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Although fleshy fruits function primarily to attract seed dispersers, many animal-dispersed fruits contain potentially toxic
secondary metabolites. These metabolites can provide defense against seed predators and pathogens, but their effects on
dispersers are still poorly understood. In some cases plants may experience a tradeoff, where the metabolites that provide
fruit defense also reduce seed disperser preferences. In other cases the bioactivity of fruit secondary metabolites may be
directed primarily at pests with no negative effects on seed-dispersing vertebrates. We tested the effects of amides, a group
of nitrogen-based defensive compounds common in the plant genus Piper (Piperaceae), in interactions with the primary
seed dispersers of Piper in the neotropics — fruit-feeding bats in the genus Carollia (Phyllostomidae). In a series of flight cage
experiments, pure amides and amide-rich fruit extracts reduced the preferences of bats for Piper fruit, affecting both the
bats’ initial choices to remove Piper infructescences and the proportion of fruit consumed from individual infructescences
once they were removed. However, the effects of amides varied considerably among three species of Carollia and among the
specific individual amides and extracts tested. Overall, our results support the hypothesis that plants experience a tradeoff
between seed dispersal and fruit defense, but the strength of this tradeoff and the overall fitness consequences may depend

strongly on ecological context.

The primary function of ripe, fleshy fruits is to attract
mutualistic animal consumers, who contribute to plant
reproductive success by dispersing seeds to new sites (van
der Pijl 1982). The evolutionary history between plants and
mutualist seed dispersers has led to suites of fruit traits that
include both attractants (e.g. colors, odors) and nutritional
rewards (e.g. proteins, lipids, sugars). However, many ripe,
fleshy fruits also contain potentially deterrent or toxic sec-
ondary metabolites (Herrera 1982, Levey et al. 2007), in
some cases at concentrations and levels of chemical diversity
that exceed those in leaves and other plant parts (Whitehead
and Bowers 2013, Whitehead et al. 2013). The occurrence
of toxic secondary metabolites in a tissue meant to attract
mutualists is puzzling, but a number of different adaptive
hypotheses have been proposed to explain how these com-
pounds may increase plant fitness (Cipollini and Levey
1997a). Perhaps the most well-supported of these is the
defense tradeoff hypothesis, which suggests that fruit sec-
ondary metabolites function primarily to defend against
non-dispersing insect and microbial fruit pests (Herrera
1982, Cipollini and Levey 1997a, Izhaki 2002, Tewksbury
et al. 2008, Whitehead and Bowers 2013, 2014). How-
ever, because the same secondary metabolites that defend
against pests could also affect interactions with mutual-
ists, understanding the overall ecological and evolutionary

consequences of fruit chemical defense requires a broad
view of the possible effects of defense traits on the foraging
and feeding behavior of seed-dispersing animals.

There are two basic hypotheses for how defensive
secondary metabolites that occur in fruits could affect the
triad of interactions among plants, mutualist seed dispersers,
and antagonistic fruit pests. One possibility is that plants
may experience an adaptive tradeoff between defense and
dispersal, where secondary metabolites are ecologically costly
in terms of reduced preferences of mutualist seed dispersers,
but these costs are outweighed by the benefits of increased
fruit defense against pests (Herrera 1982, Cipollini and
Levey 1997a). Here, secondary metabolites are expected to
have broad-spectrum bioactivity against fruit consumers,
including fungi, bacteria, invertebrates, and vertebrates.
Alternatively, plants may produce secondary metabolites in
fruits that are bioactive against invertebrate and microbial
antagonists, but have neutral effects in interactions with
vertebrate seed dispersers. From the plant perspective, pro-
ducing defensive compounds with pest-specific bioactivity
would likely provide the maximum net fitness benefit, and,
because seed dispersers (mostly vertebrates) are generally
only distantly related to fruit pests (mostly invertebrates and
microbes), it seems probable that plants could evolve suites
of secondary metabolites in fruits that effectively protect
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against pests with minimal effects on dispersers (Cipollini
and Levey 1997a). This scenario was originally described
as the ‘microbe-pest specificity model” within the defense
tradeoff hypothesis framework by Cipollini and Levey
(1997a). However, there is no actual expectation of a tradeoff,
because there would be no ecological costs associated with
reduced preferences of mutualistic seed dispersers. Thus, for
the purposes of this study, we will consider the microbe-pest
specificity hypothesis as a distinct alternative to the defense
tradeoft hypothesis and compare support for each.

The few studies that have addressed one or both of
these two alternative hypotheses have provided mixed results.
Some support for the idea of a tradeoff between seed disper-
sal and fruit defense is provided by evidence that fruits that
are high in secondary metabolites are the least preferred by
seed dispersers in natural populations (Cipollini and Levey
1997b, Schaefer et al. 2003, Cazetta et al. 2008, Whitehead
and Poveda 2011). However, in other cases, seed dispers-
ers may consume fruits high in secondary metabolites with
relative impunity. For example, capsaicinoids in wild chili
fruits provide important defense against pathogenic fungi
(Tewksbury et al. 2008, Haak et al. 2012), but do not appear
to reduce consumption by seed-dispersing birds (Mason
et al. 1991, Tewksbury and Nabhan 2001). However,
capsaicin has been shown to deter consumption by other
vertebrates, such as rodents, which also consume chili fruits
but are much less efficient seed dispersers than their avian
counterparts (Mason et al. 1991, Tewksbury and Nabhan
2001). There are other examples of secondary metabolites
that are highly toxic to mammals but are readily consumed
by birds, such as amygdalin, a cyanogenic glycoside found
in fruits of the Rosaceae and Caprifoliaceae, which cedar
waxwings can consume at levels equivalent to 5.5 times the
oral lethal dose for rats with no outward signs of toxicity
(Struempf et al. 1999). These results emphasize that the
effects of fruit secondary metabolites on vertebrate pref-
erences, and therefore the potential for tradeoffs in fruit
defense, can vary considerably depending on the consumer
and plant species involved (Mason et al. 1991, Cipollini and
Levey 1997a, Struempf et al. 1999, Tewksbury and Nabhan
2001, Fedriani and Boulay 2006, Karasov et al. 2012).

