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Introduction

Interactions between plants and insects are among the most 
frequent ecological relationships in terrestrial ecosystems 
and play a central role in shaping plant fitness and com-
munity structure (Strong et al. 1984; Agrawal and Maron 
2022). Although herbivory is the most common form of 
interaction and often imposes substantial fitness costs on 
plants, it has also acted as a major selective force driving the 
evolution of a wide range of defensive strategies (Marquis 
1992; Fine et al. 2006). Among these strategies, indirect 
defenses are particularly notable, as plants reduce herbi-
vore pressure by attracting, nourishing, or sheltering natural 
enemies such as predators or parasitoids (Heil 2008). These 
defenses may involve the emission of herbivore-induced 
volatile compounds or the presence of specialized struc-
tures, including domatia and extrafloral nectaries (Bronstein 
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Abstract
Declieuxia fruticosa produces branches with inflorescences that simultaneously bear floral buds, distylous flowers, and 
fruits with post-floral pericarpial nectaries (PPNs). These branches attract ants, pollinators, herbivores, and nectar thieves. 
Ants feeding on PPNs may act as plant bodyguards against herbivores, but they can also influence floral visitors, poten-
tially generating both costs and benefits for plant reproduction. However, the net effects of these multitrophic interactions 
on plant fitness remain unclear. We tested the hypothesis that ant presence at PPNs enhances fruit production and improves 
fruit morphological traits in D. fruticosa by repelling herbivores and nectar thieves, while not interfering with legitimate 
pollinators. Field experiments and observations were conducted in Uberlândia, MG, Brazil, manipulating ant presence and 
absence. We quantified fruit number, weight, width, and length, and evaluated stigma receptivity, pollen availability, and 
the assemblage of floral visitors and herbivores. Our results demonstrate that ant presence at PPNs significantly increases 
fruit set and all evaluated morphological traits. Fruits produced in the presence of ants were, on average, 25% larger and 
2.4 times heavier than those from ant-excluded plants. Moreover, ant presence was associated with a 2.9-fold reduction in 
the frequency of nectar thieves and a 65% increase in visitation frequency by Apis mellifera, the main pollinator. These 
findings indicate that ant-mediated protection against herbivores and floral exploiters, without substantial interference in 
pollination, directly enhances plant fitness. Overall, our study highlights the role of ants in shaping plant reproductive 
success through direct and indirect multitrophic interactions.

Keywords  Apis mellifera · Brazil · Cerrado · Distylous species · Facultative mutualism · Multitrophic interactions
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et al. 2006; Kaplan et al. 2008). Although indirect mutual-
isms are thought to be widespread, they are still rarely tested 
experimentally, and their net effects on plant reproductive 
success remain poorly quantified under natural conditions.

Among indirect mutualisms, interactions between ants 
and plants bearing extrafloral or post-floral pericarpial nec-
tar sources are especially frequent and ecologically relevant. 
Nectar production plays distinct functional roles depending 
on its origin (Koptur 1992; Heil 2015). While floral nectaries 
directly contribute to pollination by attracting floral visitors, 
extrafloral nectaries occur on vegetative or reproductive 
organs and are not involved in pollination, instead attracting 
ants and other arthropods that may reduce herbivory (Del-
Claro et al. 2013; Calixto et al. 2018; Barbosa et al. 2025). 
In some species, floral nectaries remain active after anthe-
sis and continue secreting nectar during fruit development; 
in these cases, they are referred to as post-floral pericarpial 
nectaries (Sanz-Veiga et al. 2017). Although structurally 
derived from floral nectaries, these glands function ecologi-
cally in a manner similar to extrafloral nectaries during the 
reproductive phase (Del-Claro et al. 2013; Sanz-Veiga et al. 
2017; Sousa-Lopes et al. 2020).

Ants attracted to these nectar sources may reduce herbiv-
ory on leaves, flowers, and fruits, thereby enhancing plant 
reproductive performance (Nascimento and Del-Claro 2010; 
Lange and Del-Claro 2014; Porto et al. 2023). However, the 
outcomes of ant–plant interactions are context dependent 
and may range from mutualistic benefits to negative effects, 
such as interference with floral visitors or facilitation of 
sap-feeding herbivores (Ness 2006; Assunção et al. 2014; 
Costa-Silva et al. 2025). In addition to their potential effects 
on pollinators, ants may also influence plant reproductive 
success by interacting with other floral visitors (Calixto et 
al. 2024), including nectar thieves. Nectar thieves exploit 
floral rewards without contributing to pollination and 
often remain on flowers for extended periods, potentially 
reducing resource availability for legitimate pollinators. 
By deterring or excluding such visitors, ants may act not 
only as defenders against herbivores but also as filters that 
limit exploitation of floral resources during the reproductive 
phase (Aguirre-Jaimes et al. 2018).

