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Introduction

Abstract

The mutualism of ants and extrafloral nectary-bearing plants is known to reduce
rates of herbivory. However, ants may have negative impacts on other mutualisms
such as pollination, constituting an indirect cost of a facultative mutualism. For
instance, when foraging on or close to reproductive plant parts ants might
attack pollinators or inhibit their visits. We tested the hypothesis that ants on
EFN-bearing plants may negatively influence pollinator behavior, ultimately
reducing plant fitness (fruit set). The study was done in a reserve at Brazilian
savannah using the EFN-bearing plant Banisteriopsis malifolia (Malpighiaceae).
The experimental manipulation was carried out with four groups: control (free
visitation of ants), without ants (ant-free branches), artificial ants (isolated
branches with artificial ants on flowers) and plastic circles (isolated branches
with plastic circles on flowers). We made observations on flower visitors and
their interactions, and measured fruit formation as a proxy for plant fitness.
Our results showed that pollinators hesitated to visit flowers with artificial
ants, negatively affecting pollination, but did not hesitate to visit flowers with
plastic circles, suggesting that they recognize the specific morphology of the
ants. Pollinators spent more time per flower on the ant-free branches, and the
fruiting rate was lower in the group with artificial ants. Our results confirm an
indirect cost in this facultative mutualism, where the balance between these
negative and positive effects of ants on EFN-bearing plants are not well known.

protection against herbivore attack; in turn plants provide
different types of resources, such as places for nesting and

In tropical areas, 94% of plants require pollinators for
reproduction and only a small number of species can reproduce
by spontaneous self-pollination or agamospermy (Ollerton
et al., 2011). Pollinators distribute pollen from one plant to
another for successful cross-pollination; however, this process
can often be affected by the presence of other floral visitors,
like ants (Torezan-Silingardi et al., 2021). Many plants are
engaged in mutualisms with ants (Kuriakose et al., 2018).
The main role these mutualistic ants play on plants is the

food. One of the most common food resources offered by
plants to ants is the extrafloral nectar produced by specialized
glands known as extrafloral nectaries (EFNs) (Calixto et
al., 2018; Del-Claro et al., 2016; Heil, 2015). Indeed, some
studies have shown that ants that hunt herbivores present
in EFN-bearing plants decrease leaf herbivory (Rosumek
et al., 2009; Trager et al.,, 2010) and/or increase fruit
production (Del-Claro and Marquis, 2015; Nascimento and
Del-Claro, 2010).
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However, mutualistic ants attracted by plant-based
resources may forage on entire plant structures, including
inflorescences and flowers. Although extrafloral nectar is
a sugar-rich reward, ants also forage on plant reproductive
parts looking for floral resources (such as nectar and pollen)
and potential prey (such as floral herbivores) (Bliithgen et al.,
2003; Bliithgen & Fiedler, 2004; Davidson et al., 2003; Sinu
et al., 2017; Unni et al., 2021; Hanna et al., 2015; Fuster et al.,
2020). The additional foraging behavior on these reproductive
plant parts may negatively affect mutualistic plant-pollinator
interactions. Although many studies emphasize that ants are
important mutualists for plants when defending against
herbivores (Calixto et al.,, 2018; Del-Claro et al., 2016;
Rosumek et al., 2009; Trager et al., 2010), there are also
cases where they have been shown to negatively impact plant
pollination (Assungdo et al., 2014; Melati & Leal, 2018;
Ness, 2006; Villamil et al., 2018). For example, Byk and Del-
Claro (2010) showed that the presence of Cephalotes pusillus
(Formicidae: Myrmicinae) negatively affects pollination
of Ouratea spectabilis (Ochnaceae) by feeding on pollen
and reducing viability of the pollen grains. Assungdo et al.
(2014) demonstrated through experimental manipulation in
Heteropterys pteropetala (Malpighiaceae) that ants, which
feed on EFNs but also visit leaves and inflorescences, may
have a negative impact on the plant fruit production by
attacking or chasing pollinators.

Some studies have shown that shape and odor are
important ant traits that can be detected by pollinators, who
will avoid visiting these flowers (Assungdo et al., 2014;
Ballantyne & Willmer, 2012; Adam R. Cembrowski et al.,
2014). For example, using dummy ants on flowers, Assuncao
et al. (2014) showed that pollinators easily recognize ant
shape and color, which significantly reduced floral visitation
rate and fruit production. When ants are present, floral visitors
may approach a flower, but can also change their behavior
by reducing the time spent on flowers (Aguirre-Jaimes et
al., 2018; Assungao et al., 2014; Ness, 2006; Sousa-Lopes et
al., 2020; Villamil et al., 2018; Sinu et al., 2017; Unni et al.,
2021; Hanna et al., 2015; Fuster et al., 2020), or they will
not come into contact with the reproductive parts, becoming
ineffective in pollination. In the Brazilian tropical savannah,
smaller bees tend to spend more time analyzing flowers with
tending ants before approaching, since they are more affected
by ant presence on flowers than larger bees (Assunc¢do et al.,
2014; Baro6nio and Del-Claro, 2017). Thus, considering that
pollinators can recognize ant shape and/or odor (Ballantyne
and Willmer 2012; Cembrowski et al. 2014), the ant presence
on flowers can negatively affect the pollination, ultimately
decreasing fruit production.

Banisteriopsis malifolia (Malpighiaceae) is an abundant
EFN-bearing plant species in the Brazilian savannah (henceforth
“Cerrado”), which is commonly visited by several ant species
(Torezan-Silingardi, 2007). In addition, large bees represent
the main pollinators of this species (Torezan-Silingardi, 2007).