Most past work on the ecological role of fruit secondary
metabolites has focused on bird-dispersed species (Cipollini
2000, Levey et al. 2007); however, mammals also provide
critical seed dispersal services for many plants (van der
Pijl 1982). Particularly in tropical forests, mammals, and
especially bats, are among the most abundant frugivorous
animals and are critically important in forest regeneration
and succession (Muscarella and Fleming 2007). Because bats
forage at night, bat-dispersed fruits are expected to contain
higher levels of volatile secondary metabolites that contribute
to fruit odor and provide foraging cues (van der Pijl 1982,
Hodgkison et al. 2007, Lomdscolo et al. 2010). However, if
bats are similar to other mammals in that they are less adept
at detoxifying secondary metabolites than birds (Mason
etal. 1991, Cipollini and Levey 1997a, Struempf et al. 1999,
Tewksbury and Nabhan 2001, Fedriani and Boulay 2006),
the opposite may be true for non-volatile secondary metabo-
lites that function primarily in fruit defense.

One important group of bat-dispersed plants is the genus
Piper (Piperaceae), a diverse and dominant component of
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neotropical plant communities. Many Piper species fruit
in abundance, producing distinctive, green, spike-shaped
infructescences that are quickly removed by frugivorous bats
(Fig. 1). In particular, a small genus of fruit bats (Carollia
spp.> Phyllostomidae) are the primary dispersers of neotropi-
cal Piper, and Piper fruits represent a year-round dietary staple
for the bats, making this interaction one of the few examples
of a relatively specialized seed dispersal mutualism (Fleming
2004). Past work on the phytochemistry of Piper has focused
primarily on leaves (Parmar et al. 1997, Dyer et al. 2004,
Kato and Furlan 2007); however, fruits of many Piper spe-
cies also contain diverse mixtures of secondary metabolites,
and are particularly rich in amides (Whitehead et al. 2013).
Amides are a large group of nitrogen-based compounds that
are known to defend Piper leaves against herbivores (Dyer
et al. 2004), and also have recently been shown to function
in fruit defense against insect seed-predators and fruit-
associated fungi (Whitehead and Bowers 2014). The effects
of amides on insects and fungi are complex, in part because
amides often occur in diverse mixtures, and combinations
of compounds can have non-additive effects, either func-
tioning synergistically or antagonistically in fruit defense
(Whitehead and Bowers 2014). It is unknown whether these
same defensive compounds can affect Carollia bat foraging
and feeding behavior.

In this study, we compared support for the defense tradeoff
hypothesis versus the microbe-pest specificity hypothesis
by examining the effects of two pure amides (piperine and
piplartine) and amide-rich extracts from unripe and ripe
fruits of Piper reticulatum on the foraging and feeding behav-
ior of three species of Carollia bats. Piperine and piplartine
were chosen for experimentation because they occur in many
species of Piper, are often found in high concentrations in
fruit, and are available commercially in pure form (Parmar
et al. 1997, Rajopadhye et al. 2011, Bezerra et al. 2013).
However, because amides in fruits can occur in complex
mixtures, we also tested the effects of fruit extracts from Piper
reticulatum, a common understory Piper that produces fruits
containing complex mixtures of up to 30 individual amides
(Whitehead et al. 2013), although it does not contain pip-
erine or piplartine. Piper reticulatum amides are reduced by

Figure 1. Carollia perspicillata removing a ripe infructescence of
Piper sancti-felicis. Photo credit: S. R. Whitehead.



nearly 50% during fruit ripening (Whitehead et al. 2013),
which may be one important reason why unripe fruits are
entirely avoided by Carollia bats (Thies and Kalko 2004,
Whitehead unpubl.). Our previous work has also shown that
piperine, piplartine, and P, reticulatum extracts all have nega-
tive effects on fruit pests that are associated with Piper — the
pure compounds and extracts are all strongly anti-fungal and
the pure compounds reduce the feeding preferences of an
insect seed predator (Whitehead and Bowers 2014). If the
same compounds and extracts also reduce the preferences of
seed-dispersing bats, fruit amides likely represent a tradeoff
between seed dispersal and fruit defense. Alternatively,
bat feeding preferences may be unaffected by fruit amides,
lending support to the microbe-pest specificity hypothesis.

Carollia bats locate ripe infructescences based primar-
ily on olfaction (Thies et al. 1998). They remove entire
infructescences in flight and carry them to nearby feeding
roosts for consumption. Thus, amides could affect bat pref-
erences at two stages of feeding — infructescence removal or
the consumption of fruit from an infructescence once it is
removed. We examined both of these aspects of Carollia feed-
ing behavior, as well as the potential for differences among
Carollia species in their response to amides. Specifically, we
asked three questions exploring the role of amides in the
feeding preferences of the three species of Carollia occurring
at our study site: Q1) are bats able to detect amides prior to
infructescence removal and choose which infructescences to
remove based on their occurrence? Q2) Do amides affect the
proportion of fruit consumed from an infructescence once
it is removed? Q3) Are the effects of amides on bat prefer-
ences dose-dependent within the range of variation present
in natural ripe fruits?

