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Influence of extrafloral nectary phenology on ant–plant
mutualistic networks in a neotropical savanna
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Abstract. 1. Temporal variation has been one remarkable feature of ecological
interactions. In ant–plant mutualism, this variation is widely known, although little is
understood about the mechanisms that shape these variations.

2. This study tested whether or not the phenology of extrafloral nectaries (EFNs)
influences the temporal variation of two properties of an ant–plant interaction network.

3. The network under investigation exhibited a nested pattern and low specialisation
over most months. Monthly nestedness and specialisation in the network were
negatively correlated, both being influenced by temporal variations in extrafloral nectar
production of the plant community. The months of highest activity in the nectaries
(August–November) were those when the level of generalisation in the network was at
its highest. Although there were temporal variations in the properties of the network,
the generalist core of the species remained the same over time.

4. The stable core enhances the coevolutionary importance of ant–plant interactions
for the community. Thus, it can be concluded that the phenology of EFNs is one
effective mechanism shaping the temporal variation in ant–plant interaction.

Key words. Ant–plant interactions, coevolutionary process, ecological networks,
generalist core, temporal variation.

Introduction

Spatiotemporal variation has been one of the remarkable
features of ecological interactions (e.g. Del-Claro & Oliveira,
2000). However, the mechanisms that shape these variations
are not fully understood (Thompson, 2005; Bronstein et al.,
2006). Most studies have explored biotic factors to explain the
pattern of ecological interaction networks, such as interaction
type, relative abundances of species, and body size (see
Bascompte, 2009, 2010; Chamberlain et al., 2010; Fontaine
et al., 2011), and others have recently begun to evaluate the
effects of abiotic factors (e.g. latitude, temperature, fire and
precipitation; see Olesen & Jordano, 2002; Rico-Gray et al.,
2012; Alves-Silva & Del-Claro, 2013). Nevertheless, owing
to the need to consider multiple determinants in the structure
and dynamics of natural communities, the factors influencing
the outcome of interactions is far from fully understood.

In addition to the processes that influence interactions in
communities, the understanding of who interacts with whom
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in these systems is key to drawing valid conclusions about
evolutionary processes that occur in natural environments
(Thompson, 2005; Ings et al., 2009; Guimarães et al., 2011).
Some species can undergo coevolutionary processes that result
in the establishment of strong links with each other. These
species have an increased chance of interacting with each other
and may give rise to groups of specialists in this interaction
(the principal or generalist core of the interaction network)
(Thompson, 2005), which are responsible for maintaining
the pattern of the interactive network (Bastolla et al., 2009;
Mello et al., 2011). Due to the symmetric strength of the
interaction, the generalist core can drive the evolution of the
whole community, because the core species interacts with
virtually all species of the matrix (Bascompte et al., 2006;
Jordano, 2010; Guimarães et al., 2011).

Extrafloral nectar-mediated ant–plant mutualisms are
among the most common and widespread interactions in
terrestrial ecosystems (Rico-Gray & Oliveira, 2007). In this
type of interaction, plants produce extrafloral nectar resources
to attract and reward ants that act as biotic defences against
herbivores (Oliveira et al., 1987; Nascimento & Del-Claro,
2010; Nahas et al., 2012). Although there are many stud-
ies exploring this mutualism, the majority only verify the
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outcomes of the interaction for plants (leaf loss) (Davidson &
McKey, 1993; Blüthgen et al., 2000; Floren et al., 2002; Byk
& Del-Claro, 2010), while only a few verify the effects on ant
fitness (Byk & Del-Claro, 2011). Only recently have ant–plant
interactions been the focus of network analysis (Guimarães
et al., 2006, 2007; Chamberlain & Holland, 2008; Sugiura,
2010; Rico-Gray et al., 2012). These studies demonstrated that
these interactions exhibit a generalist pattern, with significant
nestedness (Guimarães et al., 2006; Díaz-Castelazo et al.,
2010; Sugiura, 2010) and low specialisation (Blüthgen et al.,
2007; Blüthgen, 2012; Dáttilo, 2012), although none of these
studies have verified these two properties together. According
to Bascompte et al. (2003), nestedness means that species with
low connectivity interact with a subset of high-connectivity
interactive partners (generalist core species). This is because
there are many species of opportunistic ants in these systems,
which are not specialised in plant foraging or in competing
for resources with other species.