It is therefore an advantageous system to investigate indirect
effects of ant-plant mutualisms on plant reproduction. The
aim of this study was to investigate the impact of ants on
floral visitor behavior and fruit production of an EFN-bearing
plant, B. malifolia. We tested the hypothesis that in ant-plant
mutualisms mediated by EFNs, the ant presence on flowers
will negatively interfere with floral visitor behavior and fruit
production. Thus, the two following hypotheses were evaluated:
Hypothesis 1 — the presence of ants on flowers decreases the
total number of visits and the time spent on the flower by
pollinators; Hypothesis 2 — the presence of ants on flowers
decreases the fruit set by influencing the pollinator behavior.

Material and Methods
Study area

The fieldwork was carried out from March to May
2018 in the Brazilian Cerrado, within the ecological reserve
of the Clube de Caca e¢ Pesca Itororé de Uberlandia in the
city of Uberlandia, state of Minas Gerais, Brazil (18°58°30’S,
48°17°27°W). This region has two well-defined seasons (Aw-
type Koppen climate): rainy, with a hot and humid climate
from October to March, monthly rainfall of 270 = 50 mm
(average + SD) and monthly temperature of 23 + 5°C (average
+ SD); and dry, with a cold and dry climate from April to
September, precipitation of 22 + 20 mm (average + SD) and
temperature of 19 £ 3 °C (average + SD) (Alvares et al.,
2013; Calixto et al., 2021b; Vilela et al., 2017). The reserve’s
Cerrado vegetation ranges from open areas with grasses
and small shrubs, to more closed-canopy areas, with trees
reaching up to 12 meters in height (Del-Claro et al., 2019).
Pastures and properties with different levels of natural area
conservation surround the ecological reserve.

Plant species

Banisteriopsis malifolia (Nees & Mart.) B. Gates
(Malpighiaceae) is a common Cerrado shrub, which blooms
from March to June (Calixto et al.,, 2021b; Vilela et al.,
2014). This species has EFNs (located on the underside of
the leaves, at the junction with the petiole) that attract ants
which feed on their secretion (Bardnio & Del-Claro, 2017).
It has paniculate inflorescences with flowers that offer oil and
pollen to floral visitors, which have five long-pedunculate
petals and its reproduction depends on pollinators, with cross-
pollination (Vogel, 1990). The flower can produce one to
three schizocarpic fruits of the samara type (Barroso et al.,
2004) which are wind dispersed. Leaves show alternating
phyllotaxis. Voucher specimens were deposited in the Herbarium
Uberlandensis under number HUFU 00013413.

Experimental set-up

To test our hypothesis, 48 individuals of B. malifolia
with similar phenological characteristics (height, number of
branches, number of inflorescences, number of flower buds
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per inflorescence, active EFNs and reproductive stage) and
10 meters apart were marked along a 3 km transect. We did
not use a block design, since the constant presence of plastic
ants (see below) on the inflorescence could dissuade potential
visitors of other treatments. Individuals were randomly and
equally divided into four treatments: control, artificial ants
(hereafter “AA”), plastic circles (hereafter “PC”), and without
ants (hereafter “WA?”). In all treatments, in each individual
plant, five flower buds were marked to ensure that the anthesis
of the flower only occurred after the start of the experiment.
Flowers remain open about 2-3 days after the anthesis. Pre-
anthesis floral buds were bagged with Voile bags and pollinator
visitation was only allowed at the time of field observations,
when the floral anthesis had already occurred, from 08:00 am
to 12:00 pm (since bees’ activity is concentrated at this time
(Assungio et al., 2014), from which the flowers were bagged
again. Each morning one plant from each treatment was
observed for four hours (08:00 to 12:00), totaling 192 hours
of observation (4 hours per plant x 48 plants). In total, for each
treatment we analyzed 60 flowers, resulting in a total of 240
flowers equally distributed across 48 plants. It was observed
that the abundance of pollinators in the afternoon is much
lower than in the morning. Therefore, the collections were all
concentrated in the morning period (an average of 1.3 visits
in the afternoon and an average of 6.6 visits in the morning).
In the control group, a Tanglefoot resin (Tree Tanglefoot®
pest barrier — Rapids, Michigan, USA) was applied 10 cm
from the soil to half of the circumference of the stem base
to control for a possible effect of the resin on the other
treatments. In this way, access of ants and other arthropods
was at least partly allowed. The treatment WA underwent the
same procedure as the control group, however the application
of Tanglefoot was made around the entire circumference
of the stem, to prevent any ants from accessing the plant.
Any ants present prior to the application of tanglefoot were
removed manually from these plants and the surrounding
vegetation to avoid contact bridges. The treatment AA received
the same experimental manipulation as WA, but here
artificial ants made of black plastic (based on the morphology
of the most common ants that forage on this plant, ants of
the genus Camponotus, as shown in Alves-Silva, 2011; Fagundes
et al,, 2017) (Fig 1A and B) were glued onto the petals of
all flowers open on a particular day of observation using
white paper glue (Fig 1C). All plastic ants and circles were
glued in the same position on the flowers. To control for a
possible effect of glue on the other treatments, a little drop
was also applied to petals in the other treatments. Five plastic
ants were used on each plant to simulate an average ant
colonization rate on each plant. Artificial ants were removed
at the end of each observation period. The last treatment,
PC, underwent the same procedures as the AA group, but
instead of artificial ants, black plastic circles made of the
same material as the artificial ants were placed on the flower
petals (Fig 1D), and removed at the end of each observation.

Furthermore, 5 pieces of plastic were also used in
each plant. The number of visits was quantified by counting
the number of times that floral visitors, mostly bees, were
observed collecting resources such as oil and pollen. The
time spent visiting flowers was determined using a timer.
The hesitation was scored by counting the number of floral
visitors that approached a flower but did not actually visit
it (it approaches a flower hovering over it and moves away
without making the floral visit) (Villamil et al., 2018). After
all observation periods had finished, the flowers were bagged
again, and after ca. 20 to 30 days, the fruits formed in each
group were counted.