Material and methods

Study site and system

All experiments were conducted at La Selva Biological
Station, located in the Heredia province of Costa Rica,
between May—June 2011 and April-July 2012. The reserve
consists of 1600 hectares of protected area that includes
primary tropical wet and premontane forest as well as
secondary forest and abandoned agricultural areas. The
site is a high center of diversity for Piper, with 50 + species
co-occurring (OTS 2012). Most Piper species at the site are
dispersed primarily by bats, although a few rely almost exclu-
sively on asexual reproduction (Greig 1993) and some are
dispersed by a mix of birds and bats (Palmeirim et al. 1989).
Piper fruits are borne on distinctive spike-shaped infructes-
cences (Fig. 1) that can contain hundreds to thousands of
tiny individual fruits. For most species, fruits are produced
in several seasonal peaks during the year (Thies and Kalko
2004). Individual infructescences can develop slowly over
a period of one month or more, after which they generally
enter a rapid final ripening period where all of the fruits on
an infructescence soften and swell. In many Piper species,
this process begins in the early afternoon and the infructes-
cences are generally fully ripe by dusk (Thies and Kalko
2004). The majority of infructescences are removed by bats
the same evening that they ripen; those that are not removed

begin to rot very quickly and are usually not removed on
the following evening (Thies and Kalko 2004, Whitehead
unpubl.).

Three species of Carollia bats co-occur at the site:
C. perspicillata, C. sowelli and C. castanea. All three species
are highly abundant in the forest understory and are among
the most commonly captured bats in mist-nets. There is
some evidence that the three species differ in their degree
of specialization on Piper. In a previous study conducted at
the same site, the percentage of Piper in the diet of these spe-
cies was estimated as ~54% for C. perspicillata, ~63% for C.
sowelli, and ~85% for C. castanea (Fleming 1991).

Field capture and handling of bats

Bats were captured in mist nets from secondary forest sites at
La Selva using standard methods (Kunz and Parsons 2009).
Reproductive females were released and all males and non-
reproductive females were retained for use in experiments.
Bats were placed in cloth bags prior to the start of the experi-
ments for a minimum of 45 min and a maximum of two
hours. Bats were then transferred to 2.5 X 1.5 X 1.75 m tall
flight cages that consisted of a wood frame with screen walls
and ceilings. Each species of Carollia was housed in a separate
cage. Conspecific groups were placed together, with groups
ranging in size from 1-6 individuals depending on the num-
ber of bats captured in a particular evening. Each cage was
equipped with a LED infrared lamp and a digital video cam-
era to record bat behaviors (sample video in Supplementary
material Appendix 1). Infrared lights and cameras are com-
monly used in captive studies and do not appear to disturb
normal bat behavior (Kunz and Parsons 2009). Each bat was
also marked individually with temporary infrared-reflective
tags to allow detailed analyses of behaviors of individual bats
(Supplementary material Appendix 3-4).

Effects of amides on fruit removal and consumption

(Q1 and Q2)

To test whether amides affect infructescence removal (Q1)
and/or consumption (Q2), we conducted a series of choice
experiments testing the effects of pure amides and amide-
rich extracts on the preferences of three species of Carollia.
In all experiments, we added pure amides or extracts to ripe
fruits of P sancti-felicis, a commonly occurring species at the
study site that produces fruits in abundance continuously
throughout the year. The fruits of P sancti-felicis contain
no detectable amides at a detection limit of approximately
0.01% dry weight, although they may contain other second-
ary metabolites (Whitehead 2013). Supplementing natural
Piper fruits meant that we were unable to control for any
variation in nutritional or secondary chemistry among P
sancti-felicis fruits that existed prior to our amide supple-
mentation treatments; however, this method allowed us to
observe how amides affect the natural feeding behavior of
Carollia bats, including Piper infructescence removal and
fruit consumption, which could not be simulated using arti-
ficial fruits that did not have the same structure as a Piper
infructescence.

Five sets of identical trials were conducted to test the effects
of five different amide treatments — piperine, piplartine, the
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combination of piperine and piplartine, P reticulatum unripe
fruit extracts and P reticularum ripe fruit extracts. Piperine
and piplartine have not, to date, been identified or quanti-
fied from any of the Piper species that occur at La Selva,
but they do co-occur in at least one species (Piper tubercu-
latum) that is common in many parts of Costa Rica. In the
trials with the pure compounds, we added 10 mg (~2% dry
weight) of piperine, piplartine, or 1:1 piperine:piplartine
to each P sancti-felicis infructescence. Assuming all of the
added solution was absorbed by the fruit, the amount we
added would mimic the concentration of total amides in 2
tubercularum fruits reported in other studies (1.86-2.81%
DW,; Leitao da-Cunha and de Oliveira Chaves 2001, de
Oliveira Chaves et al. 2003) and represents the lower end of
the range of concentrations of piperine in fruits of old world
Piper species (Rajopadhye et al. 2011). For the extracts, we
added the amount of extract obtained from the dry weight
equivalent of a single infructescence (approximately 0.5 g) of
P reticularum, which contained an estimated 8.95 mg of total
amides for unripe fruit extracts and 7.38 mg of total amides
for ripe fruit extracts. Complete procedures for amide extrac-
tion and quantification based on gas chromatography/mass
spectrometry (GC/MS) are provided in the Supplementary
material Appendix 2) and are similar to methods used for
previous studies (Whitehead et al. 2013, Whitehead and
Bowers 2014).

To prepare infructescences for the trials, we always
collected freshly-ripened P sancti-felicis infructescences on
the afternoon before the trial began. In all treatments, the
pure compounds or extracts were dissolved in ethanol and
P sancti-felicis infructescences were supplemented by add-
ing ImL of solution to a clean glass petri dish and rolling
a single ripe infructescence in the dish until all of the solu-
tion was absorbed and evenly coated the surface of the fruits.
Control infructescences were treated in an identical manner
using ethanol only. The infructescences were then left to dry
on a wire rack in an air-conditioned laboratory for 3-5 h
to allow the ethanol to evaporate prior to the start of the
trials. Although bats can detect ethanol at low concentra-
tions (Laska 1990), the infructescences appeared completely
dry by the end of this period and we assumed that any differ-
ential evaporation between control and treatment infructes-
cences was negligible.