In the Cerrado biome, ant–plant interactions are par-
ticularly frequent due to the high diversity of plant species 
bearing extrafloral and post-floral pericarpial nectaries (Del-
Claro et al. 2013; Calixto et al. 2018; Barbosa et al. 2025). 
The Rubiaceae family is well represented in this biome and 
includes several species that develop pericarpial nectaries 
during fruit development (Delprete and Jardim 2012; Fal-
cão et al. 2014). Among these species, Declieuxia fruticosa 
(Wild. ex Ruiz and Pav.) Kuntze is a characteristic savanna 
plant whose inflorescences simultaneously bear flower 
buds, distylous flowers, and fruits with active post-floral 

pericarpial nectaries, allowing the coexistence of floral visi-
tors, herbivores, and ants (Oliveira and Pie 1998; Cardoso 
et al. 2023; Sousa-Lopes et al. 2020). The species is het-
erostylous, with brevistylous and longistylous floral morphs 
that promote cross-pollination (Matias et al. 2016). Field 
observations suggest that ants typically remain on the outer 
portions of the calyx and fruits without obstructing access 
to the floral tube, indicating that they may reduce herbivory 
without negatively affecting pollination (Sousa-Lopes et al. 
2020). Moreover, ant presence may shorten pollinator visit 
duration, potentially increasing pollen flow among con-
specific individuals and favoring cross-pollination (Sousa-
Lopes et al. 2020).

Despite these observations, the extent to which ants 
influence both fruit production and fruit morphological 
traits in plant species bearing post-floral pericarpial nec-
taries remains poorly understood. In particular, little atten-
tion has been given to the possibility that ants may enhance 
plant reproductive success not only by reducing herbivory, 
but also by limiting the activity of nectar thieves without 
deterring effective pollinators. If ant-mediated reductions 
in herbivory and nectar theft increase resource availability 
during reproductive development, fruits may become not 
only more numerous but also larger and heavier; however, 
these combined effects have received little empirical testing.

Here, we first quantified pollen availability, stigma recep-
tivity, and the assemblage of floral visitors and herbivores 
associated with D. fruticosa to characterize the ecological 
context of this interaction. We then experimentally evalu-
ated the role of ants in modulating plant reproductive suc-
cess. We hypothesized that ant attendance at post-floral 
pericarpial nectaries (i) increases fruit production and pro-
motes the development of larger fruits, as measured by fruit 
weight, width, and length, and (ii) does not negatively affect 
legitimate pollinators while contributing to plant defense by 
reducing the activity of herbivores and nectar thieves during 
the reproductive phase.

Materials and methods

Study area and plant species

The study was conducted in the privately owned ecological 
reserve known as Clube Caça e Pesca Itororó (CCPIU) (18° 
58′ 56.65″ S; 48° 17′ 45.62″ W), located in the southern 
part of the municipality of Uberlândia, Minas Gerais, in the 
Triângulo Mineiro region of Brazil. The reserve covers an 
area of approximately 640 hectares, of which 127 hectares 
are designated as a Vegetation Reserve (RV), comprising 
two main phytophysiognomies of the Cerrado biome: cer-
rado sensu stricto and vereda (Bacci et al. 2016; Appolinario 
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and Schiavini 2002). The local climate is classified as tropi-
cal wet with a dry winter (Aw) according to the Köppen 
classification system.

The plant species used for the experiments was D. fruti-
cosa, which can grow as a shrub or subshrub, ranging from 
7 to 150 cm in height, and typically occurs in savanna for-
mations, with flowers available throughout the entire rainy 
season (Delprete 2010; Matias et al. 2016). As previously 
noted, this plant has EFNs, which are nectar-producing struc-
tures not directly involved in pollination and that persist as 
post-floral pericarpial nectaries on the fruits (Sousa-Lopes 
et al. 2020). Its flowers exhibit distyly, the most common 
form of heterostyly, a floral polymorphism characterized 
by the spatial separation of the pistil (female part) and the 
androecium (male part), which prevents self-pollination and 
self-fertilization (Fig. 1) (Matias et al. 2016).