Fig 1. The black ant (Camponotus crassus) frequently visitant of
Banisteriopsis malifolia foraging on the plant A); Flower with
a real ant on the petals of the flower B); Flowers with examples
of the treatments with artificial ants and plastic circles C) and D)
respectively.

Statistical analysis

All statistical analyses were performed in RStudio
4.0.0 (R Core Team, 2020) at 5% of significance level.
Model suitability, homoscedasticity and overdispersion (when
applicable), were checked in all models. When overdispersion
was detected for counting response variable, it was used
the negative binomial distribution through package “MASS”
(Venables & Ripley, 2002). GLM analyses were conducted
with the package “stats” and “glmmTMB” (Brooks et al.,
2017) followed by Likelihood-Ratio test with the package
“car” (Fox & Weisberg, 2011). Pairwise comparisons were
conducted using Estimated Marginal Means with the package
“emmeans” (Lenth, 2020).

To verify if there was no disturbance on floral display
(number of open flowers per inflorescence) caused by opened
flowers from different treatments, the total number of
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approaches (the sum of the number of visits and hesitations)
per plant was compared between treatments. Flower plant
display did not influence the results since there was no
significant difference in the number of approaches between
treatments (GLM: > = 2.699, p = 0.440; Fig S1).

Hypothesis 1 —the presence of ants on flowers negatively
influences pollinator behavior

To evaluate if pollinators present a different number
of visits, and hesitations as well, among treatments, we used
a GLM with negative binomial error distribution controlling
for overdispersion. Treatments were fit as fixed factor and
the total number of visits or hesitations per plant as count
response variable. To evaluate the proportion of visited flowers
per total flowers selected per plant, we used a GLM with
Beta distribution and “logit” link function. Treatments were
considered as fixed factor and proportion of visits as the
response variable. The results of this test (proportion of
visited flowers per total flowers selected per plant) show the
real impact that ants have on pollinators after a first visit.
After landing on a flower with ant, the pollinator may not visit
another flower in the same inflorescence due to ant presence
in this first visited flower. To evaluate if pollinators differ in
the time spent per flower per treatment, it was used a GLM.
Treatment was considered as fixed factor and the average time
spent visiting flowers per plant as the response variable.

Hypothesis 2 —the presence of ants on flowers decreases
plant reproductive success

To verify if fruit production differs between treatments,
first the number of fruits produced was divided by the number
of selected flowers (fruit proportion). Then, it was used a GLM
with Beta distribution and “logit” link function. Treatments
was used as fixed factors and the fruit proportion per plant as
the response variable. Since we found a significant difference
between the number of visits and the number of fruits
produced among groups (see Results), we then fit a GLM with
Poisson distribution, evaluating the influence of the number
of visits (predictor variable) in the number of fruits produced
(response variable).

Results

Hypothesis 1 —the presence of ants on flowers negatively
influences pollinator behavior

There was a significant difference in the number of
visits between treatments (GLM: 2 = 29.553, p < 0.001, Fig
2a). The AA group presented the lowest number of visits
when compared to the other groups. The PC and WA groups
had the highest number of visits, but did not differ statistically
amongst themselves. The control group placed in the middle
(Table 1), presenting more visits than the AA group and fewer
visits than the WA and PC groups, but with no statistical
difference between WA and PC (Fig 2a).

Table 1. Mean and Standard Error of each variables per treatment.

Mean + SE
Number of Number of Proportion of . Proportion of
.. .o .. Time (sec) .
visits hesitations visits fruits
Control 7.33+1.31 1.25+0.44 0.74+0.10 4.29+0.83 0.70+£0.05
Artificial Ants 1.08 £ 0.84 6.41£1.17 0.12+0.08 2.68+0.52 0.32+0.04
Plastic Circles 11.33 £3.38 0.00+0.00 0.99+0 5.55+0.76 0.64+0.09
Without Ants 991 +1.85 0.00+0.00 0.99+0 6.66+0.94 0.63+0.08

The number of hesitations also showed a significant
difference between treatments (GLM: %? = 109.28, p < 0.001,
Fig 2b). The AA group had the highest number of hesitations,
differing statistically from the other three treatments. On the
other hand, the control, PC and WA groups did not present
significant difference between them (Fig 2b).

The proportion of visits showed a significant difference
between treatments (GLM: y? = 38.522, p < 0.001, Fig 2c).
AA group was the least visited, statistically differing from the
other three groups (Fig 2c). The control, PC and WA did not
statistically differ among themselves.

The time spent visiting flowers statistically differed
between treatments (GLM: y* = 14.378, p < 0.01, Fig 2d).
The AA group differed from control, PC and WA, showing
that pollinator spent less time when ants are constantly

present than in control, PC and WA treatments (Fig 2d).
However, control, PC and WA groups did not differ from
each other (Fig 2d).

Hypothesis 2 — the presence of ants on flowers decreases
plant reproductive success

The proportion of fruits produced significantly differed
between treatments (GLM: 2 = 13.329, p < 0.01, Fig 3). The
AA group showed the lowest production of fruits, which
significantly differed from the other three groups. Control,
WA, and PC groups showed a similar proportion of fruits
produced. (Fig 3). We found a positive influence of the number
of visits in the number of fruits produced (GLM: > = 11.753,
p <0.001, Fig 4).
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Discussion

This study showed that artificial ants present on flowers
have negative impacts on flower visitors’ behavior of B.
malifolia, resulting in reduced fruit production; however,
with no significant difference for the control group (natural
conditions). In particular, the results demonstrated that artificial
ants are responsible for a significant reduction in number and
proportion of visits, time spent per flower by floral visitors,
and a reduction in the number of fruits produced. Although
there was no significant difference in the variables analyzed
between the control group and the isolation group, the
considerable negative impact of artificial ants demonstrates
that the ants’ visual cue alone is enough to drive away possible
pollinators and negatively affect the fruiting of plants.

