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Abstract

Animal-pollinated plants can be susceptible to changes in pollinator availability. Honeydew-producing treehoppers fre-
quently occur on inflorescences, potentially enhancing ant-mediated negative effects on pollination services. However, the
effect of ant-attended, honeydew-producing insects on plant reproduction remains uncertain. We recorded the abundance
of treehoppers and ants on Byrsonima intermedia (Malpighiaceae), and monitored floral visitors in a Brazilian cerrado
savanna. We manipulated the presence of ants and ant—treehopper associations on inflorescences to assess their effect on
pollination and fruit formation. We used dried ants pinned to inflorescences to evaluate the effect of ant presence and ant
identity on potential pollinators. Results show that the presence of treehoppers increases ant abundance on flowers and
disrupts pollination by oil-collecting bees, decreasing the frequency and duration of floral visits and reducing fruit and seed
set. Treehopper herbivory has no direct effect on fruit or seed production, which are independent of treehopper density.
Pinned ants promote avoidance by floral visitors, reducing the number of visits. Ant identity mediates visitation decisions,
with Ectatomma brunneum causing greater avoidance by floral visitors than Camponotus rufipes. Field videos show that
pollinating bees are harassed by ants near flowers, prompting avoidance behavior by the bees. This is the first demonstration
of indirect effects by honeydew-gathering ants, via disrupted pollination, on plant reproduction in tropical cerrado savanna.
Our results highlight the importance of studying other interactions near flowers, in addition to just observing pollinators, for
a proper understanding of plant reproduction.

Keywords Ant—plant-herbivore interaction - Byrsonima - Cerrado savanna - Oil-collecting bees - Flower avoidance
behavior

Introduction

Arthropods and flowering plants are among the most abun-
dant organisms in terrestrial landscapes and their life histo-
ries are bound to cross in many environments (Price et al.
2011). The relationships between plants and pollinators
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may be one of the most ecologically important types of ani-
mal—plant interactions, and about 87% of flowering plant
species are animal pollinated (Ollerton et al. 2011). In addi-
tion to anthropogenic disturbance that can jeopardize pol-
lination services, the presence of other organisms near flow-
ers and their interactions with potential pollinators can also
affect the final outcome of flower visitation (Romero et al.
2011). Thus, the study of ecological factors affecting animal
pollination is becoming increasingly important.

Plant species have different degrees of flexibility regard-
ing pollinators, being able to be pollinated by a single or
by several species (Waser et al. 1996; Alarcén et al. 2008).
In highly diverse communities, however, negative interac-
tions between floral visitors may disrupt pollination ser-
vices (Alarcén et al. 2008). The relationship between plants
and low-efficiency pollinators can vary from commensal-
ism to antagonism (Lau and Galloway 2004). In addition,
these negative interactions involving floral visitors include
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predation by arthropods such as wasps and spiders, which
can affect pollination services (and in turn fruit formation)
by harassing pollinators and prompting flower avoidance
behavior (Romero et al. 2011). The interaction between
mutualisms occurring near inflorescences (such as ants—tree-
hoppers and pollinators—flowers) and their effect on plant
reproduction remain understudied (Lach 2007; Styrsky and
Eubanks 2010; LeVan and Holway 2015).

Although ants are often observed visiting flowers in a
variety of environments, the outcomes of these interactions
are frequently reported as negative for the flowers, rarely
resulting in effective pollination (Beattie 2007; Rico-Gray
and Oliveira 2007). Furthermore, floral visitation by ants can
result in reduced pollen viability when pollen grains come
into contact with antibiotic substances on ant integuments
(Beattie et al. 1984; Dutton and Frederickson 2012). Ants
may also cause damage to reproductive structures (Palmer
et al. 2010), harassment of floral visitors (Tsuji et al. 2004;
Ness 2006), avoidance or alteration of floral visitation
behavior in response to olfactory (Li et al. 2014) and visual
cues (Cembrowski et al. 2014), and depletion or modifica-
tion of floral resources (Lach 2008; de Vega and Herrera
2013). However, floral visitation by ants may also result in
positive outcomes for the plant if the ants can deter less
effective pollinators (Gonzalvez et al. 2013), floral herbi-
vores (Oliveira 1997; Bleil et al. 2011), or even pollinate the
flowers (see review in de Vega and Gémez 2014). Although
floral visitation by ants is pervasive in almost every terres-
trial environment, few studies have assessed how ant—flower
interactions can ultimately affect plant reproduction (Hanna
et al. 2015; LeVan and Holway 2015). Moreover, the impor-
tance of the identity of the ant species as a factor affecting
plant reproduction remains uncertain (see Ness 2006).