To test the effects of amides on bat feeding preferences,
groups of one to six conspecific bats per cage (depending
on the number caught on a particular evening) were offered
a buffet-style presentation of equal numbers of amide-
supplemented and control infructescences. In each cage, five
control infructescences were placed together in a group, and
five treatment infructescences were placed together in a sepa-
rate group on the opposite side of the cage. The positions of
control and experimental groups were randomized nightly.
Infructescences were placed in groups to simulate a forag-
ing environment where fruits displayed together on the same
Piper shrub may share particular chemical traits (e.g. high or
low amide content). Trials ran for two hours, during which
individual bats generally removed between one and three
infructescences. In a few trials, a group of bats removed all
of the infructescences from either the control or treatment
group prior to the end of the two hour period, in which
case we ended the trial early and excluded all removal and
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consumption events from analysis that occurred after one
of the fruit groups was depleted. Once the experiment was
complete, all intact and discarded infructescences were recov-
ered from the cage. To estimate the proportion consumed
of each infructescence, we measured the total length of the
rachis and the length from which fruit had been consumed
(bats leave the peduncle and central rachis intact even when
the fruit is entirely consumed). The mass of fruit consumed
was estimated from the length measurements using a simple
linear conversion of mass = 0.0296 X length — 0.891, which
was determined based on an independent dataset of length
and mass measured on 50 infructescences of P sancti-felicis
(Baldwin and Whitehead 2015a). After the experiments,
bats were marked by cutting a small section of fur from the
back and released at the site of capture. Marked bats that
were recaptured on subsequent evenings were not used in
additional trials for the same amide treatments, which were
generally conducted within a period of one month. How-
ever, because tests of different compounds and extracts were
conducted over 15 months across two field seasons, it is pos-
sible that some bats used in later trials were re-captures that
no longer had visible markings.

In our main analyses of the effects of amides on removal
and consumption (Q1 and Q2), we controlled for the poten-
tial non-independence of feeding preferences among bats
within a group by pooling data by trial for all bats that were
housed together. However, we also recorded data for each bat
individually by marking all bats and all infructescences with
unique markings (Supplementary material Appendix 3—4).
This allowed us to examine whether the effects of amides
varied based on individual bat traits such as sex, age, weight,
and reproductive status (Supplementary material Appendix
3). In addition, we were able to analyze whether amide pref-
erences changed over the course of the trial based on indi-
vidual experience or the experiences of other bats in the same
flight cage (Supplementary material Appendix 4).

Dose-dependent effects of ripe fruit amides on fruit
consumption (Q3)

To further explore whether there were dose-dependent
effects of the specific amides present in P reticulatum ripe
fruits (Q3), we conducted a separate no-choice feeding
experiment that examined the effects of ripe fruit extracts
presented in varying concentrations on fruit consumption
by C. perspicillata. This study required bats to be housed in
flight cages for multiple days, and C. perspicillata was chosen
for continued study because of the relative ease with which
it can be maintained in captivity using bananas as a mainte-
nance diet between trials. For these experiments, we housed
seven individuals of C. perspicillata in seven smaller solitary
flight cages (2 X1 X1 m tall) over a five day period. On
the evening of capture, bats were transferred to cages and
given a maintenance diet of ripe bananas and water ad libi-
tum until the evening that trials began. On each evening of
the trial period, we presented the bat with five P sancti-felicis
infructescences that were all treated in an identical manner.
On successive evenings, bats were offered control infructes-
cences (treated with ethanol only, as above), infructescences
supplemented at a concentration typical of P reticularum (1X;
identical to the concentration used in the choice experiments



described above), infructescences supplemented at one tenth
that concentration (0.1X), and infructescences supplemented
at twice that concentration (2X). All of the treatment con-
centrations (0.1X-2X) are within the range of variation
present in natural populations of P reticulatum (Whitehead
et al. 2013). The order of presentation of these treatments
was randomized for each individual bat. Bats were allowed
to feed from the Piper infructescences for a period of two
hours from the start of typical foraging (around 18:00 h),
after which we returned to the cage, removed all intact and
discarded infructescences, measured the total length and
length consumed from each, and estimated the total mass
consumed as above. The maintenance diet of ripe bananas
was then offered ad libicum for the remainder of the evening,.
Any remaining bananas were removed the following day
prior to the start of foraging to ensure that the experimental
Piper fruit was the first meal of the evening for the duration
of the trials. All bats were released at the site of capture fol-
lowing the trial period.

Statistical analyses

To test whether amides affect infructescence removal by
Carollia bats (Q1), we used data that were pooled by trial
and created an index of removal preference, calculated for
each trial as the total number of treatment minus control
infructescences removed by the entire group of bats during
the trial period. This was done to avoid any statistical issues
of non-independence between choices of individual bats
housed together or between removal rates of two food types
offered simultaneously, a common difficulty in the analysis
of choice tests (Roa 1992, Larrinaga 2010). To determine
whether there was an overall effect of amides on removal,
we used a one-sample t-test that compared the distribution
of the removal preference index to zero. This initial analysis
was conducted with data from all trials, combined without
respect to amide treatment or bat species (see Supplemen-
tary material Appendix 5 for preference indices calculated
separately for each combination of amide treatment and
bat species). We then used a general linear model (GLM) to
compare among the different amide treatments and deter-
mine whether amide treatment, bat species, group size, and
their interactions affected the magnitude of the removal pref-
erence index. We began with a saturated model that included
all two and three-way interactions and then used a model
simplification approach (Crawley 2007) to determine the
minimum adequate model (Table 1). After finding a signifi-
cant interaction between amide treatment and bat species,
we analyzed differences among bat species in their removal
preferences for each amide treatment separately. For each
amide treatment, we began by testing for an overall effect of
amides using a one-sample t-test to determine whether the
removal preference index differed from zero. We then used
a GLM with bat species as a predictor variable to determine
whether there were differences among the three bat species
in their response to the amide treatment. In cases where a
significant overall effect of bat species was found, we used a
post-hoc Tukey’s HSD test to compare the effects among the
three species.

