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Abstract

Ants have long been recognized as key plant partners, given the high number of mutualisms historically documented between
both groups. While their ecological roles are well-documented, ants as flower visitors remain understudied in the Atlantic
Forest, a world’s biodiversity hotspot. Here, we present firsthand records of ant-flower interactions, diversity, and network
structure, and characterize the plant community visited by ants in two Atlantic Forest remnants. Fieldwork was conducted
from April 2019 through May 2022 in two different vegetation physiognomies, the Mixed and the Dense Ombrophilous For-
est, located respectively in the municipalities of Colombo and Morretes, in Parana state. Using focal-plant methodology, we
documented 32 ant species visiting flowers of 71 plant species. The most frequent flower visitors from each forest type were
Camponotus crassus Mayr, 1862 (Mixed Forest) and Brachymyrmex heeri Forel, 1874 (Dense Forest) and most of the plant
species visited by ants were native trees or shrubs with small flowers. Network analysis revealed similar network topologies
across both vegetation types, with significantly low nestedness and intermediate modularity, as opposed to the expected
predominantly nested architecture of mutualistic systems. Despite remarkable sampling effort and richness of observed plant
species (n=352), sampling coverage did not surpass 35% in both forests, indicating numerous undiscovered interactions.
Future studies could increase sampling and conduct pollen experiments to gain deeper insight into ant-flower interactions.
Given tropical ecosystem degradation and pollinator decline, our findings underscore the need for further research on ants
as flower visitors, highlighting their role in ant-plant mutualisms in humid tropical forests.

Keywords Ant-plant interaction - Rainforests - Pollination - Floral nectar

Introduction

Plants represent the dominant form of life on Earth, com-
prising approximately 80% of the planet’s biomass (Bar-
On et al. 2018). Their sessile nature, however, presents a
fundamental biological constraint: a reliance on external
vectors for reproduction. The evolution of the flower was
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a pivotal innovation that not only optimized this process
but also served as a primary driver for this clade’s remark-
able success (Xiao et al. 2021). Consequently, angiosperms
have achieved unparalleled abundance and diversity among
vascular plants, presently accounting for roughly 90% of all
known plant species, thus constituting the most representa-
tive plant group (Christenhusz and Byng 2016).

Among terrestrial animals, ants (Hymenoptera: Formi-
cidae) represent one of the greatest evolutionary success
stories (Ward 2006), counting with approximately 15,000
described species across 342 genera (Bolton 2025). Formici-
dae, a cosmopolitan taxon, has significant influence over the
structure and dynamics of terrestrial ecosystems (Fernandez
et al. 2021; Feitosa and Dias 2024). In tropical forests, ants
can compose up to four times the biomass of vertebrates
(Wilson and Holldobler 2005), and their dominance in ter-
restrial ecosystems impacts a range of essential services to
the ecological functioning of these environments. They may
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act as soil engineers, altering its chemical and physical com-
position, and promoting decomposition and nutrient cycling
(Folgarait 1998; Del Toro et al. 2012). Additionally, ants
interact with other organisms, especially plants. In mutu-
alistic interactions, plants often provide food and shelter
for ants, which in turn defend them against herbivory and
aid in seed dispersal (Gammans et al. 2005; Leal and Tab-
arelli 2007; Calixto et al. 2021). Additionally, ants may
act as floral visitors, exerting positive, negative or neutral
effects on other visitors as well as on pollination (Kevan
& Baker 1983; Beattie 1985; Pellmyr 2002; Rico-Gray &
Oliveira 2008; Torezan-Silingardi and Del-Claro 2025). This
dynamic is particularly evident in plants with extrafloral nec-
taries (EFNs), where the ecological impact depends on the
position of these structures on the plant and the identity of
the interacting species (Assungdo et al. 2014; Vieira da Silva
et al. 2025).

On the one hand, several studies have highlighted ants’
significant contribution to the pollination of various plant
species (e.g., Ibarra-Isassi and Sendoya 2016; Delnevo
et al. 2020; Natsume et al. 2022; Samuel and Rastogi
2022; De Faria et al. 2022). Notably, most of these stud-
ies focus on a single plant species, thus overlooking the
broader patterns of ant-plant flower-mediated interactions
at the community level. Conversely, these insects have also
been shown to reduce plant fitness. For instance, some ant
species produce antibiotic substances in their metapleural
gland, which diminish pollen viability and pollination
efficiency (Beattie et al. 1984; Gomez et al. 1996; Rico-
Gray and Oliveira 2008). Furthermore, previous studies
(i.e., Junker et al. 2007; Cembrowski et al. 2014; Santos
and Leal 2019, Vieira da Silva et al. 2025) have reported
reduced bee activity on plants defended by ants, indicating
that their presence can inhibit visitation by effective pol-
linators. This scenario is aggravated in the case of notori-
ously aggressive ants, such as Ectatomma tuberculatum
(Olivier, 1792) and Solenopsis xyloni McCook, 1880
(Calixto et al. 2024).

In comparison to other animal groups, studies that
investigate ant-plant interactions from a network theory
perspective are still scarce. Del-Claro et al. (2018) carried
out the first review on the topic and reported that most
studies focus on interactions involving extrafloral nectaries.
Similarly, in the second and most recent review, authored
by Juaréz-Juaréz et al. (2023), this pattern was main-
tained, given that 72% of the analyzed literature focused
on ant-plant interactions mediated by extrafloral nectar.
Although some of these studies have also investigated
floral-nectar mediated interactions, only one has done so
exclusively. Santos et al. (2014) compared how seasonal
changes on floral nectar availability across dry and rainy
seasons influence ant-plant network structure in the Brazil-
ian Dry Woodlands, Caatinga. Thus, little is known about
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the diversity of ant-plant interactions concerning flower
visitation, as well as the network structure resulting from
these interactions. Ecological networks can provide key
insights into the dynamic of natural communities, revealing
patterns of specialization, nestedness, modularity, and con-
nectance, which are linked to stability and resilience under
disturbances (Bascompte and Jordano 2007; Thébault and
Fontaine 2010). Moreover, network metrics help identify
keystone species for biodiversity maintenance and high-
light spatio-temporal variation in interaction structure (Jor-
dano et al. 2003; Dupont et al. 2009).