Given that the presence of honeydew-producing insects
(i.e., trophobionts) is known to increase ant visitation to
plants (Del-Claro and Oliveira 1996), floral visitation by ants
can be enhanced by honeydew-producing insects that feed
near flowers. Yet, the ecological consequences for the plant
remain unclear (Styrsky and Eubanks 2007). Ants tending
honeydew-producing insects often drive off other insects
(predators, parasitoids, other herbivores, etc.), causing a pos-
itive effect on the trophobionts as well as an indirect positive
effect on the plant by reducing herbivore damage (Oliveira
and Del-Claro 2005; Pringle et al. 2011). Even though ants
tending honeydew-producing insects may be distracted from
foraging any floral resource (e.g., nectar), ants are com-
monly found on inflorescences (Lach 2007). Moreover, and
despite the ubiquity of ant-mediated interspecific interac-
tions near flowers in many terrestrial ecosystems, few studies
have experimentally assessed the effects of ant—trophobiont
associations on pollinators and their consequences for plant
reproduction. Previous work focusing on ant—aphid associa-
tions demonstrated that the interaction between red fire ants
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(Solenopsis invicta) and cotton aphids (Aphis gossypii) may
enhance cotton plant (Gossypium hirsutum) reproduction by
reducing non-aphid herbivore damage (Styrsky and Eubanks
2010). In contrast, LeVan and Holway (2015) demonstrated
that ant—aphid interactions negatively affect cotton plant
reproduction, because the ants harass other floral visitors.
Here, we investigate if associations between ants and
honeydew-producing treehoppers (Membracidae) on inflo-
rescences of Byrsonima intermedia (Malpighiaceae) affect
bee pollination (Fig. 1) and plant reproduction in a reserve
of cerrado savanna in southeast Brazil. We manipulated the
presence/absence of ants and treehoppers to determine their
effect on the behavior of bee pollinators, as well as on the
reproductive output of the plant. Specifically, our observa-
tions under natural conditions and experimental manipula-
tions assessed (1) how the presence of treehoppers affects
ant abundance near flowers of B. intermedia; (2) how ant
presence near the flowers and ant species identity affect visi-
tation behavior of potential pollinators (evaluated as duration
of visits and number of approaches to flowers); and (3) how
ant-treehopper associations affect fruit and seed set.

Materials and methods
Study area and system

Fieldwork was carried out at the cerrado reserve of the
Estacdo Ecoldgica de Itirapina (22°14'43"S, 47°53"23"W),
in the state of S3o Paulo, southeast Brazil. The vegetation
physiognomy corresponds to a cerrado sensu stricto, charac-
terized by a dense scrub of shrubs and trees in an herbaceous
matrix (Oliveira-Filho and Ratter 2002). The climate of the

Fig.1 a Oil-collecting bee, Centris varia, approaches an inflores-
cence of Byrsonima intermedia occupied by workers of Camponotus
rufipes, which b attend nymphs of honeydew-producing Amastris
undulata treehoppers. ¢ Bees pollinate the flowers of B. interme-
dia while collecting oil at the calyx glands (arrow). Photo credits: J.
Ibarra-Isassi (a, b); H. Soares Jr (c)
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region is characterized by a rainy/warm season from Novem-
ber to March (mean temperature 24.8 °C and mean rainfall
1128 mm) and a dry/cold season from May to September
(mean temperature 17.8 °C and mean rainfall 331 mm; Zan-
chetta et al. 2006).