The negative effects caused by artificial ants in this
study is related to ants’ display, which is interpreted as threat
to some visually oriented animals (Aguirre-Jaimes et al.,
2018; Dattilo et al., 2016), such as bees. The fact that ants
tend to attack all plant visitors and do not distinguish between
herbivores and pollinators (Tsuji et al., 2004; Willmer et al.,
2009) means that the presence of ants is an important factor
for floral visitors (Assungdo et al., 2014; Baronio & Del-
Claro, 2017; Galen, 1999; Gonzalvez et al., 2013; Ibarra-
Isassi & Oliveira, 2017; Junker et al., 2007; Tsuji et al., 2004;
Wagner, 2000; Willmer et al., 2009). The first effect caused

by ants on floral visitors is the reduction in their floral visit
frequency and an increase in their number of hesitations
(Aguirre-Jaimes et al., 2018; Assungdo et al., 2014; Junker
et al., 2007; Sousa-Lopes et al., 2020). A study developed by
Assuncdo et al. (2014) in the same study area showed negative
effects of artificial ants on visitors’ behavior in Heteropterys
pteropetala, decreasing frequency of visits and fructification.

¥*=13.329, p<0.01
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Fig 3. Proportion of fruits production among treatments. The boxes
represent mean (horizontal bars), maximum and minimum, raw
data (points), and “violin plot” based on Kernel density function.
Letters represent statistic difference among treatments by Estimated
Marginal Means.
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Similar results were also reported by Baronio and Del-Claro
(2017), who showed negative effects of natural ants on
bee behavior in the same plant studied, B. malifolia, and in
Banisteriopsis campestris. However, in Baronio and Del-
Claro’ (2017) study, there was no guarantee of the presence of
the image of an ant at the time that bees were visiting flowers.
The authors used only two treatments manipulating the
presence and absence of natural ants (control and isolation).
In our study, as plastic ants were fixed, there was always an
image of an ant at the time of visitation, even if it did not
move. This shows something unprecedented in relation to
the study by Bardénio and Del-Claro (2017), testing how the
image of ants affects pollination. In addition, Bar6nio and
Del-Claro (2017) did not bag flowers before and after field
observations, as our study did, guaranteeing the result of
pollination after the visitation. Finally, our study quantified
the time of visitation in all groups used in the study, which
was done only indirectly in the study by Bardnio and Del-Claro
(2017). With all these improvements in the methodology of our
study, we have significantly increased our understanding of
how ant image cues can be important for pollinators behavior
and plant pollination.

On the other hand, ants can have no or positive
effects on pollination of plants. For instance, Almeida and
Figueiredo (2003) showed that in certain plant species, ants
do not interfere with the activity of pollinators, and may even
have a positive impact on pollination rates. In another study,
Santos and Leal (2019) also found no negative impact of
visiting ants of Turnera subulataem on pollination rates or
on plant reproductive success, suggesting that the ecological
costs of the presence of ants may depend on the characteristics
of the pollination system of the plant, being higher in plants
that depend on pollinators more sensitive to ants (that
demonstrate more hesitation behavior). Finally, Holland et al.
(2011) showed that the presence of ants was beneficial to the
pollination rates of Pachycereus schottii, a species of Sonoran
Desert cactus, when the abundance of ants in plants was
higher. In this context, the results of these studies together
with ours show how context-dependent the outcomes of this
ant-plant-pollinator system can be.

Besides the number of visits and hesitations, the
proportion of visits (flowers visited/total experimental flowers)
can be an important variable for plant fitness (Fig 4). Studying
the ant effects on flowers, Altshuler (1999) showed that
pollinators that were dissuaded by ants were discouraged
to make successive visits to the next flowers on the same
plant individual. As a result, even if floral visitors initially
visit a flower on a plant, they may tend to concentrate their
subsequent visits on other plant individuals without ants. In
this way, the remaining flowers on the plant or inflorescences
are unlikely to be visited, which can lead to a reduction to fruit
set in individuals with ants on flowers (Romero & Koricheva,
2011). In our study, the AA group had the lowest proportion
of visits, statistically different from the other three groups.

This result reinforces the impact that visual clues from plastic
ants can have on plant pollination rates, causing pollinators
look for plants without these visual clues.
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Fig 4. Positive influence of the number of visits made by pollinators
on the number of fruits produced in Banisteriopsis malifolia. GLM:
¥ =11.753,p <0.001.

Visitors spent in average less time per flower in AA
than in the other three treatments. Time is another important
variable related to plant fitness, leading to a decrease in pollen
removal and fruit set (Calixto et al. under review) or an increase
in cross-pollination, which can lead to an increase of fruit
set (Villamil et al., 2020). For instance, Calixto et al. (under
review) showed that more aggressive ants can significantly
decrease the time spent by pollinators when visiting flowers,
resulting in a significant decrease of fruits produced in Qualea
multiflora (Vochysiaceae). On the other hand, Aguirre-Jaimes
et al. (2018) showed that the effective pollinator of Vigna
luteola (Fabaceae) spent less time visiting flowers in order to
avoid ant predation, which might result in an increase of fruit
set; and Villamil et al. (2020) observed in Turnera velutina
(Passifloraceae) that ants decreased pollinator foraging time
and flower visit duration, but increased outcrossing rates.
Given that, it seems that the time spent by pollinators can
have different effects depending on the system that they are
involved, resulting in negative, neutral, or positive effects to
plants (Gonzalvez et al., 2013; Sousa-Lopes et al., 2020).