Despite harboring the second most diverse ant commu-
nity in Brazil and being one of the most important biodi-
versity hotspots in the world (Myers et al. 2000; Feitosa
et al. 2022), the Atlantic Forest biome has not been previ-
ously studied in this regard. Hence, the present study aims to
document the richness and diversity of ant flower visitors in
two Atlantic Forest vegetation physiognomies, record their
interaction frequencies on the observed plant species, char-
acterize the plant community visited by ants, and analyze
structure of ant-plant interaction networks for both vegeta-
tion sub-formations.

Material and methods
Study areas

Sampling was carried out in three sites, across two
Atlantic Forest sub-formations, the Mixed Ombrophilous
Forest and the Dense Ombrophilous Forest, in Southern
Brazil (Fig. 1). The first site is located in the municipality
of Colombo, in Parana state’s First Plateau, which is
covered predominantly by Mixed Ombrophilous Forest,
hereinafter referred to as FOM. Specifically, the sampling
was conducted in the Empresa Brasileira de Pesquisa
Agropecuaria—Embrapa Florestas unit (25°19'24.055"
S 49°09'31.56" W, 928 m a.s.l.), which extends for 301
ha. This area largely consists of native forest remnants
(124 ha), in addition to forest crops and an arboretum,
composed of native and exotic species (Possette et al.
2015). According to Nitsche et al. (2019), the region’s
dominant climate type is Cfb—temperate climate, as
specified by the Koppen-Geiger classification, with
an average annual temperature of 18 °C and annual
precipitation of 1400-1600 mm.

The other two sites are located in the Serra do Mar
region, which contains the largest preserved Atlantic
Forest remnants in Brazil (Ribeiro et al. 2009), and is
predominantly covered by Dense Ombrophilous Forest,
referred to as FOD from here on. Both sites—the Estacao
Experimental da Embrapa Florestas — Embrapa Mor-
retes (25°45'14.21" S, 48°87'28.6" W 28 m a.s.l.) and the
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Fig. 1 Contextualized map of the study sites a Brazil, highlighting
the Atlantic Forest biome and Parana state. b Parana state, highlight-
ing the Colombo and Morretes municipalities. ¢ Study sites, indicated

private property named Chécara Tukani (25°27'42.9" S,
48°52'14.33" W, 25 m a.s.l.), are located in the rural area
of the Morretes municipality. These sites were not consid-
ered independent since they are connected by primary and
secondary forest fragments throughout the 1-km extension
between them. For this reason, data from these two sites
was pooled and analyzed collectively.

Embrapa Morretes covers 96 ha of extension, consist-
ing mostly of primary vegetation, concentrated on the
slopes of Pico Marumbi, as well as former buffalo pas-
tures and agricultural crops, where research on agrofor-
estry systems is conducted. Chéacara Tukani is composed
of 12.8 ha in total, most of which (9.8 ha) is covered by
minimally disturbed primary vegetation, in addition to 1
ha of organic agricultural and tropical flower crops. The
predominant vegetation type in Morretes is the Submon-
tane Dense Ombrophilous Forest (ITCG 2009), the main
soil type is Haplic Cambisol (CXbd19) (PDM 2008), and
humid subtropical climate with hot summers, Cfa accord-
ing to Koppen-Geiger classification, is the predominant
climate type in this region. The average annual tempera-
ture ranges between 20.1 and 22 °C, with a precipitation
of 1800-2600 mm, and relative humidity of 85.1-90%
(Nitsche et al. 2019).

1.000 km
0 )

b A

by colored circles, Colombo (blue) and Morretes (yellow), FOM and
FOD sub-formations, respectively

Data collection

Overall, sampling was conducted every month between
April 2019 and May 2022, totaling over 3 years of field-
work, but the collection period varied for each site. Specifi-
cally, at Embrapa Florestas, collections took place between
April 2019 and March 2020 (102 days of sampling), while
at Embrapa Morretes, it occurred from May 2020 through
April 2021 (49 days), and, lastly, at Chacara Tukani from
June 2019 through May 2022 (199 days). In general, insect
collection was conducted seven times per month on average,
between 08:00 and 18:00, on days with favorable climatic
conditions (i.e., in the absence of rain or strong winds).

We applied focal-plant methodology, meaning that
on every occasion each plant species was observed for a
30-min interval, each corresponding to one sampling unit.
Occasionally more than one plant species was monitored
within the same interval, due to their spatial proximity.
Importantly, each plant species was observed at different
times of the day, encompassing both morning and afternoon
periods, throughout each month.

The species of plants, as well as a variable number of
individuals, were progressively included in this study
throughout the entire sampling period based on their floral
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phenology and the availability of flowering individuals
with adequate visibility and accessibility. Given these con-
straints, the majority of the plants observed and collections
took place on the forest edges as well as the open and the
productive areas of each site, including, but not limited to,
abandoned pastures, an arboretum, agricultural, forest, and
tropical flower crops. Our goal was to sample exclusively
flower visitors and the highest possible botanical diversity,
including species of various life forms, native and exotic
origin, cultivated or not. Notably, interactions mediated by
resources other than floral nectar, such as EFNs, were not
recorded within the scope of this present study. Exsiccate
voucher specimens were collected for all species and depos-
ited in the Embrapa Florestas Herbarium, where they were
identified with the help of botanist specialists.