In January 2015, we tagged 60 shrubs of Byrsonima inter-
media (> 1.5 m from one another), where we had observed
ants and/or treehoppers within 80 ha of cerrado contain-
ing nearly 200 shrubs of this species. For each plant, we
recorded the phenological state, height, number of inflores-
cences, the presence of treehoppers, and the presence of ants
(see below). Byrsonima intermedia is a shrub (0.4-1.8 m
tall) with terminal, racemose inflorescences, and hermaph-
roditic, zygomorphic flowers with five pairs of elaiophores
(oil-producing glands on the calyx; Fig. 1c). Flowers are
diurnal, last one day and anthesis is variable: some flow-
ers open around 9:00 h, while others may delay opening
until around 15:00 h (Oliveira et al. 2007, Boas et al. 2013).
Flowering lasts 9 months (August—April) with a peak in the
beginning of the rainy season; fruiting lasts 8—9 months
(Boas et al. 2013). The ovary is ovate, superior, tricarpel-
late, and trilocular, with one ovule per locule, which trans-
lates into three seeds per fruit formed (Souto and Oliveira
2005). Byrsonima shrubs are self-incompatible plants,
although B. intermedia has been reported to have faculta-
tive self-compatibility (Boas et al. 2013), and even auto-
compatibility (Oliveira et al. 2007). Most Byrsonima species
depend on pollinators, since no fruit formation occurs after
self-pollination (Boas et al. 2013). Visitors to Byrsonima
flowers collect pollen from anthers and/or oil produced by
the elaiophores, but only a few visitor species exhibit a buzz-
pollination behavior specialized for foraging on this type of
flower (Fig. 1a; video Online Resource 1; Sigrist and Sazima
2004; Boas et al. 2013). Some bees (Bombus sp., Centris
varia, Epicaris flava, and Xylocopa ordinaria) make quick
visits (2—4 s) and collect pollen by vibration or buzz polli-
nation (further details in Sigrist and Sazima 2004; Oliveira
et al. 2007; Boas et al. 2013).

Effect of treehoppers on ant abundance

We carried out observations and manipulative experiments
in the field to investigate the effect of the presence of honey-
dew-producing treehoppers on ant abundance, as well as the
effect of ant—treehopper associations on flower visitors of B.
intermedia shrubs (Fig. 1). In the cerrado, treehoppers are
commonly tended by ants that harvest their carbohydrate-
rich honeydew; in return, the ants may reduce treehopper
mortality due to predators and parasitoids (Lopes 1995; Del-
Claro and Oliveira 2000). If unattended by ants, treehopper
aggregations may flick honeydew droplets to the ground to
attract ants, which climb onto the plant and start tending
activities (Del-Claro and Oliveira 1996). From January to

April 2015, during sunny days, we monitored weekly tree-
hopper and ant abundances on each of 30 individuals of B.
intermedia (chosen randomly from the previously 60 tagged
individuals), between 8:00 and 18:00 h, for 5 min per plant.
The order and period in which the plant individuals were
observed was randomized every observation session. We
recorded the species and the abundance of ants and treehop-
pers (nymphs and adults) on each plant. As a measure of ant
activity, we used time-averaged estimates equivalent to the
mean abundance of ants per inflorescence per plant across
weekly observation periods.

We used generalized linear models (GLM) to test the
effect of the mean number of treehoppers on ant abundance,
and the effect of ant—treehopper interactions on the number
and duration of visits by floral visitors of B. intermedia (see
below). We assumed a Poisson error distribution, since it is
appropriate for count data showing a positive skew (Quinn
and Keough 2002). In addition, we controlled for overdisper-
sion and used log link function and Laplace approximation
and maximum likelihood methods for parameter estimation.
As a measure of model fit, we calculated marginal and con-
ditional R? (Nakagawa and Schielzeth 2013). All statistical
analyses were performed in R 3.0.2 (R Core Team 2013)
using the packages ‘lme4’ (Bates et al. 2015) and ‘MuMIn’
(Barton 2016), respectively.

Effect of ant-treehopper associations on floral
visitors

Ness (2006) suggests that frequency of floral visitation by
bees varies depending on the ant species present on the inflo-
rescence. Bees use several signal cues that influence their
decision of visiting or avoiding the flower. When ants are
present, their smell and chemical trails may affect bee deci-
sions (Junker et al. 2007; Sidhu and Wilson-Rankin 2016).
However, Bombus bees (Apidae and Bombini) can learn
through experience that the smell of the ant can be ignored
and that visual cues are more important (Ballantyne and
Willmer 2012).

To record the assemblage of winged floral visitors to B.
intermedia, 15 flowering individuals were observed (chosen
randomly from the initial 60 marked plants). We counted the
total number of floral visitors and the duration of visits for
30 min throughout the day. Plants were randomly chosen
during each observation period. Daily field observations
were carried out at 08:00, 10:00, 12:00, 14:00, 16:00, and
18:00 h (6 daily observation events for 5 days and totaling
900 min of observation). Any insect contacting the flower
for at least 0.5 s was considered a floral visitor.

We used a GLMM (assuming a Poisson distribution, log
link function, and maximum likelihood for parameter esti-
mation) to analyze the relationship between ant abundance
on the inflorescence and winged insect visitation frequency
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and duration while also considering the plant as a ran-
dom effect. We considered each visit as a unit for analysis
(N = 51). We did not include observations that had no visita-
tion in our analysis. We calculated marginal and conditional
R? (Nakagawa and Schielzeth 2013) as a measure of model
fit. The statistical analyses were performed using the pack-
ages ‘Ime4’ (Bates et al. 2015) and ‘MuMIn’ (Barton 2016),
in R 3.0.2 (R Core Team 2013).