Artificial ants can negatively interfere with the
proportion of fruits. This is likely a direct consequence
derived from the other three effects (reduction of number of
visits, proportion of visits, and time of visit) caused by the
presence of artificial ants on flowers. Similarly, as found
by other studies, foraging ants on flowers are responsible to
reduce fruit and seed set (Assungdo et al., 2014; Bardnio &
Del-Claro, 2017; Ibarra-Isassi & Oliveira, 2017). For instance,
Ness (2006) showed that ants interfered with pollinator
behavior and not only reduced the number of fruits, but also
the fruit and seeds weight.
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The ant species used as model for designing artificial
ants (Camponotus crassus) is often found foraging on B.
malifolia, as well as on other EFN-bearing plants (Lange et
al., 2019, 2017), protect them from herbivore attack (Calixto
et al., 2021a), resulting in a positive effect for plants. However,
due to their presence and aggressive behavior towards
pollinators, these ants can cause negative effects on pollinator
behavior, leading to some cost of the mutualism. Nonetheless,
it is not clear to what extent or how the context can change
the outcomes of these interactions. For instance, Gonzalvez
et al. (2013) showed that weaver ants deter less effective
pollinators of Melastoma malabathricum flowers, attracting
more Xylocopa bees, the more effective pollinators, ultimately
resulting in a higher number of fruits produced. This result
from Gonzalvez et al. (2013) can be one of the explanations
for the higher number of fruits produced in Control compared
to AA treatment. Larger bees like Bombus and Xylocopa
represent the main pollinators of B. malifolia and usually are
not affected by C. crassus presence (Bardnio & Del-Claro,
2017; Cembrowski et al., 2014; Junker et al., 2007; Calixto et
al. under review). It was also observed the presence of Trigona
bees, smaller than Bombus and Xylocopa, which are considered
the most effective pollinators of B. malifolia. The difference in
behavior between bees of different sizes in relation to artificial
ants was not analyzed in this study. However, Bardnio and
Del-Claro (2017) verified the difference in the behavior of
bees of different sizes in relation to natural ants. Given that, we
suggest that C. crassus might be deterring other smaller bees
that could not pollinate the plant, as shown in our Fig 2, but
“allowing” visits by larger bees. However, it is also important
to take into account that the fact that bees visit fewer flowers
in the same individual and then move to another can favor the
rate of cross-pollination.

Conclusion

The presence of artificial ants on a flower could
negatively affect plant pollination rates, reducing the
frequency of visits, increasing the frequency of hesitations,
reducing the time spent by the pollinators in the flower, and
decreasing fruiting rates, affecting the competitive ability of
plants, an essential factor in an environment that is rapidly
being degraded, such as the Cerrado. This demonstrates the
importance that visual cues from a predatory ant on the plant
can have on the behavior of pollinating bees, and ultimately
on plant fitness. Studies such as this, which investigate
protective mutualisms and their costs, are needed to increase
our understanding of multi-tritrophic interactions and their
role in ecosystem biodiversity (Bronstein, 2021).

Acknowledgments

We thank the Clube de Caca e Pesca Itorord de
Uberlandia for providing the space where this work was done,

the Universidade Federal de Uberlandia (UFU) for the support
and structure offered during the research, Rosana for her
support and assistance in transportation, and the Coordenagao
de Aperfeicoamento de Pessoal de Nivel Superior (CAPES,
Finance Code 001) for the financial support (RRN, DFBS, ESC).

Funding sources

This study was financed in part by the Coordenagéo
de Aperfeicoamento de Pessoal de Nivel Superior - Brasil
(CAPES) — Finance Code 001; and Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq - PQ - KDC).

References

Aguirre-Jaimes, A., Dattilo, W., Rodriguez-Morales, D.,
Canchola-Orozco, S., Cocoletzi, E., Coates, R., Angeles, G.
(2018). Foraging ants on the extrafloral nectaries repel nectar
thieves but not the effective pollinator of Vigna luteola
(Fabaceae) in a Mexican coastal sand dune. Sociobiology, 65:
621-629. doi: 10.13102/sociobiology.v65i4.3466

Almeida A.M., Figueiredo R.A. (2003). Ants visit nectaries
of Epidendrum denticulatum (Orchidaceae) in Brazilian
rainforest: effects on herbivory and pollination. Brazilian
Journal of Biology, 63: 551-558. doi: 10.1590/S1519-69842
003000400002

Altshuler, D.L. (1999). Novel interactions of non-pollinating
ants with pollinators and fruit consumers in a tropical forest.
Oecologia, 119: 600-606. doi: 10.1007/s004420050825

Alvares, C.A., Stape, J.L., Sentelhas, P.C., De Moraes
Gongalves, J.L., Sparovek, G. (2013). Kdppen’s climate
classification map for Brazil. Meteorologische Zeitschrift, 22:
711-728. doi: 10.1127/0941-2948/2013/0507

Alves-Silva, E. (2011). Post Fire Resprouting of Banisteriopsis
malifolia (Malpighiaceae) and the Role of Extrafloral
Nectaries on the Associated Ant Fauna in a Brazilian Savanna.
Sociobiology, 58: 327-339. doi: 10.6084/M9.FIGSHARE.
155660

Amorim, F.W., Galetto, L., Sazima, M. (2013). Beyond the
pollination syndrome: Nectar ecology and the role of diurnal
and nocturnal pollinators in the reproductive success of Inga
sessilis (Fabaceae). Plant Biology, 15: 317-327. doi: 10.11
11/7.1438-8677.2012.00643 x

Angeloni, F., Ouborg, N.J., Leimu, R. (2011). Meta-analysis
on the association of population size and life history with
inbreeding depression in plants. Biological Conservation,
144: 35-43. doi: 10.1016/j.biocon.2010.08.016

Assung@o, M.A., Torezan-Silingardi, H.M., Del-Claro, K.
(2014). Do ant visitors to extrafloral nectaries of plants repel
pollinators and cause an indirect cost of mutualism? Flora:
Morphology, Distribution, Functional Ecology of Plants, 209:
244-249. doi: 10.1016/j.flora.2014.03.003



8 Rodrigo R. Nogueira et al. — Tritrophic Interaction Between Plant, Pollinators and Ants

Ballantyne, G., Willmer, P. (2012). Floral visitors and ant
scent marks: Noticed but not used? Ecological Entomology,
37:402-409. doi: 10.1111/5.1365-2311.2012.01378.x