In order to characterize the botanical community that
interacted with ants, we recorded the following traits: (a)
life form, (b) plant height, (c) flower morphology, (d) flower
width, (e) corolla color, (f) presence or absence of floral nec-
tar, (g) and of extrafloral nectaries, (h) whether the flowers
are sessile or not, (i) origin status in Brazil (native or exotic),
(j) endemic status in Brazil, and (k) whether it was culti-
vated or not in the study sites. Data on the life form, origin,
and endemism status of these species was obtained from the
Reflora 2020 database (Flora e Funga do Brasil 2024), and
to verify the presence of EFNs the World List of Plants with
Extrafloral Nectaries (http://www.extrafloralnectaries.org)
was consulted, with the exception of plants that could not be
identified to species level. Regarding plant height and flower
width, data was collected in the field through observations
and measurements of specimens in situ or exsiccate vouch-
ers deposited at the Embrapa Florestas Herbarium. When
available, these measurements were pooled into classes to
facilitate classification and analysis. In the case of flower
size, for composite flowers or inflorescences, the size of the
capitulum or inflorescence as a whole was considered, not
that of the disk flowers.

Flower morphology directly affects which flower-visitors
can be effective pollinators and how the flowers are polli-
nated. Previous work has focused on classifying blossoms
according to their functional structure, which has led to
several classification systems being proposed. Despite great
heterogeneity and the overall lack of consensus regarding
these classifications, we opted to adopt and modify the Fae-
gri and Van der Pijl’s (1966) Structural Blossom Classes, as
an attempt to group the enormous diversity of floral forms
observed into five distinguished classes. Specifically, (1)
Brush Blossom: the external part of the pollination unit
is mostly composed of the androecium and gynoecium,
with a drastically reduced perianth; (2) Bell-shaped Blos-
som: the perianth forms a bell- or funnel-like structure,
which may present a convex, straight or concave contour;
(3) Dish-shaped Blossom: ranging from completely flat
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flowers, commonly seen in composite flowers (Asteraceae),
to deeper, bowl-like, blossoms; (4) Flag-shaped Blossom:
flowers typically found in Fabaceae Papilionoidea, that pre-
sent a characteristic butterfly-like shape and keel structure;
and (5) Tubular Blossom: the tubular structure, usually much
narrower than a bell-shaped blossom, is formed by a fused
corolla, or calyx, when a spur is present, and may possess
a rim around the flower opening, which serves as a landing
base for flower visitors. Concerning the morphology of com-
posite flowers, which are composed of ray and disk flowers,
we described only the ray flowers, due to their important
role as an attraction unit to pollinators. Even though disk
flowers present a more functional role in reproduction and
as food sources to pollinators, often filtering which visitors
can access these resources given ants’ diminutive size, the
disk flowers’ morphological attributes are unlikely to be a
constraint to visitation.

Given the absence of standardized and complete sources
of information on floral nectar production and concentration
in tropical plant species, we extracted nectar directly from
sampled plant species, in addition to consulting existing
literature. For that, we introduced a “zero-residue” 0.5-ml
insulin syringe into the nectary at the base of each flowering
organ to collect the nectar and used a refractometer to meas-
ure sucrose. In instances where neither information source
was available, we used the incidence of visits from strictly
nectarivorous taxa, such as some lepidopteran and wasps, as
a proxy for the presence of nectar.

Lastly, we defined cultivated plant species as those that
were anthropogenically introduced in the study sites, thus
disregarding the species’ natural occurrence in the biome and
in other sites across the municipality. Out of all the plants
visited by ants, only one species could not be characterized,
due to the lack of identification and field-collected data.

All ants observed in contact with the flowering parts of
plants were considered flower visitors, regardless of the vis-
its’ duration and the visitors’ behavior, and were actively
captured. Occasionally, a ladder and/or an entomological net
were used to collect specimens from taller blossoms. After
collection, all samples were transferred to absolute ethanol
for preservation.

The collected specimens were processed, pinned, and
identified at the Laboratério de Sistemética e Biologia de
Formigas at the Universidade Federal do Parana (UFPR)
and subsequently deposited in the Padre Jesus Santiago
Moure Entomological Collection (DZUP). The identifi-
cation of subfamilies and genera was done following Fei-
tosa and Dias (2024), and for ants belonging to the genera
Brachymyrmex Mayr, 1868 and Acromyrmex Mayr, 1865,
Ortiz-Septlveda et al. (2019) and Gongalves (1961) were
consulted, respectively, to reach species identification. For
the remaining genera, specimens were identified through the
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direct morphological comparison to identified specimens
deposited in the DZUP collection.

Data analysis
Interaction accumulation curve

Sampling effort and coverage significantly influence the
structure and properties of interaction networks. There-
fore, to assess if the resulting network patterns adequately
reflect the studied community, it is first necessary to evalu-
ate if these interactions have been sufficiently sampled
(Falcao et al. 2016). In order to assess sampling sufficiency
and obtain the sampling coverage index (SC), we built
interpolation and extrapolation curves of pairwise interac-
tions between ants and plants for both vegetation physiog-
nomies using the iNEXT package (Hsieh et al. 2016). This
can be done for three diversity metrics: species richness
(g=0), Shannon diversity (¢ =1), and Simpson diversity
(¢g=2). In this study, we chose to use ant-plant interaction
richness data (g=0) to build sampling-unit-based curves
(type=3), using incidence frequency data and randomized
through 1000 permutations, to compute richness indices at
confidence levels equivalent to 84%. We chose to use 84%
confidence intervals instead of the standard 95% confi-
dence interval to highlight significant differences between
the interpolation and extrapolation curves of both areas,
given that it mimics a 0.05 test (MacGregor-Fors and Pay-
ton 2013).

