in coffee systems has found a decrease
in fruit set with the exclusion of vertebrates (Classen et al., 2014)
and yield has been shown to decrease as much as 31% with the
exclusion of VVIs in cacao systems (Maas et al., 2013). Still,
our overall result is congruent with meta-analyses showing weak
responses of terrestrial plants to the elimination of predators,
even with a significant reduction of herbivores [Schmitz et al.,
2000; Shurin et al., 2002; but see Croll et al. (2005) and Borer
et al. (2005)]. However, herbivory levels found in this study were
also very low (~1-2%), so a lack of an effect on yield was not
altogether surprising. In future studies, data should be taken on
damage by the coffee berry borer, which affect coffee seed quality
and weight rather than number of berries.

Shaded coffee farms have received much attention in
the last 30 years because of their conservation potential
(Perfecto and Vandermeer, 2015). High diversity and density
of migrant and resident birds has become the basis for green
certification labels, both to encourage conservation of migratory
and resident species and in acknowledgment of the array
of ecosystem services—including biocontrol—provided by
birds and bats. This study provides empirical support of the
role of VVIs in structuring the arthropod community in
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these managed agroecosystems. The response of herbivores,
if not herbivory itself, does provide evidence that predators,
including birds and bats, can contribute to preventative
pest control in coffee agro-ecosystems. Most importantly,
our results underscore the importance of considering
intraguild predation between VVIs and spiders and spiders
and parasitoids when investigating or managing for VVI control
of arthropod herbivores.
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