Bar6nio, G.J., Del-Claro, K. (2017). Increase in ant density
promotes dual effects on bee behaviour and plant reproductive
performance. Arthropod-Plant Interactions, 12: 201-213. doi:
10.1007/s11829-017-9573-x

Barroso, G.M., Morim, M.P., Peixoto, A.L., Ichaso, C.L.F.,
Barroso, D. (2004). Frutos ¢ sementes: morfologia aplicada a
sistematica de dicotiledoneas. Vigosa: UFV. 443 p

Bliithgen, N., Fiedler, K. (2004). Preferences for sugars and
amino acids and their conditionality in a diverse nectar-
feeding ant community. Journal of Animal Ecology, 73: 155-
166. doi: 10.1111/j.1365-2656.2004.00789.x

Bliithgen, N., Gebauer, G., Fiedler, K. (2003). Disentangling
a rainforest food web using stable isotopes: Dietary diversity
in a species-rich ant community. Oecologia, 137: 426-435.
doi: 10.1007/s00442-003-1347-8

Bronstein, J.L. (2021). The Gift That Keeps on Giving: Why
Does Biological Diversity Accumulate Around Mutualisms?
In K. Del-Claro & H.M. Torezan-Silingardi (Eds.), Plant-Animal
Interactions (pp. 283-306) Springer International Publishing,
Cham. doi: 10.1007/978-3-030-66877-8 11

Brooks, M.E.J.K.K., van Benthem, K., Magnusson, A., Berg,
C.W., Nielsen, A., Skaug, H.J., Maechler, M., Bolker, B.M.
(2017). glmmTMB balances speed and flexibility among
packages for zero-inflated generalized linear mixed modeling.
The R Journal, 9: 378-400. doi: 10.32614/RJ-2017-066

Byk, J., Del-Claro, K. (2010). Nectar- and pollen-gathering
Cephalotes ants provide no protection against herbivory: A
new manipulative experiment to test ant protective capabilities.
Acta Ethologica, 13: 33-38. doi: 10.1007/s10211-010-0071-8

Calixto, E.S., Lange, D., Moreira, X., Kleber, D. (2021a).
Plant species-specificity of ant-plant mutualistic interactions:
Differential predation of termites by Camponotus crassus
on five species of extrafloral nectaried plants. Biotropica In
press, 00, 1-9. doi: 10.1111/btp.12991

Calixto, E.S., Lange, D., Del-Claro, K. (2018). Protection
mutualism: an overview of ant-plant interactions mediated by
extrafloral nectaries. Oecologia Australis, 22: 410-425. doi:
10.4257/0ec0.2018.2204.05

Calixto, E.S., Novaes, L.R., dos Santos, D.F.B., Lange, D.,
Moreira, X., Del-Claro, K. (2021b). Climate seasonality drives
ant-plant-herbivore interactions via plant phenology in an
extrafloral nectary-bearing plant community. Journal of Ecology,
109: 639-651. doi: 10.1111/1365-2745.13492

Cembrowski, Adam R., Tan, M.G., Thomson, J.D.,
Frederickson, M.E. (2014). Ants and ant scent reduce
bumblebee pollination of artificial flowers. The American
Naturalist, 183: 133-139. doi: 10.1086/674101

Dafni, A. (1992). Pollination ecology: A practical approach.
Oxford: Oxford University Press, 250. doi: 10.1046/j.1420-
9101.1993.6050776.x

Dattilo, W., Aguirre, A., De La Torre, P.L., Kaminski, L.A.,
Garcia-Chavez, J., Rico-Gray, V. (2016). Trait-mediated
indirect interactions of ant shape on the attack of caterpillars
and fruits. Biology Letters, 12: 12-15. doi: 10.1098/rsbl.
2016.0401

Davidson, D.W., Cook, S.C., Snelling, R.R., Chua, T.H.
(2003). Explaining the abundance of ants in lowland tropical
rainforest canopies. Science, 300: 969-972. doi: 10.1126/
science.1082074

Del-Claro, K., Marquis, R.J. (2015). Ant species identity has
a greater effect than fire on the outcome of an ant protection
system in Brazilian Cerrado. Biotropica, 47: 459-467. doi:
10.1111/btp.12227

Del-Claro, K., Rico-Gray, V., Torezan-Silingardi, H.M., Alves-
Silva, E., Fagundes, R., Lange, D., Dattilo, W., Vilela, A.A.,
Aguirre, A., Rodriguez-Morales, D. (2016). Loss and gains in
ant-plant interactions mediated by extrafloral nectar: fidelity,
cheats, and lies. Insectes Sociaux, 63: 207-221. doi: 10.1007/
s00040-016-0466-2

Del-Claro, K., Rodriguez-Marales, D., Calixto, E.S., Martins,
A.S., Torezan-Silingardi, H.M. (2019). Ant pollination of
Paepalanthus lundii (Eriocaulaceae) in Brazilian savanna.
Annals of Botany, 123: 1159-1165. doi: 10.1093/aob/mcz021

Fagundes, R., Dattilo, W., Ribeiro, S.P., Rico-Gray, V., Jordano,
P., Del-Claro, K. (2017). Differences among ant species in plant
protection are related to production of extrafloral nectar and
degree of leaf herbivory. Biological Journal of the Linnean
Society, 122: 71-83. doi: 10.1093/biolinnean/blx059

Fox, J. & Weisberg, S. (2011). An R companion to applied
regression, California: Sage, 472 p.