Whittaker plot

The rank abundance plot was made through R base func-
tions, using R version 4.4.1 (R Core Team 2024), to dis-
play the relative structure and dominance of the ant species
within and between the communities, as well as to depict
the total number of visits made by each ant species collected
in the two Atlantic Forest vegetation sub-formations (FOD
and FOM).

Interaction networks

The ant-plant interaction networks were represented by
weighted bipartite graphs, separated by vegetation physi-
ognomy (FOM and FOD). These were constructed from
two quantitative interaction matrices using replicated inci-
dence data (Jordano 2016) of visitation frequency as proxy
for abundance. This means that the quantitative data rep-
resents the percentage of sampling units in which a given
flower visitor species was present, rather than the number
of individuals recorded within those sampling units. This is
in accordance with recommendations made by Dattilo et al.

(2014b) since the authors argue that due to ants’ eusocial
behavior, they often recruit large numbers of workers to a
single plant, which can result in the overestimation of visita-
tion frequency and interaction strength, if the absolute abun-
dance of ants observed is considered.

To characterize network structure, we calculated several
metrics, specifically connectance, nestedness, modularity,
and specialization indices. Connectance reflects the pro-
portion of recorded interactions, relative to the total num-
ber of possible links based on network size, species rich-
ness at both trophic levels, with higher values indicating
a more redundant and generalized network (Estrada 2007,
Jordano 1987). Nestedness is a structural pattern com-
monly observed in mutualistic networks, where the gener-
alist species tend to interact more frequently among each
other, while the specialist species tend to interact more
with the generalists (Bascompte et al. 2003). We opted
to use Nestedness Metric based on Overlap and Decreas-
ing Fill (NODF), one of the most widely used metrics
to calculate nestedness in both sub-formations (Almeida-
Neto et al. 2008; Almeida-Neto and Ulrich 2011). The
modularity index indicates the presence and number of
modules in the network, which consist of subsets of spe-
cies that interact more frequently with each other (Olesen
et al. 2007). At the network level, the specialization index
(H2’) was also calculated, quantifying the deviation of
observed interactions from what is expected based on mar-
ginal totals and describing the degree of selectivity of the
whole network (Bliithgen et al. 2006).

The significance of the calculated indices was evaluated
using null models generated through 1000 permutations of
the data matrices. Specifically, modularity index, number
of modules, NODF, and H2” were compared to null models
built using the shuffle.web method, which randomizes quan-
titative matrices while maintaining constant the degree of
nodes and the total number of observed interactions (i.e.,
connectance) (Dormann et al. 2008). The networks, indices,
and null models were computed using the bipartite package
(Dormann et al. 2008) in R version 4.4.1 (R Core Team
2024).

Results
Flower visitor diversity and interaction frequency

Altogether 352 plant species, pertaining to 79 families, were
observed across all sampling sites, out of which 71 (20.17%)
were visited by at least one ant species.

In total, 179 ant specimens were collected on flow-
ers, out of which 166 could be identified, and distributed
across 27 species, which were included in the network
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analyses. Interestingly, nine of these species were recorded
in both vegetation physiognomies (Table 1). The speci-
mens that could not be confidently identified were grouped
into the following five morphotypes: Acromyrmex spp.,
Dolichoderus spp., Nylanderia spp., Pseudomyrmex spp.,
and Formicidae spp., and excluded from the network anal-
yses to avoid artificially introducing “supergeneralist spe-
cies” and bias into the network patterns.

In FOM, we recorded 61 ant specimens, out of which 57
were identified, representing 14 species, which interacted
with 26 plant species (Fig. 2a). In FOD, a total of 118 ants
were collected, out of which 109 were identified as 22 spe-
cies, and were recorded interacting with 47 plant species
(Fig. 2b), two of which are illustrated in Fig. 3.

Figure 4 shows the total number of visits made by each
ant species, including those grouped into morphospecies,
for both vegetation sub-formation.

Thus, in FOD, the most frequent ant species were
Brachymyrmex heeri Forel, 1874 (n=22 interactions)
(Fig. 5a), Pseudomyrmex phyllophilus (Smith, 1858)
(n=17), and Nylanderia fulva (Mayr, 1862) (n=11)
(Fig. 4), while in FOM, Camponotus (Myrmobrachys)
crassus Mayr, 1862 (n=11) (Fig. 5b), Dorymyrmex brun-
neus Forel, 1908 (n=38), and Camponotus (Myrmothrix)
rufipes (Fabricius, 1775) (n=7) were the most common
flower visitors (Fig. 4).