To estimate the relative effect of natural encounters
between floral visitors and ant species commonly found
on B. intermedia, we took an experimental approach. Ant
occupation of inflorescences was simulated by pinning dead,
recently-captured ants to inflorescences (following Sendoya
et al. 2009; ants were killed by pinching and stabbing the
thorax with pin). We pinned dead workers of Camponotus
rufipes (~ 0.7 cm; Formicinae) and Ectatomma brunneum
(~ 1.0 cm; Ectatomminae), because these two species are
morphologically and behaviorally distinct from one another,
and are commonly found foraging on the inflorescences of
B. intermedia (see below). We selected ten plants with sim-
ilar heights (~ 0.8—1.2 m) and numbers of inflorescences
(12-15), and similar numbers of recently opened flow-
ers (5-8); no treehoppers or other sap-sucking herbivores
were present. We randomly selected four inflorescences on
each plant and assigned each to one of the following treat-
ments: (1) “No ants”; (2) “1 Pin” (by itself as a control);
(3) “1 Pinned worker of Camponotus rufipes”; and (4) “1
Pinned worker of Ectatomma brunneum”. All other inflo-
rescences were clipped off to induce prospective visitation
to experimental flowers. Ant access to all inflorescences
was prevented by applying a sticky barrier of tanglefoot
resin (Tanglefoot Co., Grand Rapids, Michigan) at the base
of inflorescences, as well as by pruning plant bridges. We
recorded visitation or avoidance behavior of winged visi-
tors for each treatment block (individual plant) for 30 min
between 8:00 and 18:00 h (40 observation events in 4 days
and totaling 1200 min of observation), randomizing each
observed plant throughout the day.

We constructed a generalized linear mixed model
(GLMM) to explain the results of the “pinned insect” experi-
ment. We used the treatment as a variable that may explain
the number of approximations (visitation or avoidance) and
individual plants were considered a random effect (blocks)
assuming binomial error distribution (visitation/approaches
ratio). We established a priori orthogonal contrasts for this
analysis: No ants vs. C. rufipes and E. brunneum, No ants
vs. C. rufipes, No ants vs. E. brunneum, No ants vs. Pin, and
C. rufipes vs. E. brunneum. We estimated parameters using
logit link function, Laplace approximation, and maximum
likelihood. This analysis was performed using ‘lme4’ (Bates
et al. 2015), the ‘multcomp’ (Hothorn et al. 2008) and the
‘lattice’ (Sarkar 2008) packages for R software version 3.0.2
(R Core Team 2013).
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Effect of ant-treehopper associations on plant
reproduction

The honeydew produced by treehoppers is very attractive
to several species of ants in the cerrado (Lopes 1995), and
the associated ants may prey on other insects (Del-Claro
and Oliveira 2000). However, few studies have investigated
the effect of ant—treehopper associations on fruit formation
(Oliveira and Del-Claro 2005; for ant—aphid effects, see
Styrsky and Eubanks 2010; LeVan and Holway 2015). We
tested the effect of ant—treehopper associations (ATA) on the
plant’s reproductive output through exclusion experiments
using B. intermedia inflorescences.

We selected another subset of 30 plants (taken from the
original 60, but excluding the 15 used in the previous experi-
ment) that were in similar phenological phase, had the same
height (~ 0.7 m tall) and similar numbers of inflorescences
(12-15), and were at least 3 m apart from one another. For
each plant, we established the following treatments: (1) “No
exclusion”, inflorescence left untouched (winged floral visi-
tors and ATA), and (2) “Exclusion”, flying insects allowed,
but treehoppers and ants excluded (tanglefoot resin applied
to base of branch and selected inflorescences). Treatment
(1) had a speck of resin applied on only one side of the
branch, so that ants could still access the inflorescence.
Inflorescences in Treatment (2) had no evidence of treehop-
per or ant presence. We used pairs of inflorescences on the
same individual plant to control for potential among-plant
variation (i.e., age and location) from confounding treat-
ment effects (see Lach 2007). We made an initial count of
treehoppers on each inflorescence of Treatment 1 (Treat-
ment 2 inflorescences had no treehoppers, thus we did not
perform a count, though we checked for the absence of tree-
hoppers) and surrounding branches. Both treatments were
checked every 3 days for 1 month to confirm the presence/
absence of organisms on the experimental inflorescences.
We recorded the number of flower buds of each experimental
inflorescence. After 1 month, we recorded the number of
treehoppers on each inflorescence, bagged all inflorescences
using voile bags (which allow flowers to bloom, but exclude
visitors), and applied a ring of tanglefoot resin to exclude
all crawling visitors. Then, after 2 months, we counted the
number fruits formed. Fruits were dried (48 h at 70 °C) and
the number of seeds was counted for each fruit.

