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Top-down limitation of herbivores is an im-
portant ecosystem service that facilitates
agricultural production (1). Several experi-

ments in natural andmanaged ecosystems demon-
strate the importance of avian predators in arthropod
control (2). Although insectivorous bats are ex-

pected to have major impacts on arthropods (3),
few studies have quantified the effects of bats on
standing crops of arthropods. Because all previ-
ous exclosure-based studies of avian insectivory
have left exclosures up during the night, it is
possible that a proportion of predation attributed
to birdsmay represent predation by foliage-gleaning
bats. Here, we report an exclosure experiment
conducted in a Mexican coffee agroforest, in
which we directly measured the impact of pre-
dation by foliage-gleaning birds and bats on ar-
thropods found on coffee plants.

We used exclosures made of agricultural net-
ting erected around individual coffee plants in
Finca Irlanda, an organic shade coffee plantation
harboring abundant populations of ≥120 bird
species and ≥45 bat species. We established 22
blocks of four treatments: birds-only excluded
(exclosure netting in place only during the day),
bats-only excluded (netting in place only during
the night), both excluded (netting in place day
and night), and control (no netting). We visually
censused noncolonial arthropods (primarily
insects, but also spiders, harvestmen, and mites)
on all plants at the beginning of the experiments,
every 2 weeks thereafter, and at the end of the
experiment. We conducted the experiment for a
7-week period beginning January 2007 (dry season)

and for an 8-week period beginning June 2007
(wet season).

Exclusion of birds and bats resulted in sig-
nificant increases in total arthropods on experi-
mental plants, although a significant amount of
variation was also explained by foliage biomass

and initial arthropod density (table S1). On
average, total arthropod densities on plants from
which both predators were excluded were 46%
higher than those observed on control plants.
There was a clear seasonal effect with regard to
bats: Although bats did not have significant ef-
fects on arthropod densities in the dry season,
their impacts were highly significant in the wet
season, with an 84% increase in arthropod den-
sity in bat-only exclosures, exceeding the effects
of birds (Fig. 1). In neither season was there a
significant interaction between bats and birds,
indicating an additive effect. Regardless of sea-
son, arthropod densities increased the most on
plants from which both birds and bats were ex-
cluded (Fig. 1). These seasonal and additive pat-
terns held for various arthropod taxa (table S2),
although only birds significantly reduced spiders.
Although predator exclusions resulted in increased
arthropod density, no significant differences were
seen between treatments in the prevalence or the
intensity of leaf damage.

At our site, bats were as important as birds in
regulating insect populations across the course of
the year. We suspect that increased impacts of
birds in the dry season may result from an influx
of insectivorous overwintering migrants from
North America (4). We have no data on the ab-

solute density of bats versus birds; however, at our
site the capture rates (and presumably abundance)
and reproductive activity of bats increased during
the wet season. Bats’ relatively higher surface
area may result in greater heat loss and concom-
itantly higher energy requirements (5), and
reproduction increases females’ energetic needs;
thus, increased bat abundance and reproduction
in the wet season may result in an increased
impact of bat predation on understory arthropods.

Our results are consistent with arguments
that functional diversity is central to the main-
tenance of ecosystem services (6). In this case,
the presence of these two vertebrate taxa main-
tains a functional difference that enhances the
efficacy of arthropod reduction. Previous exclo-

sure studies have not
differentiated between
diurnal and nocturnal
predators, attributing ob-
served changes to birds.
We suggest that these
studies of the impacts
of “bird” predation may
have underestimated the
importance of bats in
limiting insects. Bat pop-
ulations are declining
worldwide (7), but mon-
itoring programs and
conservation plans for
bats lag far behind
those for birds. Declin-
ing bat populations may
compromise critical eco-
system services, making

an improved understanding of their conservation
status vital.
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Fig. 1. Mean number of arthropods ± SEM per 100 coffee leaves in four exclosure treatments in (A) dry season and (B) wet
season. “Both” indicates birds and bats excluded (■); “Birds,” only birds excluded (□); “Bats,” only bats excluded (●); and
“Control,” no predators excluded (○). Numbers after treatment name in legends indicate mean number of arthropods ± SEM
per 100 leaves across all counts. N = 88 for each season.
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Table S1.  Results of repeated-measures factorial ANCOVA for the effects of bird 
predation, bat predation, season, and their interactions on the density of all non-colonial 
arthropods on coffee plants, using number of leaves per plant and initial arthropod 
densities as covariates.  N=88 for each season. * 
 