In FOD, the most visited plants were Rubus rosifolius
Sm. var. rosifolius (n= 14 interactions), Cucurbita pepo

Table 1 List of ant species sampled on flowers in two vegetation physiognomy of the Atlantic Forest in southern Brazil. The “Ant code” column
represents the abbreviated species’ identities used in the analysis. The acronyms FOM and FOD refer to Mixed Ombrophilous Forest and Dense

Ombrophilous Forest, respectively

Subfamily Species Ant code FOM FOD
Dolichoderinae Dolichoderus attelaboides (Fabricius, 1775) Dol_att X
Dolichoderus sp. Dol_spp X
Dorymyrmex brunneus Forel, 1908 Dor_bru X X
Formicinae Brachymyrmex heeri Forel, 1874 Bra_hee X
Camponotus (Myrmaphaenus) novogranadensis Mayr, 1870 Cam_nov X
Camponotus (Myrmobrachys) cameranoi Emery, 1894 Cam_cam X
Camponotus (Myrmobrachys) crassus Mayr, 1862 Cam_cra X X
Camponotus (Myrmobrachys) mus Roger, 1863 Cam_mus X
Camponotus (Myrmobrachys) trapezoideus Mayr, 1870 Cam_tra X
Camponotus (Myrmocladoecus) tripartitus Mayr, 1887 Cam_tri X X
Camponotus (Myrmosphincta) sexguttatus (Fabricius, 1793) Cam_sex X
Camponotus (Myrmothrix) cingulatus Mayr, 1862 Cam_cin X
Camponotus (Myrmothrix) rufipes (Fabricius, 1775) Cam_ruf X X
Camponotus (Tanaemyrmex) melanoticus Emery, 1894 Cam_mel X X
Camponotus sp. 1 Cam_spl X X
Nylanderia fulva (Mayr, 1862) Nyl_ful X
Nylanderia sp. Nyl_spp X
Myrmicinae Acromyrmex crassispinus (Forel, 1909) Acr_cra X
Acromyrmex disciger (Mayr, 1887) Acr_dis X
Acromyrmex laticeps (Emery, 1905) Acr_lat X
Acromyrmex sp. Acr_spp X
Crematogaster longispina Emery, 1890 Cre_lon X
Crematogaster obscurata Emery, 1895 Cre_obs X X
Pheidole gr. flavens sp. Phe_gr_fla X
Solenopsis bicolor (Emery, 1906) Sol_bic X
Solenopsis invicta Buren, 1972 Sol_inv X
Ponerinae Neoponera villosa (Fabricius, 1804) Neo_vil X
Odontomachus haematodus (Linnaeus, 1758) Odo_hae X
Pseudomyrmecinae Pseudomyrmex gracilis (Fabricius, 1804) Pse_gra X X
Pseudomyrmex phyllophilus (Smith, 1858) Pse_phy X X
Pseudomyrmex sp. Pse_spp X
Formicidae Formicidae sp. For_spp X
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Fig.2 a Quantitative interaction network between flower-visitor ants (on the left side) and plants on the right side in FOM. b Quantitative inter-

action network between flower-visitor ants and plants in FOD

L. (n=12), and Coussapoa microcarpa (Schott) Rizzini
(n=10), while in FOM, they were Butia eriospatha (Mart.
ex Drude) Becc. (n=7), followed by Casearia decandra
Jacq., Symplocos uniflora (Pohl) Benth., and Schinus ter-
ebinthifolia Raddi (n=5 each).

In FOM, we observed a total of 46 interactions, yielding
a sample coverage of SC=0.3076, meaning that approxi-
mately 31% of the total number of possible interactions were
sampled in this site (Fig. 6). Based on 1000 permutations of
the data matrix at an 84% confidence level, the extrapolated
number of pairwise interactions for FOM is 195.

A greater sampling effort was allocated in FOD, where
83 interactions were recorded, resulting in a higher sample
coverage of approximately 35% (SC =0.3469) (Fig. 6). The
extrapolation analysis under the same parameters estimated
a higher number of pairwise interactions for FOD (567)
in comparison to FOM (195). However, in the absence of
confidence intervals for these extrapolations, this numeri-
cal difference should be interpreted with caution, as it does

not necessarily imply a statistically significant distinction
between the two sites.

Sampling coverage and pairwise interaction
richness estimation

Despite differences in sampling effort, vegetation physiog-
nomy, community composition, and network size, both inter-
action networks exhibited similar structures. On a scale rang-
ing from O to 1, both vegetation physiognomies exhibited low
connectance and specialization, and intermediate modularity
values (Table 2). When compared to null models (Table 2),
both networks have a significantly nested structure, presenting
higher NODF than what was predicted by the model, whereas
modularity and specialization values were significantly lower,
except for modularity in FOM which was only marginally
significant Additionally, each network counts with the pres-
ence of 3 modules, none of which is statistically significant in
comparison to the null model (Table 2).
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Fig.3 Photographic records

of flower-visitor ants from
FOD: a Camponotus crassus in
Rubus rosifolius, b Linepithema
iniquum in Aechmea cylindrata,
¢ Brachymyrmex cordemoyi

in Hedychium coronarium, d
Nylanderia sp. in Helianthus
annuus (Credits: SBM)
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Characterization of the flowers visited by ants
in the Atlantic Forest in Southern Brazil

In total, ants visited 71 plant species, 26 in FOM and 47
in FOD, with only two species shared across both Atlan-
tic Forest sub-formations (Online Resource 1). This set
accounts for 37 families, 25 in FOD, and 17 in FOM (Online
Resource 1), with only six of them interacting with ants
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in both vegetation physiognomies. Additionally, the most
frequently visited family was Asteraceae (n=10 species),
followed by Fabaceae (n=35 species), Arecaceae, and Bro-
meliaceae (n=4 species). Out of these, Bromeliaceae was
visited exclusively in Morretes, while the remaining families
were visited by ants in both sub-formations. In FOD, ants
interacted with a range of plant families that are representa-
tive of this biome sub-formation, such as Bromeliaceae,
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Fig.5 Most frequent flower-
visitor species in each Atlantic
Forest sub-formation, FOD, and
FOM, respectively: a Brachy-
myrmex heeri Forel, 1874, b
Camponotus crassus Mayr,
1862 (Credits: ACAN)
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Fig.6 Interpolation and extrapolation curve of pairwise interaction
richness between ant and plants in two Atlantic Forest sub-formations
(FOM and FOD) in South Brazil

Costaceae, Heliconiaceae, Maranthaceae, Melastomata-
ceae, and Musaceae. This was also true for FOM, where the
ants interacted with Asteraceae, Fabaceae, Solanaceae, and
Myrtaceae species.