We used a Generalized Linear Mixed Model (GLMM),
assuming Gaussian distribution, to test the effect of the pres-
ence (mean number) of treehoppers on fruit and seed set of
B. intermedia while considering the individual plants as a
random variable in our model (blocks). We then analyzed
the fruit set in each experimental group of inflorescences
using a GLMM using the treatments as the predictor vari-
able and the number of fruits formed divided by the number
of initial flowers (fruit/flower ratio) as the response variable
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(assuming a binomial error distribution). For this model, we
also considered the individual plants as a random effect for
our model. For this model, we used the Laplace approxi-
mation and maximum likelihood for parameter estimation.
As we had many zeroes in our data (i.e., when no fruits
were formed in either treatment), we excluded them from
our analysis to avoid possible interpretation errors caused
by zero-inflated models as a result of the treatments that had
zero fruits formed. We used a similar approach to analyze
seed formation, and considered the number of seeds formed
per number of fruits (seed/fruit ratio) as the response vari-
able. The analyses were carried out using the ‘Ime4’ pack-
age (Bates et al. 2015) for R software version 3.0.2 (R Core
Team 2013).

Results

Field surveys revealed that two species of treehoppers,
Enchenopa gracilis and Amastris undulata, were associated
with 84% of Byrsonima intermedia individuals (N = 60;
Fig. 1b). In addition, 11 ant species were registered visiting
95% of the plants, the most frequent of which were Cam-
ponotus rufipes (66%), C. crassus (16%), and Ectatomma
brunneum (9%). Plants hosting E. gracilis (45%) or A.
undulata (39%) were pooled together in our analyses, since
they did not differ in the average number of tending ants
(Fy 59 =3.141; P = 0.09), and as such their potential effects
on plant reproduction were considered the same.

Effect of treehoppers on ant abundance

We found that the number of treehoppers (nymphs) increased
the abundance of ants on B. intermedia inflorescences
(Fig. 2; Z = 7.971; df = 29; P < 0.001; R(zm) = 0.21;

R(zc) = (.25). When analyzed by treehopper species, we found

similar trends for both species (Fig. 2; A. undulata:

Z=5211;df=14; P <0.001; R(zm) =0.21; R(ZC) =0.25; E.

gracilis: Z = 5.795; df = 14; P < 0.001, R(zm) = 0.22;
2

R(C) =0.22).

Effect of ant-treehopper associations on floral
visitors

We recorded nine species of winged floral visitors belonging
to Apidae (4 species), Halictidae (2 species), Syrphidae (1
species), and Muscidae (1 species) (Table 1). Oil-collecting
Centris varia bees (Apidae) were by far the most frequent
visitors to flowers of Byrsonima intermedia (> 5 visits per
hour; Fig. 1a), whereas the other species were considered

Z=7971 o e
4 df=29 o
P <0.001 o P
n @ .
= 8 -e- E. gracilis ° o i
© E]:_) 3 O A. undulata o o o -0
‘S —_ oo o
[s) 8 Both spp ° 8 e %
o9
€5 27 o o e o
2 PO
% E 8- o o
[ L
=5 11 o o °
0 T

T * T T T T T T T
00 05 10 15 20 25 30 35 40 45 50
Mean no. of treehoppers on inflorescences

Fig.2 Number of ants and treehoppers per shrub of Byrsonima inter-
media. Each point represents the number of ants tending a treehop-
per aggregation. Black dots and black trend line represent Enchenopa
gracilis treehoppers and white dots and dashed trend line represent
Amastris undulata treehoppers. The test and P value correspond
to a Poisson GLMM considering both species (gray trendline;

2 _ CR2 —
R(m) =0.21; R(c) =0.25)

Table 1 Frequency of visitation (number of visits/total number of
hours of observation) and floral resource collected by winged floral
visitors of Byrsonima intermedia in a cerrado reserve in southeast
Brazil

Floral visitor® Visitation frequency Resource collected®

(per hour)