Despite the fact that the importance of extrafloral nectar
as a key resource in the mutualistic protection of plants by
ants is widely recognised (see reviews Rico-Gray & Oliveira,
2007; Bronstein, 2009; Rosumek et al., 2009), as well as
the morphological (Elias, 1983; Machado et al., 2008) and
physiological diversity of extrafloral nectaries (EFNs; Apple
& Feener, 2001; Baker-Méio & Marquis, 2012), the influence
of seasonal variation in the secretion of these nectaries on
ant–plant interaction networks is still unknown. According to
Oliveira and Freitas (2004), the activity of EFNs is directly
related to plant phenology, concentrating on the period of
budding leaves in most species. During this period, the supply
of extrafloral nectar is higher, increasing the visitation of
plants by ants (Chamberlain & Holland, 2008). Thus, the
phenology of plants’ EFNs can directly influence the properties
of the interaction network between two groups of organisms,
and may be considered one mechanism that shapes these
interactions.

Here we hypothesised that, due to seasonality in resource
availability over the year in the neotropical savanna (Oliveira
& Freitas, 2004), the nectary phenology can affect the topo-
logical structure of ant–plant mutualistic networks, mainly
because small changes in the patterns of ant–plant interactions
are reflected in network descriptors (Rico-Gray et al., 2012).
Thus, we expect that during periods of greater availability of
nectar, the ant–plant interactions are more generalist (with
greater coexistence of ant species on plants). Moreover, we
also postulate that the generalist core is possibly less variable
in time and space than the network core periphery (Bascompte
et al., 2003); and that ant species belonging to generalist core
of network should not change over months, thus maintaining
the interaction network pattern.

Materials and methods

Study area and data collection

We conducted this study between February 2009 and
August 2010 in a natural savanna reserve (Clube Caça e
Pesca Itororó de Uberlândia/CCPIU - 48◦17′W; 18◦58′S) in

Uberlândia, Minas Gerais, south-eastern Brazil. The vegetation
is dominated by cerrado strictu sensu , consisting of trees
2–8 m high, with an understorey dominated by shrubs, grasses
and scattered perennial herbs (see Réu & Del-Claro, 2005
for a more detailed characterisation of the area). As in other
Brazilian savanna areas, the climate in the region is rainy from
October to April and dry from May to September (see Oliveira
& Marquis, 2002).

So as to avoid errors of oversampling plant species inter-
fering with the properties of the network studied, we observed
equal numbers of individuals for each species. In addition,
we selected the most abundant tree species bearing EFNs in
the study site to make up the network. The species were
Caryocar brasiliense (Cambess) (Caryocaraceae), Lafoen-
sia pacari (A. St.-Hil.) (Lythraceae), Ouratea spectabilis
(Mart.) Engl. (Ochnaceae), Ouratea hexasperma (A. St.-Hil.)
Baill (Ochnaceae), Qualea grandiflora (Mart.) (Vochysiaceae),
Qualea multiflora (Mart.) (Vochysiaceae), Qualea parviflora
(Mart.) (Vochysiaceae), Stryphnodendron adstringens (Mart.)
Coville (Fabaceae) and Stryphnodendron polyphyllum (Mart.)
(Fabaceae). Both the morphology of EFNs and their location
in each species vary, and these are described in Oliveira and
Leitão-Filho (1987) and Machado et al. (2008), respectively.

In order to evaluate the temporal variation of the network
structure of ant–plant interactions with EFNs, we tagged 30
individuals of the nine plant species of approximately the same
size (2 m) along two transects (1.5 km × 5 m) 1.5 km away
from each other. For each plant, we selected a branch of
approximately 80cm in length and 1.5-2.0m in height for the
evaluations. We checked the branches fortnightly for presence
of ants, alternating between morning and afternoon (from 08.00
to 11.00 hours and from 14.00 to 17.00 hours, respectively),
and verified whether the EFNs were active at the same time.

Network topology and statistical analysis

We used the nestedness based on overlap and decreasing fill
(NODF) index to estimate the nestedness value of networks,
using the aninhado software (Guimarães & Guimarães, 2006).
This metric measures how much the species interactions
with fewer interactions are a subset of species interactions
that establish more interactions (Almeida-Neto et al., 2008).
We tested the nestedness value of each network with 1000
networks generated by null model II, in order to assess if the
nestedness value observed was higher than expected by random
patterns of interaction. Biologically, in the networks generated
by this null model, the probability of an interaction occurring
is proportional to the level of generalisation (mean number
of interactions) of both animal and plant species (Bascompte
et al., 2003).