To test whether amides affect the proportion of fruit con-
sumed by bats from infructescences once they are removed

(Q2), we again used data pooled by trial and created an
index of consumption preference. For each group of bats,
we averaged the proportion of fruit consumed from treat-
ment versus control infructescences, using data only from
individual infructescences that were removed. We then cal-
culated a preference index for each bat group as the average
proportion consumed from treatment infructescences minus
the average proportion consumed from control infructes-
cences. A number of trials in which bats did not remove any
treatment infructescences were excluded from these analy-
ses. We conducted statistical analyses of this index as above,
beginning with a one-sample t-test to examine the overall
effects of amides on the proportion of fruit consumed, and
proceeding with GLMs to determine how the magnitude of
the consumption index was affected by amide treatment, bat
species, group size, and all interactions (Table 2). Based on
significant overall effects of amide treatment and bat species,
we used post-hoc Tukey’s HSD tests to compare the effects
among the five amide treatments and the three bat species.

To test whether there were dose-dependent effects of P
reticulatum ripe fruit amides on fruit consumption (Q3), we
used a linear mixed model (LMM) with the total mass of
fruit consumed as the response variable, extract concentra-
tion as a fixed effect, and bat identity as a random effect. This
model was compared using a likelihood ratio test to a null
model that included no fixed effects but retained bat iden-
tity as a random effect. After finding a significant effect of
concentration, we followed this test with a post-hoc Tukey’s
HSD test to compare the effects among the different concen-
trations of amides.

All statistical analyses were conducted in R ver. 2.15.3
using the base functions and the packages Ime4 (Bates et al.
2013) for GLMMs and multcomp (Hothorn et al. 2013) for

post hoc multiple comparisons.

Data deposition

Data available from the Dryad Digital Repository: <http://
dx.doi.org/10.5061/dryad.br022 > (Whitehead et al. 2015).

Ethics statement

All experiments described in this study were conducted in
accordance with guidelines for the use of animals in research
from the American Society of Mammologists and were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the University of Colorado (protocol no.
1011.04).

Results

Effects of amides on infructescence removal (Q1)

Amides had a negative overall effect on the num-
ber of infructescences removed by bats (mean removal
index=-1.09, t=-5.127, DF =84, p<<0.0001), but the
effects varied among bat species and depending on the specific
compound(s) or amide extract tested. From the starting satu-
rated linear model (removal index ~ amide treatment X bat
species X group size), model simplification (Table 1) led to a
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Table 1. Candidate models describing the factors affecting the infructescence removal indexa.

Model specification® AlCc  AAICc  Akaike weight  Single term deletionc  p-valued
AmidelD X Sp X GS 397.6 47.0 <0.001

AmidelD + Sp + GS + AmidelD X Sp + AmidelD X GS + Sp X GS  371.1 20.6 <0.001 AmidelD X Sp X GS 0.79
AmidelD + Sp + GS + AmidelD X Sp + Sp X GS 359.0 8.5 0.009 AmidelD X GS 0.68
AmidelD + Sp + GS + AmidelD X Sp 352.7 2.2 0.21 Sp X GS 0.87
AmidelD + Sp + GS 353.3 2.7 0.16 AmidelD X Sp 0.003
AmidelD + Sp + AmidelD X Spe 350.5 0.0 0.63 GS 0.34

aCalculated as the number of treatment infructescences minus the number of control infructescences removed by a group of bats during the

trial period.

bFixed effects included the type of amide treatment (AmidelD), bat species (Sp), and group size (GS).

cFixed effect term removed from the model in the previous step of model simplification.

dp-value resulting from a likelihood ratio test comparing the specified model to the more complex model that included the deleted term in
the single term deletion column. These values may be interpreted as the significance of the effect of the term in the single term deletion

column.
eMinimum adequate model.

minimum adequate model that included only the significant
effects of amide treatment (F =4.00, DF =4, p =0.0050),
bat species (F=5.29, DF =2, p=0.0072), and their two-
way interaction (F=2.74, DF=8, p=0.011). Because of
the significant interaction between amide treatment and bat
species, we further analyzed differences among bat species
separately for each amide treatment. For piperine, there was
an overall negative effect of treatment on removal (mean
removal index=-1.75, t=-3.13, DF =15, p=0.0069),
and the linear model indicated significant differences among
the three bat species (F = 5.28, DF =2, p = 0.021; Fig. 2A).
A Tukey HSD post-hoc test for all pairwise comparisons of
bat species indicated that C. perspicillata (p =0.03) and C.
sowelli (p = 0.05) were more deterred by piperine than C. cas-
tanea. For piplartine, there was no overall negative effect of
amide treatment on removal (mean removal index =—0.23,
t=-0.62 DF =20, p=0.54) and no significant differences
among the three bat species (F=1.47, DF=2, p= 0.26;
Fig. 2A). For the piperine and piplartine combination, there
was no overall effect of amide treatment on removal (mean
removal index =-0.60, t=-1.5, DF=19, p= 0.15), but
there were significant differences among the three bat spe-
cies (F= 9.63, DF=2, p=0.0016; Fig. 2A). A Tukey
HSD post-hoc test indicated that the negative effects of the
amide combination on C. perspicillata (p =0.0039) and C.

castanea (p= 0.0023) were stronger relative to the effects
on C. sowelli, which actually trended towards increased
removal of amide-treated infructescences (Fig. 2A, Supple-
mentary material Appendix 5 Table A5a). For P reticulatum
unripe extracts, there was an overall negative effect of treat-
ment on removal (mean removal index =-2.25, t=-4.18,
DF =11, p=0.0015), and the linear model indicated no
significant differences among the three bat species (F = 0.92,
DF =2, p=0.43; Fig. 2A). For P, reticulatum ripe extracts,
there was again an overall negative effect of treatment on
removal (mean removal index =-1.31, t=-3.02, DF =15,
p =0.0087), and the linear model indicated no significant
differences among the three bat species (F=1.41, DF =2,
p= 0.28; Fig. 2A).