Apidae

Apis mellifera 0.56 Pollen

Centris varia 5.44 Pollen, oil

Trigona spinipes 0.56 Pollen

Xylocopa ordinaria 0.16 Pollen
Halictidae

Augochloropsis sp. 0.88 Pollen

Augochlora sp. 0.24 Pollen
Muscidae

Muscidae sp. 0.08 Pollen
Syrphidae

Toxomerus sp. 0.08 Pollen

aSee also Boas et al. (2013) for additional data on visitors and floral
resources of Byrsonima spp. in other cerrado areas

occasional visitors (< 1 visit per hour; Table 1). All visitors
were active during the sampling period; visits by winged
insects were more frequent early in the morning (08:00 h)
and between 10:00 and 14:00 h, whereas visits by ants
peaked at 10:00 and 16:00 h (Fig. 3a). The number of visits
by winged insects declined with increasing number of ants
(Fig. 3b; Z = — 2.799; df = 51; P = 0.005, R(zm) =0.21;
R(zc) = 0.30). Likewise, the duration of floral visits by all
insects declined with increasing number of ants on B. inter-
media inflorescences (Fig. 3c; Z = — 2.604; df = 51;
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Fig.3 a Visitation by ants and winged insects to Byrsonima inter- »

media throughout the day. Each point represents the mean number
of ants (black) or winged insects (white) observed (+ SE) visiting
the inflorescences. b Number of visits by winged insects to flowers
of B. intermedia as a function of the number of ants present on the
inflorescence. Data points represent individual floral visits per obser-
vation period. Test and P values correspond to a Poisson GLMM
(Rfm) =0.21; R?C) = 0.30). ¢ Duration of visits by winged insects to
flowers of B. intermedia as a function of the number of ants present
on the inflorescence. Data points represent individual floral visits
per observation period. Test and P values correspond to a Poisson

GLMM (R, =0.18; R2 = 0.31)

P = 0.009; R(zm) = 0.18; R(zc) = 0.31; see video Online

Resource 1).

The experiment using pinned ants (Camponotus rufipes
and Ectatomma brunneum) revealed that ant presence
promotes avoidance behavior by floral visitors, reduc-
ing the total number of visits (Fig. 4; Binomial GLMM;
x> =47.679; df = 3; P < 0.001; see video Online Resource
1). Pins alone had no effect on floral visitation: bees and
other insects visited equally inflorescences with or without
pins (Z = — 1.041; df = 39; P = 0.6379). Furthermore, we
showed that ant identity is an important factor affecting
the number of approaches by floral visitors (No ants vs. C.
rufipes: Z = — 2.495; df = 39; P = 0.0433; No ants vs. E.
brunneum: Z = — 4.632; df = 39; P < 0.001), with E. brun-
neum causing greater avoidance behavior by floral visitors
than C. rufipes (Z = —2.471; df = 39; P = 0.0462; Fig. 4).
Indeed, E. brunneum was extremely aggressive toward
intruders around inflorescences (Online Resource 2).

Effect of ant-treehopper associations on plant
reproduction

The reproductive output of Byrsonima intermedia increased
when ant-treehopper associations were excluded from the
inflorescences. Both the proportion of fruits (Binomial
GLMM, Z =2.526; df = 17; P = 0.0115) and seeds formed
(Z=12.127;df = 17; P =0.0334) were significantly reduced
by the presence of ant—treehopper associations on the inflo-
rescences (Fig. 5; see Online Resources 3, 4). This result
seems to be independent of the effect of treehopper her-
bivory, and indeed, our regression analyses show no sig-
nificant relationship between the density of treehoppers and
fruit and seed set (Fig. 6).

Discussion
The presence of honeydew-producing treehoppers increased
ant abundance on inflorescences of Byrsonima intermedia,

which disrupted pollination by flying insects and ultimately
reduced plant reproduction. Ant presence near flowers
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intermedia (visits/total approaches) by winged visitors per treatment
(N = 10). Ant occupation on inflorescences was simulated by pinning
dead, recently-captured ants to inflorescences. Treatment groups: (1)
“No ants”; (2) “1 Pin”; (3) “1 Pinned worker of Camponotus rufipes’;
and (4) “1 Pinned worker of Ectatomma brunneum”. Different let-
ters denote significant statistical difference (P < 0.05). Data points
represent individual approach events; the points are jittered to show
data aggregation (darker points show point overlap). Horizontal black
lines represent the mean proportion of effective approaches to flowers

negatively affected both the frequency and duration of flo-
ral visitation by flying insects. Although a combination of
different factors may affect B. intermedia fruit formation
(Boas et al. 2013), our field experiments demonstrate a nega-
tive effect of the presence of ant—treehopper associations on
the reproductive output of B. intermedia as expressed by
decreased fruit and seed set.