Assessment of pollen availability and stigma 
receptivity

To determine the timing of pollen availability, we followed 
the methods and schedules used for the same species by 
Sousa-Lopes et al. (2020). Ten individuals were selected, 

five of each floral morphotype. A total of 25 flowers were 
observed at 30-min intervals from 06:00 to 13:00 over 
three days. The presence or absence of available pollen 
was assessed 10  min after anthesis by direct observation 
and using a cotton swab (see Ferreira and Torezan-Silin-
gardi 2013). To determine the timing of stigma receptivity, 
another 25 flowers were evaluated at 30-min intervals using 
the method proposed by Dafni and Maués (1998). Flowers 
were immersed in a tube containing 3% hydrogen perox-
ide (10-volume hydrogen peroxide), and the formation of 
bubbles on the stigma indicated its receptivity. This test was 
also conducted 10 min after anthesis.

Floral visitors and herbivores

To identify the main floral visitors and herbivores associ-
ated with D. fruticosa, we performed 20-min ad libitum 
observations (Altmann 1974) on each of the 80 individuals 
used in the ant-exclusion experiment (see below). Observa-
tions took place from 08:00 to 12:00, coinciding with the 
peak periods of pollen availability, stigma receptivity, and 
ant foraging activity. Each plant was observed once, total-
ing 1,600 min of direct observation. All insects interacting 

Fig. 1  Study system. A General architecture of Declieuxia fruticosa. 
B Brevistylous flower, with stamens positioned above the stigma. C 
Longistylous flower, with stamens positioned below the stigma. D–F 
Ant species (Camponotus crassus, Camponotus sp., and Ectatomma 
sp., respectively) foraging on D. fruticosa inflorescences. G, H Flo-
ral visitors, Apis mellifera and Heraclides sp., respectively, visiting 
D. fruticosa flowers. I–KStaphylinidae sp., Lepidoptera sp., and Xylo-
phanes tersa feeding on reproductive and vegetative structures of D. 

fruticosa, respectively. LChrysomya megacephala, one of the main 
nectar thieves of D. fruticosa. The black arrows within the images 
indicate the stigma (B) and the stamens (C). The white arrows within 
the images indicate the pericarpial nectaries (D–F). The black dashed 
line indicates an interaction with indirect effects (ant–plant) and the 
solid line indicates a direct effect (ant–herbivore, ant–pollinator, and 
pollinator-plant). The + sign means the interaction is positive, – nega-
tive, and 0 neutral
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exclusion) using generalized linear models with a negative 
binomial distribution, implemented in the MASS package 
(Ripley et al. 2013), after detecting overdispersion in Pois-
son models. Model fit was evaluated using residual diagnos-
tics from the DHARMa package (Hartig 2025).

Fruit morphological traits (weight, width, and length) 
were analysed using Gaussian linear models (LMs), with 
ant treatment (control vs. ant exclusion) included as the pre-
dictor variable in each model. The two fruit morphological 
traits correspond to correlated dimensions of the same organ 
and are therefore not statistically independent. However, 
because fruits of Declieuxia fruticosa are not strictly isodi-
mensional, variation along longitudinal and lateral axes may 
reflect distinct functional and developmental responses. We 
therefore analysed each trait separately to identify which 
specific components of fruit morphology responded to ant 
exclusion, rather than combining them into a single multi-
variate index.

All analyses were interpreted with emphasis on effect 
sizes and confidence intervals. Estimated marginal means 
(± SE) were obtained using the emmeans package (Lenth 
2025), and figures were produced using ggplot2 (Wickham 
2016).

Results

Pollen availability and stigma receptivity

Anthesis in D. fruticosa occurred early in the morning for 
both floral morphotypes. Brevistylous flowers began open-
ing at 07:40 (n = 4) and longistylous at 07:50 (n = 2), with 
94% of the observed flowers (47/50) fully open by 09:10. 
Stigma receptivity was detected primarily between 08:00 
and 09:00 (n = 39), although a few stigmas remained recep-
tive until 09:30. The interval between anthesis and stigma 
receptivity was approximately 40–60  min. Pollen release 
began at around 08:10, peaked at 09:00, and progressively 
declined with each floral visit. By 12:00, anthers were 
entirely depleted of pollen.