Franzon, R.C., Gongalves, R. da S., Antunes, L.E.C., Raseira,
M. do C.B. (2010). Propagagdo vegetativa de gendtipos de
pitangueira (Eugenia uniflora L.) do sul do brasil por enxertia
de garfagem. Revista Brasileira de Fruticultura, 32: 262-267.
doi: 10.1590/S0100-29452010005000003

Fuster, F., Kaiser-Bunbury, C. N., Traveset, A. (2020). Pollination
effectiveness of specialist and opportunistic nectar feeders
influenced by invasive alien ants in the Seychelles. American
Journal of Botany, 107: 957-969. doi: 10.1002/ajb2.1499

Galen, C. (1999). Flowers and enemies: predation by nectar-
thieving ants in relation to variation in floral form of an alpine
wildflower, Polemonium viscosum. Oikos, 85: 426-434. doi:
10.2307/3546692

Gonzalvez, F.G., Santamaria, L., Corlett, R.T., Rodriguez-
Gironés, M.A. (2013). Flowers attract weaver ants that deter
less effective pollinators. Journal of Ecology, 101: 78-85. doi:
10.1111/1365-2745.12006



Sociobiology 68(4): €7259 (December, 2021)

9

Gottsberger, G. & Silberbauer-Gottsberger, 1. (2006). Life in
the Cerrado: a South American Tropical Seasonal Ecosystem.
Ulm: Reta Verlag, 277 p.

Hanna, C., Naughton, 1., Boser, C., Alarcéon, R., Hung, K.J.,
Holway, D. (2015). Floral visitation by the Argentine ant
reduces bee visitation and plant seed set. Ecology, 96: 222-
230. doi: 10.1890/14-0542.1

Heil, M. (2015). Extrafloral nectar at the plant-insect interface:
a spotlight on chemical ecology, phenotypic plasticity, and
food webs. Annual Review of Entomology, 60: 213-232. doi:
10.1146/annurev-ento-010814-020753

Holland J.N., Chamberlain S.A., Miller T.E.X. (2011).
Consequences of ants and extrafloral nectar for a pollinating
seed-consuming mutualism: ant satiation, floral distraction
or plant defense? Oikos, 120: 381-388. doi: 10.1111/j.1600-
0706.2010.18958.x

Ibarra-Isassi, J., Oliveira, P.S. (2018). Indirect effects of
mutualism: ant-treehopper associations deter pollinators and
reduce reproduction in a tropical shrub. Oecologia, 186: 691-
701. doi: 10.1007/s00442-017-4045-7

Junker, R., Chung, A.Y.C., Bliithgen, N. (2007). Interaction
between flowers, ants and pollinators: additional evidence for

floral repellence against ants. Ecological Research, 22: 665-
670. doi: 10.1007/s11284-006-0306-3

Koptur, S. (2005). Nectar as fuel for plant protectors. In
F.L. Wackers, P.C.J. van Rijn, & J. Bruin (Eds.). Plant-
Provided Food for Carnivore Insects (pp. 75-108). Cambridge
University Press. doi: 10.1017/CB09780511542220.004

Kwak, M.M., Jennersten, O. (1986). The significance of
pollination time and frequency and of purity of pollen loads
for seed set in Rhinanthus angustifolius (Scrophulariaceae) and
Viscaria vulgaris (Caryophyllaceae). Oecologia, 70: 502-507.

Kuriakose, G., Sinu, P.A., Shivanna, K.R. (2018). Ant
pollination of Syzygium occidentale, an endemic tree species
of tropical rain forests of the Western Ghats, India. Arthropod-
Plant Interactions, 12: 647-655. doi: 10.1007/s11829-018-
9613-1

Lange, D., Calixto, E.S., Del-Claro, K. (2017). Variation in
extrafloral nectary productivity influences the ant foraging.
PLoS ONE, 12: 1-13. doi: 10.1371/journal.pone.0169492

Lange, D., Calixto, E.S., Rosa, B.B., Sales, T.A., Del-Claro,
K. (2019). Natural history and ecology of foraging of
the Camponotus crassus Mayr, 1862 (Hymenoptera:
Formicidae). Journal of Natural History, 53: 1737-1749. doi:
10.1080/00222933.2019.1660430

Lenth, R. (2020). emmeans: Estimated Marginal Means, aka
Least-Squares Means [ Document]. R package version 1.3.0.
https://cran.r-project.org/package=emmeans (accessed date:
25 May, 2021)

Melati, B.G., Leal, L.C. (2018). Aggressive bodyguards are not
always the best: Preferential interaction with more aggressive
ant species reduces reproductive success of plant bearing
extrafloral nectaries. PLoS ONE, 13:e€0199764. doi: 10.1371/
journal.pone.0199764

Nascimento, E.A., Del-Claro, K. (2010). Ant visitation to
extrafloral nectaries decreases herbivory and increases fruit
set in Chamaecrista debilis (Fabaceae) in a Neotropical
savanna. Flora: Morphology, Distribution, Functional Ecology
of Plants, 205: 754-756. doi: 10.1016/j.flora.2009.12.040

Ness, J.H. (2006). A mutualism’s indirect costs: The most
aggressive plant bodyguards also deter pollinators. Oikos,
113: 506-514. doi: 10.1111/§.2006.0030-1299.14143 x

Ollerton, J., Winfree, R., Tarrant, S. (2011). How many
flowering plants are pollinated by animals? Oikos, 120: 321-
326. doi: 10.1111/5.1600-0706.2010.18644.x

R Core Team (2020). R: A language and environment for
statistical computing. Vienna: R Foundation for Statistical
Computing. 2630 p

Redmond, A.M., Robbins, L.E., Travis, J. (1989). The effects
of pollination distance on seed production in three populations
of Amianthium muscaetoxicum (Liliaceae). Oecologia, 79:
260-264. doi: 10.1007/BF00388486

Romero, G.Q., Koricheva, J. (2011). Contrasting cascade effects
of carnivores on plant fitness: A meta-analysis. Journal of
Animal Ecology, 80: 696-704. doi: 10.1111/j.1365-2656.2011.
01808.x