Regarding species origin, we observed that in both sub-
formations ants interacted more frequently with native plant
species, which represents 57.70% of the community (n=41

0.2mm

0.5mm

species). Out of all the plants visited, we could not deter-
mine the origin status of eight species (11.26%), due to the
lack of an identification at species level. Among the native
plant species, 11 (15.49%) are endemic to Brazil. Overall,
half of the species (n=36) naturally occur in these sites, and
the other half are cultivated (n=35), with this pattern being
shared across both sub-formations (Online Resource 1).

Regarding life-form, ants interacted primarily with shrubs
(n=20, 28.17%). When analyzed separately, this pattern
was sustained in FOD, where 15 (32.60%) of plants visited
by ants were shrubs, whilst in FOM, ants predominantly
interacted with trees, with 14 (53.85%) species. Consider-
ing plant and blossom height, overall, most species were
between 1 and 2 m tall, with 27 (38.03%) species falling into
this category, although in FOM, most species were between
2.1 and 3 m tall (n= 10 species, 38.46%) (Online Resource
1).

In FOD, 57% of the flowers visited by ants were tubu-
lar (n=27 species), while in FOM, dish-shaped blossoms
were the most visited blossom class, counting with nine
(34.62%) species. Regarding flower size, in both vegeta-
tion physiognomies, most blossoms were small, reaching
up to 2 cm wide (42 spp., 59.15%). Additionally, the flow-
ers were classified according to their predominant corolla
coloration, demonstrating that ants primarily visited white
flowers, with a total of 34 (47.89%) flowers presenting this
color. Regarding the presence of a peduncle, the majority
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Table 2 Network indices and associated p-values (p > 0.05%*), calculated based on shuffle.web null models built from 1000 data matrix

permutations for the FOM and FOD ant-plant interaction networks

FOM FOD
Network metrics Obs Null model p value Obs Null model p value
Connectance 0.1153846 NA NA 0.07777778 NA NA
NODF 12.00321 6.610-11.245 p=0.004%* 14.24652 5.227-7.687 p=0.001%
Number of compartments 3 1-3 p=0.126 3 1-5 p=1.36
Modularity 0.6394231 0.632-0.712 p=0.055 0.5866092 0.659-0.724 p=0.001%*
H2 0.327287 0.333-0.387 p=0.009%* 0.3124369 0.377-0.422 p=0.001%*

(n=29 species, 63.04%) of the flowers were sessile in the
FOD sub-formation, in contrast to FOM, where most species
were pedunculate (n= 18 species, 69.23%) (Online Resource
1). Given that nectar is the main food resource sought out by
ants in flowers, it was expected that most of the visited spe-
cies produced this resource, with 66 species (92.96%). How-
ever, ant-plant interactions were also recorded on flowers
of four species that show no evidence of nectar production,
those being: Clidemia hirta (L.) D.Don., a Melastomataceae,
and three species of Myrtaceae—Feijoa sellowiana (O.Berg)
O.Berg, Psidium cattleyanum Sabine, and P. guajava L.
Lastly, according to the World List of Plants with Extraflo-
ral Nectaries, EFNs are present in twelve (17%) of all plant
species visited by ants, which are distributed across nine
different families. These EFN-bearing species are mutually
exclusive between sites and the highest diversity was found
in FOD, with seven species. However, as already explained,
EFNs were not monitored for visitors.

Discussion

These results reveal that ants are frequent flower visitors
to a great diversity of plants present in two Atlantic Forest
vegetation physiognomies. The interactions recorded depict
remarkable diversity in both trophic levels, with 32 ant spe-
cies (Table 1) visiting flowers of 71 plant species (Online
Resource 1), generating complex, yet incomplete networks,
in spite of the considerable sampling effort, which indicates
a large amount of presently unknown pairwise ant-plant
interactions in the Atlantic Forest.

Although the association between ants and plants is rela-
tively well-studied and documented in the literature, there
are only a handful of published articles that have investi-
gated ant flower visitation and their potential role as pollina-
tors to several plant species across multiple ecosystems, but
especially in humid forests. Ant-plant mutualistic exchange
of resources for protection against herbivory is a well-known
phenomenon (Heil and McKey 2003; Trager et al. 2010;
Fagundes et al. 2017; Passos and Leal 2019; Leal et al.
2022), with the most common and well-studied interactions
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involving extrafloral nectaries, trophobiotic hemipterans,
and domatia (Rosumek et al. 2009; Calixto et al. 2018;
Banerjee et al. 2024; Chomicki et al. 2024; Novais et al.
2025). Some ant species may opportunistically exploit floral
nectar as a food resource (Haber et al. 1981), which would
explain the expressive number of interactions with flowers
recorded in this study.

In FOD, the most frequent flower visitor species observed
belongs to the genus Brachymyrmex Mayr, 1868, which is
represented by generalist and omnivorous ants. These ants
forage on vegetation using a mass recruitment strategy to
search for resources (Silvestre et al. 2003), which include
primarily honeydew secreted by hemipterans (Ortiz-
Sepilveda et al. 2019). Presently, the Brachymyrmex ants
collected could have either been actively seeking nectar in
flowers, or searching for hemipterans, or patrolling their
host-plant (Chinarelli et al. 2022). The second most abun-
dant flower visitor in this forest sub-formation, Pseudo-
myrmex phyllophilus (Smith, 1858), belongs to a genus of
predominantly arboreal ants that nest in tree branches or
hollow cavities in trunks (Baccaro et al. 2015; Fernandes
et al. 2018). Schmid et al. (2014) has provided records of P.
phyllophilus (Smith, 1858) visiting inflorescences of Vriesea
friburgensis Mez, a species of Bromeliaceae. Accordingly,
we have observed interactions between this species and other
bromeliads, such as Aechmea cylindrata Lindm. and other
species that are likely to belong to the genus Vriesea Lindl.