Floral visitors and herbivores

Ant presence differed strongly between treatments, confirm-
ing that the exclusion protocol was effective. During focal 
observations, no ants were recorded on exclusion branches, 
whereas control branches were consistently patrolled. Mean 
ant abundance was 7.6 individuals on brevistylous controls 
and 11.0 on longistylous control plants per 1600  min of 
direct observation (Table 1). Most ants belonged to Cam-
ponotus crassus Mayr, 1862, with occasional records of 
other Formicidae.

with flowers or vegetative structures were recorded and, 
whenever possible, collected with an entomological net or 
photographed for later identification at the Behavioral Ecol-
ogy and Interactions Laboratory (LECI/UFU). All collected 
visitors were identified using taxonomic keys (Silveira et al. 
2002; Oliveira et al. 2013; Baccaro et al. 2015) and through 
comparisons with reference collections previously verified 
by specialized taxonomists. Specimens were identified to 
the lowest possible taxonomic level, and all vouchers were 
deposited in the entomological collection of the Federal 
University of Uberlândia (UFU). Insects were categorized 
as floral visitors when they contacted reproductive floral 
structures, and as herbivores when feeding damage on flow-
ers, fruits, or leaves was observed.

Fruit formation and morphological traits in the 
presence and absence of ants

To test whether ant presence influences fruit set and fruit 
traits in D. fruticosa, we conducted a field exclusion experi-
ment with 80 individuals, comprising 40 of each floral 
morphotype (brevistylous and longistylous), spaced at least 
three meters apart. For each morphotype, 20 individuals 
were assigned to the control group, allowing unrestricted 
ant access, while the remaining 20 had ant access excluded 
by applying Tanglefoot around the main stem at a height of 
20 cm. To ensure effective exclusion, branches and trunks 
from neighboring plants that could facilitate ant access were 
also removed. Fruit production was monitored from Octo-
ber 2022 to January 2023, corresponding to the rainy season 
and the peak in flowering and insect activity in the study 
area. Two flowering branches were marked on each plant, 
totaling 160 branches monitored to quantify fruit set.

To evaluate the influence of ant presence on reproductive 
success, we analyzed both the number of fruits produced 
per branch (as a proxy for fitness) and fruit morphological 
traits, including fruit weight, length, and width. For this, 10 
individuals from each floral morphotype were selected (five 
from each treatment group), and five mature fruits were col-
lected per plant. All fruits were processed at LECI/UFU, 
where their dimensions were measured using a precision 
scale and digital caliper. Fruits and seeds were also visually 
inspected for evidence of herbivory.

Data analyses

We tested whether ant exclusion affected fruit produc-
tion and fruit morphology in Declieuxia fruticosa using R 
v4.5.1 (R Core Team 2025). All analyses were conducted 
separately for the two floral morphs (brevistylous and lon-
gistylous). Fruit production (number of fruits per branch) 
was modelled as a function of ant treatment (control vs. ant 
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vs. 79.8 ± 8.2; Fig. 2A; z = − 2.76, p = 0.006). A similar pat-
tern was observed in longistylous plants, where control 
branches produced 119.0 ± 15.7 fruits per branch compared 
with 75.0 ± 10.2 fruits on ant-excluded branches (Fig. 2B; 
z =  − 2.42, p = 0.015).

Ant exclusion also significantly reduced fruit weight in 
both floral morphs (Fig.  3). In brevistylous plants, fruits 
formed in the presence of ants were heavier than those from 
ant-excluded branches (0.060 ± 0.003 g vs. 0.031 ± 0.003 g; 
Fig.  3A; t = − 7.79, p < 0.001). Likewise, in longistylous 
plants, fruit weight decreased from 0.073 ± 0.003  g on 
control branches to 0.030 ± 0.003  g under ant exclusion 
(Fig. 3B; t =  − 11.96, p < 0.001).

Fruit size dimensions were also consistently reduced 
by ant exclusion (Fig.  4). In brevistylous plants, fruits 
produced on control branches were wider and longer than 
those from ant-excluded branches (Fig.  4A, B). Fruit 
width declined from 4.31 ± 0.12  mm to 3.43 ± 0.12  mm 
(t = − 5.40, p < 0.001), and length from 5.99 ± 0.09  mm to 
4.75 ± 0.09 mm (t = − 9.28, p < 0.001).