Ant-treehopper associations have been thoroughly stud-
ied in cerrado plant species (Lopes 1995), and in general,
ant attendants have a negative effect on damaging herbivores
(Oliveira and Del-Claro 2005). Increased floral visitation by
ants in the presence of honeydew-producing treehoppers has
already been reported in other systems (e.g., Lach 2007),
including associations occurring on inflorescences in the
cerrado (Lopes 1995; Del-Claro and Oliveira 2000; Kamin-
ski et al. 2010). In our study system, ants rarely visited B.
intermedia inflorescences in the absence of honeydew-pro-
ducing treehoppers, since flowers do not appear to offer any
resource for the ants (e.g., pollen and oil). This indicates that
treehoppers are the basis for the interaction between ants and
floral visitors of this plant.

All winged insects visiting flowers of B. intermedia in
our study area collect pollen from it, but only Centris varia
bees collect oil from elaiophores at the base of flowers and
exhibit buzz-pollination behavior (Sigrist and Sazima 2004;
Boas et al. 2013). This information suggests that large oil-
gathering C. varia may be the only effective pollinators of
B. intermedia in our study area. Although floral visitation by
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Fig.5 Exclusion experiment examining the effect of ant-treehop-
per associations (ATA) on the reproductive output of Byrsonima
intermedia. Treatment groups: (1) “No exclusion”, inflorescence left
untouched (winged floral visitors and ATA); (2) “Exclusion”, flying
insects allowed, but treehoppers and ants excluded (tanglefoot resin
applied to base of branch). Data points represent individual inflo-
rescences; the points are jittered to show data aggregation (darker
points show point overlap). Asterisks (*) denote significant statisti-
cal difference (P < 0.05). a Proportion of fruits formed (number of
fruits formed per number of flowers in inflorescence) in each plant. b
Proportion of seeds formed (number of seeds formed per number of
fruits) in each plant

C. varia was typically fast (normally 1-4 s per flower), buzz-
ing behavior frequently triggered an aggressive response by
nearby ants tending treehoppers. The alerted ants would then
reduce the duration of the visits by buzz pollinators, likely
reducing pollination efficiency (see video Online Resource
1; Boas et al. 2013). Similarly, our data on the daily activ-
ity pattern at B. intermedia by both winged visitors and
ants show that flower visitation by winged insects peaks at
periods of low ant activity, suggesting that visitors other
than bees might also avoid encounters with ants (Tsuji et al.
2004; Sendoya et al. 2009; Li et al. 2014; Ibarra-Isassi and
Sendoya 2016).

Our experimental results on pollination disruption by
tending ants corroborate the study by LeVan and Holway
(2015) with cotton (Gossypium hirsutum), which shows
that increased numbers of aphid-tending Argentine ants
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(Linepithema humile) on the plant decreases the duration
of visits by honeybee pollinators. It is important to note,
however, that shorter visits may benefit the plant through
increased numbers of visited flowers per unit time, which
might lead to an increased rate of pollen transfer (Altshuler
1999; Ness 2006). Thus, it is important to consider the time
and number of flowers visited to fully assess the effect of ant
presence on plant reproduction, especially in buzz-pollinated
flowers, because a short visit might not be enough for the
flower to be stimulated enough to release the pollen grains
(Sigrist and Sazima 2004). Our experiment using pinned
ants on inflorescences demonstrated that ant presence medi-
ates flower visitation by winged insects and further detected
a species-specific effect on flower visitors, which showed
increased avoidance behavior towards Ectatomma brunneum
compared to Camponotus rufipes ants. There is evidence
suggesting that winged insects use visual or chemical rec-
ognition cues to avoid aggressive ants, altering egg-laying
decisions and even discriminating different species of poten-
tial predatory ants by size and form (Sendoya et al. 2009).
Although both ant species behaved aggressively on leaves,
alertness by larger E. brunneum standing poised with man-
dibles open and ready to attack any intruder was remark-
able (Online Resource 2). Since C. rufipes did not present
this behavior, we believe that bees are able to recognize the
“guarding” behavior presented by E. brunneum as a threat,
and thus avoid visiting inflorescences occupied by this ant.
This was evidenced in prior field observations, which in
turn motivated the inclusion of E. brunneum in our pinning
experiments. It was beyond the scope of this study to dis-
entangle the mechanisms underlying the differential avoid-
ance by floral visitors to these two species. Other studies
have shown that the presence of ants on flowers (in general)
affects the visitation or avoidance behavior of pollinators
(Keeler 1977; Cembrowski et al. 2014; LeVan and Holway
2015). Our pinning experiment confirms that it is important
to consider the identity of the ant species when studying
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any kind of ant-based interaction. Furthermore, Ness (2006)
reported that floral visitation by bees varies in both duration
and actual frequency depending on the species of ant present
on the flowers of Ferrocactus wislizeni (Cactaceae). Recent
theoretical models suggest that when the level of ant aggres-
siveness is above a certain threshold, it may drive pollina-
tion mutualisms to extinction (Wang and Wu 2015). Other
models, however, show that when ant interference level is
weak, coexistence between ants and pollinators may occur
(Wang and Wang 2015). In our study system, ants commonly
found foraging on the inflorescences of B. intermedia are
considered very aggressive (Oliveira 1997; Sendoya et al.
2009; Alves-Silva 2011), and since there is a reduction in the
reproductive output of the plant, our experimental evidence
supports both the proposed theoretical models. Considering
that effective pollinator diversity is low in our study area
compared to other cerrado sites (Boas et al. 2013), further
investigation should examine how ant-induced effects on the
pollination ecology of B. intermedia vary through time and
space in the cerrado landscape.