In the Mixed Ombrophilous Forest (FOM), the genus
Camponotus Mayr, 1861 was the most frequently recorded,
which is in conformity with findings of previous studies that
have investigated ant-plant interactions on a single plant
species (e.g., Silva et al. 2020) or plant communities (e.g.,
Lange et al. 2013; Santos et al. 2014). Additionally, some
of these studies suggest that Camponotus continuously con-
sume floral and extrafloral nectar (Lange et al. 2013; Santos
et al. 2014), which could be related to this genus’ generalist
and opportunistic feeding and nesting habits (Silvestre et al.
2003; Ronque et al. 2018; Feitosa and Dias 2024). Specifi-
cally, Camponotus crassus Mayr, 1862, the most frequent
flower visitor in FOM (Fig. 4b), is one of the most abundant
ant species not only in the Atlantic Forest but throughout
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Brazil (Feitosa et al. 2022). Their dominance can be attrib-
uted to their aggressive behavior against natural enemies
(Lange et al. 2019), which can result in a trade-off in the
relationship between C. crassus Mayr, 1862 and the plant
species visited. Calixto et al. (2024) has classified C. crassus
as an optimal protective mutualist, meaning that despite its
aggressiveness, it usually does not negatively impact their
hosts’ reproduction. Moreover, due to its high visitation fre-
quency, it is possible that it aids in the pollination process,
as evidenced by Das and Das (2023). Additionally, this spe-
cies lacks a metapleural gland, which secretes substances
that affect pollen viability, and has a robust, hairy body that
facilitates pollen adhesion and transfer between plants (Das
and Das 2023). In a study conducted in the Brazilian Cer-
rado (Del-Claro et al. 2019), C. crassus Mayr, 1862 was
identified as the primary pollinator of Paepalanthus lundii
Korn, being its most frequent flower visitor and an effective
pollinator, which was confirmed through exclusion experi-
ments. Furthermore, the presence of C. crassus Mayr, 1862
on plants has been positively correlated with seed production
(Del-Claro et al 2019). Conceigao et al. (2014) also provide
some evidence that C. crassus Mayr, 1862 could be a pol-
linator of coconut palms in Bahia. These and other studies
(e.g., Ibarra-Isassi and Sendoya 2016; Delnevo et al. 2020;
Natsume et al. 2022; Samuel and Rastogi 2022; Torezan-
Silingardi and Del-Claro 2025; Diaz et al. 2025) highlight
the understudied and potentially underestimated role of ants
in the pollination of various angiosperms.

Although considered a rare event, ant pollination is a low-
cost and advantageous system, favored by ant-pollination
syndrome, more commonly found in dry and arid environ-
ments (Hickman 1974; Gémez et al. 1996; Torezan-Silin-
gardi and Del-Claro 2025). Dry and arid ecosystems often
present highly abundant ant communities and low-growing
plants with inflorescences at ground level, composed of
small and sessile flowers that produce small amounts of pol-
len, which prevents triggering ants’ self-cleaning behavior,
but abundant floral nectar as the primary food resource (Das
and Das 2023; Torezan-Silingardi and Del-Claro 2025).
Additionally, flowers with superior ovaries, monoecious and
chasmogamous, are more frequently pollinated by ants (Das
and Das 2023). Amongst all the plant species visited by ants,
across both forest types , none of the species exhibited all
these characteristics (SI2). However, the concept of pollina-
tion syndromes has been previously questioned, as numer-
ous findings suggest that most angiosperms are generalists
in regard to their flower-visitors (Memmott 1999, Ollerton
1996, Waser et al. 1996). In fact, Pereyra et al. (2024) have
shown that Lomatia hirsuta (Lam.), a tall tree species, is
effectively pollinated by Camponotus chilensis (Spinola,
1851), which directly contradicts the pollination syndrome
criteria proposed by Hickman. The latter and present studies
were conducted in the Neotropical region, where knowledge

about ant pollination is still remarkably scarce, suggesting a
likely underestimation of these services in this region.

Most of the plant species visited by ants were trees or
shrubs, ranging between 1 and 3 m tall. Importantly, sam-
pling above this height threshold was limited, due to reduced
accessibility and visibility. Concerning flower size, most
visited flowers were relatively small up to 2 cm wide. On
the one hand, most visited flowers in FOM were pedun-
culate, while in FOD most flowers lacked a peduncle. As
expected, over 90% of the flowers visited produce nectar,
with the exception of four species, suggesting that ants may
have been seeking other floral resources, such as pollen.
This has some support in the literature (e.g., Urbani and
De Andrade 1997, Byk and Del-Claro 2011, Czechowski
et al. 2011, Cembrowski et al. 2015) and could explain the
interactions recorded on Clidemia hirta L. (D.Don.). This
species belongs to a highly diverse and representative family
in tropical regions, Melastomataceae (Renner 1989), includ-
ing the Atlantic Forest biome, and similarly to most species
in this family, it offers only pollen as a reward to flower visi-
tors (Buchmann 1983). Additionally, their flowers have pori-
cidal anthers, which prevent illegitimate visits, since only
some bee species are capable of buzz pollination (Buchmann
1983), behavior that makes their pollen accessible to polli-
nators. Nevertheless, further studies are needed to uncover
which strategy ants might exhibit to access this resource.