Similarly, in longistylous plants, fruits formed in the 
presence of ants showed greater width and length than 
those from ant-excluded branches (Fig. 4C, D). Fruit width 
decreased from 4.64 ± 0.10 mm to 3.34 ± 0.10 mm (t = − 8.87, 
p < 0.001) and length from 6.35 ± 0.11 mm to 4.59 ± 0.11 mm 
(t = − 11.45, p < 0.001).

Discussion

Our results demonstrate that ant attendance at post-floral 
pericarpial nectaries significantly enhances reproductive 
success in both floral morphotypes of Declieuxia fruticosa, 
increasing fruit production as well as fruit size and weight. 
These findings support our primary hypothesis that ants act 
as effective indirect defenders during fruit development. In 
addition, they corroborate the hypothesis that ant attendance 
does not negatively affect legitimate pollinators and may 
instead contribute to plant fitness by reducing the activity 
of nectar thieves. Together, these results highlight the mul-
tifaceted role of ants in mediating plant reproductive out-
comes through both herbivore deterrence and regulation of 
floral resource exploitation.

Apis mellifera Linnaeus, 1758 was the main pollinator 
of both floral morphs and exhibited higher visitation rates 
on control branches. Mean visitation rates were 10.5 and 
10.2 on brevistylous and longistylous control branches, 
respectively, compared with 7.7 and 6.2 visits on exclusion 
branches per 1600  min of direct observation. Other floral 
visitors (Diptera, Trigona spp., Vespidae, Lepidoptera and 
occasional Hemiptera) showed weaker responses to the 
exclusion treatment, with mean visitation rates ranging 
from 2.3 to 3.8 across morphs and treatments per 1600 min 
of direct observation (Table 1). When Apis and other visi-
tors were considered together, total pollinator visitation was 
consistently higher in the presence of ants; brevistylous 
plants received a mean of 12.5 visits on control branches 
and 11.5 on exclusion branches, whereas longistylous plants 
received 13.4 and 8.4 visits per 1600 min of direct observa-
tion, respectively.

In contrast, nectar thieves were more frequent in treat-
ments without ants. Mean visitation reached 4.8 on brevi-
stylous exclusion branches, compared with 3.0 when ants 
were present, and 4.5 on longistylous exclusion branches, 
compared with 3.8 on controls per 1600  min of direct 
observation. Despite frequent ant patrolling, no aggressive 
interactions between ants and floral visitors were observed 
during 1600 min of focal watches.

Herbivores comprised Staphylinidae, Thysanoptera and 
Lepidoptera larvae feeding on reproductive structures, 
while Xylophanes tersa (Linnaeus, 1771) caterpillars fed 
on leaves exclusively on ant-excluded plants (Fig. 1). Some 
specimens could only be identified to higher taxonomic 
levels due to early developmental stages or incomplete 
morphological characters. A full list of taxa is provided in 
Porto (2025), and supplementary figures in Sousa-Lopes et 
al. (2020) illustrate characteristic insects associated with D. 
fruticosa.

Fruit production and morphological traits

Ant presence significantly increased fruit production in 
both floral morphs (Fig. 2). Values reported correspond to 
model-estimated marginal means ± standard error (SE). In 
brevistylous plants, branches with ant access produced more 
fruits per branch than ant-excluded branches (120.0 ± 12.9 

Table 1  Summary of floral visitors recorded per 1600 min of direct observation for each treatment group. “Control” branches allowed ant access, 
whereas “Exclusion” branches prevented ants from accessing flowers. Values are totals and means ± standard errors (SE)
Treatment Total 

ants
Mean ants 
(SE)

Total 
Apis

Mean Apis 
(SE)

Total other 
visitors

Mean 
other visi-
tors (SE)

Total 
pollinators

Mean 
pollinators 
(SE)

Total 
nectar 
thieves

Mean nec-
tar thieves 
(SE)