Effects of amides on fruit consumption (Q2)

Amides had a negative overall effect on the proportion of
fruit that bats consumed per infructescence (mean consump-
tion index=-0.19, t= -5.43, DF =62, p < 0.0001), but
the effects varied among bat species and depending on the
specific compound(s) or extract tested. From the starting sat-
urated linear model (consumption index ~ amide treatment
X bat species X group size), model simplification (Table 2)
led to a minimum adequate model that included only the

Table 2. Candidate models describing the factors affecting the fruit consumption indexa.

Model specificationb AlCc  AAICc  Akaike weight  Single term deletionc  p-valued
AmidelD X Sp X GS 78.6 65.2 <0.001

AmidelD + Sp + GS + AmidelD X Sp + AmidelD X GS + Sp X GS  48.4 35 <0.001 AmidelD X Sp X GS 0.34
AmidelD + Sp + GS + AmidelD X GS + Sp X GS 23.6 10.2 0.003 AmidelD X Sp 0.60
AmidelD + Sp + GS + AmidelD X GS 18.3 4.8 0.04 Sp X GS 0.57
AmidelD + Sp + GS 15.8 2.3 0.14 AmidelD X GS 0.10
AmidelD + Spe 13.4 0.0 0.46 GS 0.54
AmidelD 18.5 5.1 0.04 Sp 0.005
Sp 14.1 0.7 0.32 AmidelD 0.03

aCalculated as the average proportion of fruit consumed from treatment infructescences minus the average proportion of fruit consumed from

control infructescences by a group of bats during the trial period.

bFixed effects included the type of amide treatment (AmidelD), bat species (Sp), and group size (GS).

cFixed effect term removed from the model in the previous step of model simplification.

dp-value resulting from a likelihood ratio test comparing the specified model to the more complex model that included the deleted term in
the single term deletion column. These values may be interpreted as the significance of the effect of the term in the single term deletion

column.
eMinimum adequate model.
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Figure 2. Effects of pure amides and amide-rich extracts on fruit
removal (A) and fruit consumption (B) by three species of Carollia
bats. Indices were calculated for each trial and the values represent
the average (£ SE) among trials. Negative values of the indices
indicate a negative effect of amides on fruit removal or consump-
tion. For fruit removal (A), there was a significant interaction
between amide treatment and bat species, and the differences
among bat species were analyzed for each amide treatment inde-
pendently. For piperine and piperine + piplartine treatments only,
we found overall effects of bat species and conducted Tukey HSD
post-hoc pairwise comparisons among the three species. Letters on
bars represent significant differences among bat species. For fruit
consumption (B), there was no interaction between amide treat-
ment and bat species. Tukey HSD post-hoc pairwise comparisons
were conducted comparing amide treatments without regard to
species (lowercase letters) and comparing bat species without regard
to amide treatment (uppercase letters).

significant effects of amide treatment (F=2.55, DF =4,
p=0.049; Fig. 2B) and bat species (F=4.93, DF=2,
p =0.011; Fig. 2B). Tukey HSD post-hoc tests for all pair-
wise comparisons among the individual amides and extracts
indicated that the negative effects of piperine and ripe fruit
extracts were marginally stronger than those of piplartine
(p=0.052 and p =0.069, respectively). Tukey HSD post-
hoc comparisons among bat species indicated that the nega-
tive effects of amides on consumption by C. castanea were
stronger than the effects on C. perspicillata (p=0.014) or
C. sowelli (p=0.050). Because of the differences among
bat species, we also used one-sample t-tests to determine if
there was an overall effect of amides on the proportion of
fruit consumed for each species, and found that there was
a negative effect of amides on consumption by C. castanea
(mean consumption index=-0.32, t= -5.14, DF =21,

—
o
—— o

—_t

bc

Mass consumed (g)
[#)]

—

01X 11X  2X

Concentration

Control

Figure 3. Effects of increasing concentrations of Piper reticulatum
ripe fruit extracts on the average (= SE) mass of fruit consumed by
Carollia perspicillata in no-choice feeding trials. The amount of
fruit consumed was measured as the combined lengths from which
fruit was consumed from all Piper sancti-felicis infructescences
presented during a two hour period and converted to mass. Letters
above bars represent significant differences among amide concen-
tration treatments in Tukey HSD post-hoc pairwise comparisons.

p < 0.0001) and by C. perspicillata (mean consumption
index=-0.12, t=-2.81, DF =24, p=0.0098), but not
by C. sowelli (mean consumption index=-0.12, t=-1.61,

DE=15,p= 0.13).

Dose-dependent effects of ripe fruit amides on fruit
consumption (Q3)

Increasing concentrations of amide-rich extracts signifi-
cantly reduced the amount of fruit consumed by individual
bats from fruit buffets in no-choice feeding experiments
(x*=20.82, DF =3, p=0.00011; Fig. 3). Pairwise com-
parisons among controls and the three concentrations tested
showed that significantly less fruit was consumed from
infructescences supplemented at 2X than from controls
(p=10.0027), but controls were not different from the 0.1X
(p=10.63) or 1X (p=0.14) treatments. The most fruit was
consumed from the infructescences supplemented at 0.1X;
this treatment was different from the 1X (p =0.0048) and
2X (p<<0.001) treatments.