In addition to floral nectar, extrafloral nectaries are a feed-
ing resource commonly used by ants and the focus of most
ant-plant interaction network studies conducted in Brazil.
Therefore, it is likely that the twelve EFN-bearing species
received EFN-mediated ant visits in addition to the flower
visitation we recorded. Most of the studies that investigated
ant associations to plants with extrafloral nectaries were con-
ducted in the Cerrado biome, including Lange et al. (2013;
Lange and Del-Claro 2014), with 31-34 ant species interact-
ing with nine plant species, and Fagundes et al. (2018), with
19 plants interacting with 25 ant species. Additionally, two
studies in the Campos Rupestres vegetation type were found,
one reporting 30 ant species visiting 78 plant species (Costa
et al. 2016) and another with 25 ant species interacting with
16 plant species (Fagundes et al. 2018). A single study con-
ducted in the Caatinga also reported 19 plants interacting
with 25 ant species (Camara et al. 2019). In contrast, the
study by Dattilo and Vasconcelos (2019) conducted in the
Amazon recorded expressively higher ant diversity, with 112
species interacting with 88 plant species. Similarly, Falcao
et al. (2015) reported interactions between 174 plant species
and 211 ant species in the Amazon.

Conversely, only one published research article inves-
tigated exclusively ant-flower interaction networks medi-
ated by floral nectar. Santos et al. (2014) recorded 34 ant
species interacting with 42 plant species in the Caatinga,
Bahia, in northeastern Brazil. Despite having recorded a
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higher plant diversity, we have observed fewer pairwise
ant-plant interactions than Santos et al. (2014). These dif-
ferences may be associated with the specific environmental
conditions to which each biome is subjected, such as a
pronounced seasonality, which directly influences floral
resource availability and significantly changes interaction
network patterns.

Despite the importance of accounting for sampling
sufficiency when analyzing interaction network patterns
(Falcdo et al. 2016), only one other article presented such
data. Dattilo and Vasconcelos (2019) recorded a total of
881 interactions, representing 65 pairwise interactions,
which corresponded to 82.2% sample coverage. Although
83 pairwise interactions were recorded in FOD, and 46 in
FOM, the sampling coverage (SC) indices for both sites
did not surpass 35%. This could be partially explained by
the higher incidence of singletons, evidenced by the lower
number of total interactions in this study.

Regarding network metrics, both areas exhibited similar
structures, characterized by being significantly specialized
and nested, and presenting low-connectance and interme-
diate modularity values. Low connectance reflects high
interaction specialization, a common pattern in mutualistic
networks (Bascompte and Jordano 2007). Significant nested-
ness, a typical feature of ant—plant networks (Juarez-Juarez
et al. 2023), suggests a highly specific and asymmetric
organization of interactions within the ecological commu-
nity (Guimaraes et al. 2006; Bliithgen et al. 2008), in which
a central set of generalist species maintains numerous inter-
actions with specialists and among themselves (Guimaraes
et al. 2006; Martinez-Adriano et al. 2018). The significantly
modular architecture indicates the presence of subgroups
of interacting species, structures which may have resulted
from biological factors such as foraging behavior and habitat
preferences (Bellay et al. 2015; Juarez-Juarez et al. 2023).
The aggressive foraging behavior of some species (such as
C. crassus and P. phyllophilus) may result in dominance over
plant partners and their resources, especially when interact-
ing with plants that produce a large volume of nectar, as sug-
gested by Dattilo et al. (2014a). Several of the visited species
are known to secrete high volumes of nectar, e.g., Eriobot-
rya japonica with a maximum volume of 30.71 (Merino
and Nogueras 2003); Cucurbita pepo L. with 79.2 +8.0 pL
(Vidal et al. 2006); Callianthe rufinerva (A.St.-Hil.) Don-
nel. with 20.6 + 11.7 pL (Buzato et al. 1994); and Bauhinia
forficata Link with a mean production of 15.11+10.5 pL
(Neto 2013). These values are relative to some of the other
species visited by ants, like Asclepias curassavica L., which
produces on average 1.08 +0.51 pL of nectar per flower per
day (Broyles 2019).

Unexpectedly, our results diverge from the common
interaction network patterns of other insect taxa, such as
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butterflies (e.g., Martinez-Adriano et al. 2018), which are
typically more nested, less specialized, and non-modular
(Bascompte et al. 2003; Almeida-Neto et al. 2008). Impor-
tantly, specialization (H2’) and modularity can decrease with
greater sampling effort, while becoming more nested (Falcio
et al. 2016). Consequently, a more extensive sampling might
reveal a different network structure, possibly similar to that
of pollination networks. Nevertheless, the present findings
provide crucial insights into the unique and highly structured
ant-plant interactions within the Brazilian Atlantic Forest.

Conclusion

To our knowledge, this is the first study to investigate the
diversity of flower-visiting ants and their interactions with
angiosperms, as well as characterize the plant community
involved in these interactions in the Atlantic Forest biome.
Despite the substantial sampling effort made throughout the
3 years of monitoring, including observations in over 350
plant species, the number of pairwise ant-flower interactions
and sampling coverage for both vegetation physiognomies
were relatively low, suggesting that numerous interactions
are yet to be recorded in these sites. In this respect, these
findings indicate a much richer and unexplored network of
ant-plant floral nectar mediated interactions, a pattern that
is likely to expand beyond the Atlantic Forest biome into
other ecosystems throughout the world. In conclusion, this
study sheds light on the urgent need for more research on
this topic, especially in the face of the escalating degrada-
tion of tropical forests and resulting pressures on pollinator
populations, exacerbated by climate change.
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