Brevistylous control 144 7.58 ± 1.43 200 10.53 ± 2.76 58 3.05 ± 0.71 238 12.53 ± 2.32 56 2.95 ± 1.09
Brevistylous exclusion 0 0 146 7.68 ± 2.10 72 3.79 ± 0.75 218 11.47 ± 2.29 92 4.84 ± 0.99
Longistylous control 265 11.04 ± 1.33 245 10.21 ± 2.68 77 3.21 ± 0.64 321 13.38 ± 2.78 91 3.79 ± 1.14
Longistylous exclusion 0 0 123 6.15 ± 1.41 46 2.3 ± 0.48 169 8.40 ± 1.63 90 4.5 ± 1.23
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suggesting that ant presence limits herbivore access to both 
reproductive and vegetative tissues. Reduced herbivory dur-
ing fruit development may increase resource availability for 
fruit filling, resulting not only in a greater number of fruits 

The positive effects of ants on fruit set and fruit morpho-
logical traits may be partly mediated by ant effects on her-
bivores. In this study, the lepidopteran larvae of Xylophanes 
tersa were recorded exclusively on ant-excluded plants, 

Fig. 3  Fruit weight (model-estimated marginal means ± SE) of brevistylous (A) and longistylous (B) Declieuxia fruticosa fruits formed in the pres-
ence of ants (control) and in the absence of ants (ant exclusion). Differences between treatments were significant (p < 0.05)

 

Fig. 2  Fruit production (model-estimated marginal means ± SE) of brevistylous (A) and longistylous (B) Declieuxia fruticosa plants with ants pres-
ent (control) and absent (ant exclusion). Differences between treatments were significant (p < 0.05)
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Importantly, our results provide no evidence that ant 
presence negatively affects legitimate pollinators. Consis-
tent with this pattern, Cardoso et al. (2023) showed that C. 
crassus foraging on Palicourea rigida did not alter fruit 
production when hummingbirds visited the plants. Notably, 
this lack of effect persisted even when larger and potentially 
more aggressive ant species, such as Ectatomma tubercula-
tum, were also present, suggesting that pollinator activity 
was not disrupted by ant assemblages. In the present study, 
visitation by the main pollinator, Apis mellifera, was not 
reduced in the presence of ants, and no aggressive inter-
actions between ants and this species were observed dur-
ing focal observations. On the contrary, ant presence was 
associated with a 65% increase in visitation frequency by A. 
mellifera. This pattern likely reflects an indirect effect of ant 
attendance mediated by changes in the floral visitor assem-
blage: nectar thieves and other less efficient visitors typi-
cally spend longer periods at flowers and are therefore more 
exposed to agonistic encounters with ants, whereas honey 
bees perform short, rapid visits that minimize contact with 
ants and reduce foraging costs. By maximizing pollen intake 
rates and preferentially exploiting patches with lower inter-
specific competition, A. mellifera may benefit from foraging 
on plants with ants, which are avoided by more disturbance-
sensitive visitors (see Santos and Leal 2019). In addition, 
the relatively aggressive behavior of honey bees may fur-
ther reduce their sensitivity to ant presence, allowing them 
to exploit floral resources that are less accessible to other 
visitors. Similar patterns have been reported for Melastoma 
malabathricum L. flowers pollinated by large carpenter bees 

but also in heavier and larger fruits. Similar patterns have 
been reported in other systems, where ant-mediated indi-
rect defenses translate into both quantitative and qualitative 
gains in plant reproductive output, particularly when protec-
tion is concentrated on reproductive structures (Villamil et 
al. 2022; Nogueira et al. 2024).

In contrast to previous studies in Rubiaceae where the 
protective role of ants was weak or inconsistent (Del-Claro 
et al. 2013; Sousa-Lopes et al. 2020), our experimental 
manipulation revealed clear benefits of ant attendance. 
Fruits produced in the presence of ants were, on average, 
25% larger and 2.4 times heavier than those from ant-
excluded plants. These differences likely reflect the context 
dependency of ant–plant interactions, driven largely by 
variation in ant species composition and foraging behavior. 
In our study system, the dominant ant species, Campono-
tus crassus, exhibited rapid and transient foraging behav-
ior, remaining on individual inflorescences for only short 
periods (see Lange et al. 2019). Such behavior appears suf-
ficient to deter herbivores and nectar thieves while mini-
mizing interference with legitimate pollinators. By contrast, 
other ant species previously reported for D. fruticosa, such 
as Ectatomma tuberculatum (Olivier, 1792), tend to remain 
longer on plant structures and may exert stronger behavioral 
effects on pollinators (Sousa-Lopes et al. 2020), potentially 
shifting the balance between costs and benefits. As this lat-
ter species was not recorded in the present study, our results 
also suggest that changes in ant assemblages over time may 
influence interaction outcomes, highlighting the importance 
of considering temporal dynamics in future investigations.