Discussion

Secondary metabolites can increase plant fitness by defend-
ing plant tissues against herbivores and pathogens (Iason
et al. 2012), but they also have important consequences for
interactions with mutualists, such as pollinators and seed
dispersers (Adler 2000, Levey et al. 2007). This study exam-
ined how secondary metabolites in fleshy fruits can affect
the foraging and feeding behavior of seed-dispersing bats.
Our results showed that amides, an important class of plant
defensive compounds (Dyer et al. 2004), have generally neg-
ative effects on bat preferences for Piper fruit, both in terms
of the removal of infructescences and the proportion of fruit
that bats consume from an infructescence once they begin to
feed (average removal and consumption indices significantly
less than zero, p<<0.0001; Fig. 2). Furthermore, these effects
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appear to be dose-dependent within the range of amides
present in natural Piper infructescences (Fig. 3). Thus, in the
case of amides in Piper, our data support the hypothesis of
a tradeoff between seed dispersal and fruit defense (Herrera
1982, Cipollini and Levey 1997a) over the hypothesis of
microbe-pest specificity, which suggests that defensive com-
pounds can be specific to pests with limited effects on mutu-
alists (Cipollini and Levey 1997a). However, we also found
that the effects of amides varied considerably depending on
the bat species and specific compound(s) involved (Fig. 2).
These results suggest that the strength of the tradeoff may
depend on a variety of environmental factors and provide
general support for the idea that fruit-frugivore interactions
can be highly context dependent (Perea et al. 2013).

Our results for the effects of amides on removal clearly
show that bats can detect amides prior to removal and have
reduced preferences for amide-supplemented Piper fruits
(Fig. 2A). This finding was somewhat contrary to our expec-
tations, because amides have very low volatility and are not
likely to be a major component of Piper fruit odor. It is possi-
ble that removal choices were, at least in some cases, informed
by a combination of taste and odor, because bats did often
make a number of exploratory flights or removal attempts at
a single infructescence before they finally removed it in flight
(behavior described in detail in Thies et al. 1998). In addi-
tion, bats were able to make multiple choices over the course
of a trial and may have learned to avoid amide-supplemented
fruits; however, the pattern of reduced removal of amide-
supplemented infructescences held even for the first removal
event of the trials and was not significantly explained by
individual learning (Supplementary material Appendix 4). It
is also noteworthy that the effects of amides on removal were
highly variable for different bat species and amide treatments
(Fig. 2A). For example, in our trials with C. sowelli and the
piperine/piplartine combination, there was an unexpected
trend towards increased removal of amide-supplemented
infructescences (Fig. 2A; Supplementary material Appendix
5 Table A5a). We further explored these results by testing for
potential non-additive effects of piperine and piplartine when
presented in mixture and found marginally significant evi-
dence for compound interactions (Supplementary material
Appendix 6). These same two compounds have also been
shown to interact synergistically or antagonistically in the
defense of Piper fruits against insect and microbial pests
(Whitehead and Bowers 2014), and, furthermore, could
interact with other chemical cues used by bats in unknown
ways. Thus, the potential for interactions among compounds
to influence the fruit removal preferences of bats under field
conditions warrants further investigation. It is possible that
bat foraging decisions depend not just on total amide concen-
trations, but on the particular combinations of compounds
that are present. While our results suggest that amides gener-
ally have a negative effect on removal preferences, it is pos-
sible that certain compound combinations (such as piperine
+ piplartine, Fig. 2A) could be preferred by bats, especially if
they are used by bats as foraging cues that allow them to rec-
ognize particular Piper species (Cipollini and Levey 1997a).

Our results also show that amides can have a negative
effect on the proportion of fruit that bats consume from
an infructescence once it is removed. This effect was stron-
gest for C. castanea, intermediate for C. perspicillata, and
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there was no overall negative effect of amides for C. sowelli
(Fig. 2B). Whether or not bats consume an entire infructes-
cence once they begin feeding might be in part explained in
the framework of optimal foraging theory, which predicts
that animal foraging behavior will reflect selection to maxi-
mize net energy gain (Pyke 1984). Once bats have expended
the energy to locate and remove a ripe infructescence, in most
cases the energetic gain would be maximized by consum-
ing it in its entirety. However, if the digestion or detoxifica-
tion of secondary metabolites also represents a substantial
energy expenditure, then bats may maximize energetic gain
by keeping the amount of secondary metabolites ingested
below a certain threshold. This may help explain why C.
perspicillata and C. sowelli, which overall have a more var-
ied diet than C. castanea (Fleming 1991), and therefore
would likely consume lower total amounts of amides in a
single evening, may be less constrained by the amount of
secondary metabolites consumed in any one infructescence.
There is some evidence suggesting that bats that consume
higher proportions of fruit require some means of secondary
metabolite detoxification — in a previous study with C.
perspicillata in the Ecuadorian Amazon, individuals with
a higher percentage of fruit relative to insects in their diet
spent more time visiting mineral licks, which are thought to
buffer the effects of secondary metabolites and aid in detoxi-
fication (Voigt et al. 2008).

Various factors may contribute to differences among
Carollia species in their responses to different amide treat-
ments. One possibility is that there is some differential spe-
cialization within the genus, where certain Carollia species
consume relatively higher amounts of certain species of
Piper, and therefore may have evolved an ability to tolerate
or detoxify the specific compounds that are more abundant
in their diet. Another factor contributing to the variation in
response among Carollia species may be variation in habi-
tat use and the availability of different Piper species in their
typical foraging range. Our results suggest that C. sowelli is
the least deterred by amides, both in terms of fruit removal
and fruit consumption (Fig. 2). This species has been less
well-studied than its congeneric counterparts, but one study
showed that C. sowelli is the most sedentary (i.e. has the
smallest foraging range) of the three species co-occurring at
La Selva (Fleming 1991). If this smaller range means there
are fewer food options available to individuals at any given
point in time, it could result in C. sowelli being the least
‘choosy” about available food items.