Dry Season Wet Season 

Source df F P Source df F P 

Covariates    Covariates    
Leaves/plant 1 52.570 < 0.001 Leaves/plant 1 29.521 < 0.001
Initial density 1 8.620 0.004 Initial density 1 1.319 0.254

Main Effects  Main Effects   
Birds 1 12.610 < 0.001 Birds 1 7.940 0.006
Bats 1 1.340 0.222 Bats 1 27.882 < 0.001
Birds × Bats 1 0.074 0.819 Birds × Bats 1 1.379 0.244
Error 82 -- -- Error 82 -- --

 
* All data ln(x+1) transformed prior to analysis.  Repeated-measures ANCOVA on total numbers of 
arthropods conducted using a 2×2 factorial design with birds excluded (2 levels, birds present and birds 
excluded) and bats excluded (2 levels, bats present and bats excluded) as main effects; separate analyses 
were conducted for the wet and dry seasons.  This design allows for testing of linear (additive or 
substitutive) versus nonlinear (synergistic or antagonistic) interactions between predator types. 
 



 

Table S2.  Dry and wet season densities of commonly-observed arthropod taxa (mean of census values±SEM) by size class 
and order for experimental plants (“Both,” birds and bats excluded; “Birds,” birds excluded; “Bats,” bats excluded; “Control,” 
no predators excluded) and significance of repeated-measures ANCOVA (N, degrees of freedom, main effects, and covariates 
as in Table S1). 
 
 Arthropods/100 leaves (Dry Season) Arthropods/100 leaves (Wet Season) 

Arthropods Both Birds Bats Control P* Both Birds Bats Control P* 

Total 14.53±0.83 12.94±0.92 10.57±0.78 9.94±0.82 0.001a 
0.250c 9.73±0.73 7.28±0.68 8.50±0.66 4.61±0.30 0.006a 

<0.001c

By size  

Large 3.14±0.40 2.58±0.33 1.52±0.13 1.31±0.16 0.024a 
0.346c 3.13±0.26 2.02±0.23 2.54±0.21 1.35±0.09 0.010a 

<0.001c

Small 11.39±0.66 10.35±0.75 9.05±0.71 8.63±0.78 <0.001a 
0.302c 6.60±0.53 5.26±0.49 5.95±0.59 3.26±0.25 0.001a 

<0.001c

By order  

Aranae 2.76±0.20 2.09±0.22 2.08±0.36 1.89±0.26 0.004a 
0.103c 1.70±0.33 1.42±0.24 1.59±0.53 0.74±0.07 0.015a 

0.073c

Blattodea 0.56±0.12 0.55±0.13 0.27±0.07 0.29±0.08 0.018a 
0.504c 0.96±0.16 0.68±0.16 0.71±0.12 0.38±0.08 0.039a 

0.002c

Coleoptera 2.78±0.43 2.22±0.34 1.05±0.15 1.92±0.39 0.002a 
0.341c 2.44±0.21 1.83±0.25 2.10±0.21 1.02±0.08 0.002a 

<0.001c

Homoptera 5.19±0.50 4.38±0.38 3.65±0.31 2.79±0.21 <0.001a 
0.028c 2.47±0.18 1.86±0.18 2.30±0.20 1.22±0.11 0.011a 

<0.001c

Lepidoptera 0.19±0.03 0.18±0.06 0.15±0.03 0.13±0.04 0.087a 
0.079c 0.14±0.03 0.16±0.04 0.14±0.02 0.10±0.03 0.476a 

0.421c

Orthoptera 0.42±0.08 0.23±0.05 0.24±0.06 0.10±0.04 0.005a 
0.108c 0.86±0.18 0.44±0.12 0.60±0.10 0.30±0.06 0.373a 

<0.002c

 
* Value for top line indicates P-value based on F statistic for bird predation, bottom line for bat predation; values significant at the 0.05 level are in bold. 
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