Fig. 4  Fruit morphological traits 
(model-estimated marginal 
means ± SE) of brevistylous (A, B) 
and longistylous (C, D) Declieuxia 
fruticosa fruits formed in the pres-
ence of ants (control) and in the 
absence of ants (ant exclusion). 
Plants with ants produced fruits 
with greater width (A, C; mm), 
and length (B, D; mm) than ant-
excluded plants (p < 0.05)
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recruitment. Moreover, previous studies conducted in the 
same study area documented a balanced population struc-
ture between brevistylous and longistylous morphotypes 
of D. fruticosa, indicating a stable and effective pollination 
system in which ant presence does not disrupt reproductive 
dynamics (Sousa-Lopes et al. 2020).

Therefore, our study highlights the importance of ants 
as key mediators of plant reproductive success in tropical 
savanna ecosystems. By simultaneously reducing herbivory 
and nectar theft without deterring legitimate pollinators, 
ants associated with post-floral pericarpial nectaries can 
generate strong net fitness benefits for plants. These find-
ings reinforce the view that ant–plant mutualisms are highly 
context dependent and underscore the need for integrative 
approaches that consider multiple interaction partners, 
behavioral mechanisms, and temporal variation to fully 
understand the ecological and evolutionary consequences 
of indirect plant defenses.
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of Xylocopa spp., where outcomes were attributed to the fil-
tering effect of ants on the flower visitor community: ants 
deter less effective pollinators and indirectly favor efficient 
pollinators through reduced resource depletion (González et 
al. 2013).

In addition to the absence of negative effects on pollina-
tors, ant presence may even enhance pollination dynamics. 
Previous studies suggest that ants can shorten pollinator 
visit duration (Aguirre-Jaimes et al. 2018), a behavioral 
change that may increase pollen flow among individuals 
and promote cross-pollination in heterostylous systems. In 
D. fruticosa, Sousa-Lopes et al. (2020) reported that floral 
visitors make shorter visits in the presence of ants, a pattern 
that may contribute to maintaining the balanced 1:1 propor-
tion of brevistylous and longistylous morphotypes observed 
in natural populations.

Beyond herbivore deterrence, our study supports the 
hypothesis that ants may also enhance plant fitness by limit-
ing nectar theft. Nectar thieves exploit floral rewards with-
out contributing to pollination and often remain on flowers 
for extended periods, potentially reducing nectar availabil-
ity for effective pollinators (Aguirre-Jaimes et al. 2018). In 
our experiment, nectar thieves were more frequent on ant-
excluded branches, indicating that ant patrolling functions 
as a behavioral filter that deters these exploiters. Notably, 
ant presence was associated with a 2.9-fold reduction in 
the frequency of nectar thieves on ant-excluded plants. By 
selectively discouraging visitors that do not contribute to 
pollination, ants may indirectly increase the efficiency of 
plant–pollinator interactions, reinforcing the net positive 
effect of ant presence on reproductive success (Calixto et 
al. 2024).

Similar outcomes have been reported in other tropi-
cal systems, where the benefits of ant protection outweigh 
potential costs to pollination. For instance, studies on 
Euterpe oleracea Mart. showed that although ants altered 
floral visitor behavior, fruit production remained unaffected 
due to the net protective effect against floral herbivores 
(Belém et al. 2020). Together with our findings, these stud-
ies emphasize that the ecological outcomes of ant–plant 
interactions depend not only on ant presence per se, but 
also on the identity, behavior, temporal dynamics of both 
ants and floral visitors, and location of extrafloral nectaries 
(Silva et al. 2025).

Although we did not directly quantify rates of herbivory 
or nectar removal, the strong and consistent differences 
between ant-access and ant-exclusion treatments provide 
compelling evidence that ants play a central protective role 
during the reproductive phase of D. fruticosa. The com-
bined increase in fruit number and fruit size observed in 
the presence of ants suggests meaningful gains in plant fit-
ness, likely translating into greater seed output and offspring 
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