Rosumek, F.B., Silveira, F.A.0.0O., Neves, F.D.S., Newton, N.P.,
Diniz, L., Oki, Y., Pezzini, F., Fernandes, G.W., Comelissen, T.
(2009). Ants on plants: a meta-analysis of the role of ants as
plant biotic defenses. Oecologia, 160: 537-549. doi: 10.1007/
s00442-009-1309-x

Santos A.T.F., Leal L.C. (2019). My plant, my rules: bodyguard
ants of plants with extrafloral nectaries affect patterns of
pollinator visits but not pollination success. Biological
Journal of the Linnean Society, 126: 158-167. doi: 10.1093/
biolinnean/bly165

Sinu, P.A., Sibisha, V.C., Reshmi, M.V.N., Reshmi, K.S.,
Jasna, T.V., Aswathi, K., Megha, P.P. (2017). Invasive ant
(Anoplolepis gracilipes) disrupts pollination in pumpkin.
Biological Invasions, 19: 2599-2607. doi: 10.1007/s10530-
017-1470-9

Sousa-Lopes, B., Calixto, E.S., Torezan-Silingardi, H., Del-
Claro, K. (2020). Effects of ants on pollinator performance
in a distylous pericarpial nectary-bearing Rubiaceae in Brazilian
Cerrado. Sociobiology, 67: 173-185. doi: 10.13102/sociobiology.
v67i2.4846

Torezan-Silingardi, H.M. (2007). A influéncia dos herbivoros
dos polinizadores e das caracteristicas fenologicas sobre



10 Rodrigo R. Nogueira et al. — Tritrophic Interaction Between Plant, Pollinators and Ants

a frutificagdo de espécies da familia Malpighiaceae em um
cerrado de Minas Gerais. Ribeirdo Preto: USP, 172 p

Torezan-Silingardi, H.M., Silberbauer-Gottsberger, 1., Gottsberger,
G. (2021). Pollination Ecology: Natural History, Perspectives
and Future Directions. In: K. Del-Claro & H.M. Torezan-
Silingardi (Eds.). Plant-Animal Interactions (pp. 119-174).
Springer International Publishing, Cham. doi: 10.10 07/978-
3-030-66877-8 6

Trager, M.D., Bhotika, S., Hostetler, J.A., Andrade, G. V.,
Rodriguez-Cabal, M.A., Mckeon, C.S., Osenberg, C.W.,
Bolker, B.M. (2010). Benefits for plants in ant-plant protective
mutualisms: A meta-analysis. PLoS ONE, 5: ¢14308. doi:
10.1371/journal.pone.0014308

Tsuji, K., Hasyim, A., Nakamura, H., Nakamura, K. (2004).
Assian weaver ants, Oecophylla smaradigma, and their
repelling of pollinators. Ecological Research, 19: 669-673.
doi: 10.1111/5.1440-1703.2004.00682.x

Unni, A.P., Mir, S.H., Rajesh, T.P., Ballullaya, U.P., Jose, T.,
Sinu, P.A. (2021). Native and invasive ants affect floral visits
of pollinating honey bees in pumpkin flowers (Cucurbita
maxima). Scientific Reports, 11: 4781. doi: 10.1038/s41598-
021-83902-w

Venables, W.N., Ripley, B.D. (2003). Modern Applied Statistics
with S., 4th ed. New York: Springer, 498 p

Vilela, A.A., Del Claro, V.T.S., Torezan-Silingardi, H.M., Del-
Claro, K. (2017). Climate changes affecting biotic interactions,
phenology, and reproductive success in a savanna community
over a 10-year period. Arthropod-Plant Interactions, 12: 215-
227. doi: 10.1007/s11829-017-9572-y

Vilela, A.A., Torezan-Silingardi, H.M., Del-Claro, K. (2014).
Conditional outcomes in ant-plant-herbivore interactions
influenced by sequential flowering. Flora: Morphology,
Distribution, Functional Ecology of Plants, 209: 359-366.
doi: 10.1016/j.flora.2014.04.004

Villamil, N., Boege, K., Stone, G. (2020). Ant guards influence
the mating system of their plant hosts by altering pollinator
behaviour. bioRxiv, preprint. doi: 10.1101/2020.02.11.943431

Villamil, N., Boege, K., Stone, G.N. (2019). Testing the
Distraction Hypothesis: Do extrafloral nectaries reduce ant-
pollinator conflict? Journal of Ecology, 107: 1377-1391. doi:
10.1111/1365-2745.13135

Villamil, N., Boege, K., Stone, G.N. (2018). Ant-pollinator
conflict results in pollinator deterrence but no nectar trade-
offs. Frontiers in Plant Science, 9: 1-14. doi: 10.3389/fpls.
2018.01093

Vogel, S. (1990). History of the Malpighiaceae in the light
of pollination ecology. Memoirs of the New York Botanical
Garden, 55: 130-142.

Wagner, D. (2000). Pollen viability reduction as a potential cost
of ant association for Acacia constricta (Fabaceae). American
Journal of Botany, 87: 711-715. doi: 10.2307/2656857

Willmer, P.G., Nuttman, C. V., Raine, N.E., Stone, G.N.,
Pattrick, J.G., Henson, K., Stillman, P., Mcllroy, L., Potts,
S.G., Knudsen, J.T. (2009). Floral volatiles controlling ant
behaviour. Functional Ecology, 23: 888-900. doi: 10.1111/j.
1365-2435.2009.01632.x

a
o
I

40

Number of approaches
- N W
£ 299

x°=2.699, p=0.440

<>

)

N
o

Coﬁtrol

Artificial
Ants

Witﬁout
Ants

Plastic
Circles

Figure Supplementary S1: Number of approaches among treatments (GLMM: %2 = 1.300, p = 0.728). The boxes
represent mean (horizontal bars), maximum and minimum, raw data (points), and “violin plot” based on Kernel
density function. Letters represent statistic difference among treatments by Estimated Marginal Means.
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