Our exclusion experiment suggests that the negative effect
of ant-treehopper associations on plant reproduction prob-
ably results from the effect of tending ants on floral visi-
tors rather than from a direct effect of treehoppers on the
inflorescences. This is supported by our data showing that
fruit and seed set do not vary with treehopper density on B.
intermedia inflorescences (see Figs. 5, 6). In a similar study,
LeVan and Holway (2015) also argue that pollination dis-
ruption by aphid-tending ants, rather than aphid herbivory,
probably accounts for reduced seed set in cotton plants. Fur-
thermore, other studies show that aphid herbivory alone has
little effect on plant reproduction (Rosenheim et al. 1997,
Styrsky and Eubanks 2010).

Although ant-trophobiont interactions may enhance host
plant reproduction (Styrsky and Eubanks 2007), the evi-
dence found in this and other recent studies (Wielgoss et al.
2014; LeVan and Holway 2015, Canedo-Janior et al. 2017)
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indicates that the indirect effects are dependent on the iden-
tity, abundance, and behavior of the ant species involved.
Positive effects on plant reproduction normally result from
ant-induced herbivore deterrence (Messina 1981; Kaplan
and Eubanks 2005; Pringle et al. 2011). Yet, with increased
ant foraging on flowers due to the presence of ant-associated
herbivores, plant reproduction may be decreased because
of interactions between ants and other floral visitors (Hor-
vitz and Schemske 1984; Rico-Gray and Thien 1989; Rico-
Gray and Castro 1996; LeVan and Holway 2015). Therefore,
the net effect of ant-hemipteran interactions on host plants
depends on the balance between the benefit resulting from
ant-induced herbivore deterrence and the cost of the nega-
tive effect resulting from pollinator disturbance (Ohm and
Miller 2014). The outcome of such multispecies interaction
systems can be influenced by the identity of participant ant
species due to their foraging behavior and aggressiveness
(Ness et al. 2009), as well as by the degree of pollination
disruption caused by ant-induced disturbance of floral visi-
tors (Lach 2003).

Our results add to the understanding of how host plants
may be affected indirectly by the presence of mutualistic
associations. We demonstrate that plant reproduction can be
negatively affected by the presence of ant—treehopper asso-
ciations near flowers. Our field observations confirmed our
hypothesis that ant abundance follows increased abundance
of treehoppers on B. intermedia inflorescences. Since ants
were rarely seen visiting inflorescences when no treehoppers
were present, the latter act as a bridge for the interaction
between ants and floral visitors. Our study thus highlights
the importance of including other interactions occurring
near the flower, in addition to just pollinator observations,
for a proper understanding of the negative effects of ants
on plant reproduction. The detection of ants, or even of
ant—trophobiont associations by floral visitors, may likely
represent an important evolutionary step in the establish-
ment or disappearance of particular pollination systems or
mechanisms (such as buzz pollination). Finally, our study
adds another dimension to ant-based mutualisms medi-
ated by liquid rewards on cerrado foliage, and their indirect
effects on associated species (Sendoya et al. 2009; Kaminski
et al. 2010; Vidal et al. 2016). This is a first report of indirect
effects by honeydew-gathering ants, via disrupted pollina-
tion, on a plant’s reproductive output in ant-rich cerrado.
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