For one species, C. perspicillata, the negative effects of
amides on bat preferences were further supported by a set
of experiments conducted to examine how varying con-
centrations of amides affect fruit consumption by bats in a
no-choice context. In cases where fruiting Piper shrubs are
separated spatially, this no-choice scenario may provide a
better approximation of the foraging decisions bats make
in field conditions. We found that P sancti-felicis fruits
supplemented with the average amount of amides found in
P reticulatum (1X treatment) had no deterrent effect rela-
tive to controls, but those fruit supplemented with twice the
average amount (2X treatment) were deterrent. Natural con-
centrations of amides in ripe fruits of 2 reticulatum can vary
over 10-fold (from 0.16-2% dry weight; Whitchead et al.
2013) and the 2X treatment is still well within the range of



natural variation. Thus, a deterrent effect of the 2X amide
treatment relative to controls or low concentration (0.1X)
treatments suggests that the natural variation in amide
concentration among Piper plants is sufficient to result in
variation in the strength of any potential tradeoff between
seed dispersal and fruit defense.

Although our results provide support for the hypothesis
of trade-offs between seed dispersal and fruit defense, the
ultimate fitness consequences of this tradeoff for plants will
depend on how reduced bat preferences for fruits translate to
altered seed germination and seedling establishment. Piper
infructescences with higher concentrations of amides may
be only partially consumed, but it is unclear whether seeds
that are dropped below feeding roosts inside partially intact
infructescences are able to survive and germinate with simi-
lar probability compared to seeds that are consumed and
defecated. Although the germination probability is similar
for cleaned Piper seeds that are collected from bat feces ver-
sus ripe fruits (Palmeirim et al. 1989); many studies have
shown that cleaned seeds have a much higher germination
probability than seeds inside intact fruits (Traveset et al.
2007). This could be due to chemical inhibition of seed
germination by pulp metabolites (Traveset et al. 2007) or
due to rapid fungal attack and decomposition of uncon-
sumed ripe fruit (Obando and Whitehead unpubl.). How-
ever, at least in some cases, seed germination is likely from
partially consumed fruits (Fedriani et al. 2012), and the
probability of germination in partially eaten Piper infructes-
cences is unknown. Other interacting factors may also influ-
ence the relationship between fruit amides and germination
success. We have observed that intact or partially consumed
Piper infructescences on the forest floor are sometimes
rapidly removed piecemeal by foraging ants, and the effects
of amides on ant dispersal are unknown. In addition, cer-
tain amides have been shown to speed the passage rates of
seeds through bat guts, which can have important implica-
tions for both dispersal distance and seed viability (Baldwin
and Whitehead 2015b). Clearly, understanding the true fit-
ness consequences of secondary metabolites in ripe fruits is
complex and will require in depth study of seed survival and
germination in a variety of scenarios.

There are two important caveats to our results. First, bat
responses were measured in cages with a plentiful supply of
infructescences, and responses in this environment may dif-
fer from those in natural habitats. If Piper infructescences
represent a limited resource, bats may be less choosy and
accept higher concentrations of secondary metabolites.
Second, we measured the effects of amides by adding com-
pounds to infructescences of Piper sancti-felicis, a species that
does not naturally contain amides. This approach allowed
us to observe the natural behaviors of Carollia bats feed-
ing on Piper infructescences while avoiding the confound-
ing effects of any underlying variation in amide content.
However, it did create a novel combination of secondary
metabolites that could interact in unknown ways and that
bats have not experienced in natural habitats. One alterna-
tive explanation for our results is that bats avoided amide-
supplemented infructescences simply because they were
novel. Although this cannot be ruled out as a partial explana-
tion for our results, we do not believe it can fully account for
the deterrent effects of amides for two main reasons. First,

while all amide treatments were novel with respect to their
occurrence in P sancti-felicis, not all treatments were avoided
(e.g. piplartine and low concentrations of amides in our no-
choice tests). Also, we conducted preliminary trials with C.
perspicillata where amides were added to a completely novel
food (banana agar diet mix), and still found that amides
were deterrent relative to the unsupplemented controls
(Whitehead unpubl.).

This study has provided evidence that amides can nega-
tively affect the foraging and feeding preferences of Carollia
bats. Combined with our previous work showing that the
same amides can deter insect seed predators and reduce the
growth rates of fungi (Whitehead and Bowers 2014), these
results suggest that amides in Piper fruits likely represent a
tradeoff between defense against antagonists and attraction
of mutualist seed dispersers. However, understanding the
ultimate consequences of fruit amides for plant reproductive
fitness will require additional well-replicated experiments in
field conditions to examine how amides affect seed germina-
tion and survival in natural habitats. Furthermore, because
our results show that even closely-related species (three bats
in the same genus) can be affected in different ways by specific
compounds or combinations of compounds in fruits, future
work should focus on understanding whether there is sub-
generic specialization in seed dispersal interactions within
the genus Piper. The divergent selective pressures imposed
by different Carollia species or by different disperser groups
(e.g. bats versus birds) may be one factor contributing to the
chemical evolution and diversity of the genus Piper (Parmar
et al. 1997). Although secondary metabolites have primar-
ily been examined as defensive traits in leaves, the potential
for fruit secondary metabolites to affect multiple mutualistic
and antagonistic interactions in which plants are simultane-
ously involved may be an important and underappreciated
force in determining the outcome of ecological interactions
and the evolution of plant chemical diversity.
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