We calculated the level of specialisation in the networks in
each of the 19 months using the specialisation index (H 2

′). This
index is derived from the Shannon diversity of network links
and is based on the deviation from the expected probability
distribution of the interactions. We also calculated for each
month the standardised specialisation index (d ′) for each
ant species. This index is derived from the Kulback–Leibler
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Table 1. List of ant species recorded along the core–periphery of the networks and the level of species specialisation (d ′). The absolute frequency
represents the percentage of ant species collected over the 19 months of observation. The frequency of occurrence of ant species in the generalist
core or periphery represents the percentage of time that a species appeared in either the core or the periphery of the networks.

Ant species
Specialisation
(d ′)

Absolute
frequency (%)

Frequency of
occurrence (%)

Generalist core
Cephalotes pusillus (Klug, 1824) 0.163 ± 0.089 100 100
Camponotus crassus Mayr, 1862 0.181 ± 0.097 100 68.42
Azteca sp1 0.250 ± 0.101 100 15.78
Camponotus blandus (Smith, F., 1858) 0.210 ± 0.121 100 10.52

Periphery
Pseudomyrmex flavidulus (Smith, F., 1858) 0.264 ± 0.126 100 100
Ectatomma tuberculatum (Olivier, 1792) 0.252 ± 0.188 100 100
Pseudomyrmex gracilis (Fabricius, 1804) 0.153 ± 0.125 94.74 100
Camponotus trapeziceps Forel, 1908 0.194 ± 0.104 89.47 100
Brachymyrmex sp1 0.162 ± 0.100 84.21 100
Crematogaster erecta Mayr, 1866 0.271 ± 0.138 78.95 100
Solenopsis sp1 0.192 ± 0.123 68.42 100
Nesomyrmex spininodis (Mayr, 1887) 0.234 ± 0.158 68.42 100
Solenopsis sp2 0.310 ± 0.193 52.63 100
Crematogaster bruchi Forel, 1912 0.262 ± 0.226 42.11 100
Pheidole sp1 0.188 ± 0.184 42.11 100
Ectatomma edentatum Forel, 1912 0.282 ± 0.106 36.84 100
Pachycondyla villosa (Fabricius, 1804) 0.341 ± 0.331 36.84 100
Camponotus leydigi Forel, 1886 0.179 ± 0.134 31.58 100
Pseudomyrmex sp1 0.168 ± 0.121 26.32 100
Camponotus sp1 0.052 ± 0.080 21.05 100
Pheidole sp2 0.185 ± 0.095 21.05 100
Gnamptogenys semiferox Brown, 1958 0.109 ± 0.119 21.05 100
Pseudomyrmex sp2 0.294 ± 0.259 15.79 100
Camponotus lespesii Forel, 1886 0.181 ± 0.145 10.53 100
Camponotus vittatus Forel, 1904 0.070 ± 0.054 10.53 100
Crematogaster quadriformis Roger, 1863 0.381 ± 0.211 10.53 100
Cephalotes bruchi (Forel, 1912) 0.313 ± 0.443 10.53 100
Crematogaster sp1 0.038 ± 0.000 5.26 100
Cephalotes sp1 0.572 ± 0.000 5.26 100
Cephalotes atratus (Linnaeus, 1758) 0.240 ± 0.000 5.26 100
Linepithema aztecoides Wild, 2007 0.221 ± 0.000 5.26 100
Linepithema sp1 0.216 ± 0.000 5.26 100
Forelius brasiliensis (Forel, 1908) 0.104 ± 0.000 5.26 100
Ectatomma planidens Borgmeier, 1939 0.113 ± 0.000 5.26 100

distance, and calculates how a species deviates from a random
sampling of interaction with potential partners. Both indices
range from zero (extreme generalisation) to one (extreme
specialisation). In addition, both indices are quantitative and
extremely robust to changes in sampling intensity and the
number of interacting species (see more details of these
indices in: Blüthgen et al., 2006, 2007). We calculated the
specialisation indices using the bipartite package (Dormann
et al., 2009) in r, version 2.13.1 (R Development Core
Team, 2005). Additionally, we multiplied the value of network
specialisation (H 2

′) by 100 for better visualisation on the
graph.

To test whether the composition of the plants and ants
shifts along the core–periphery gradient of the networks in

each of the 19 months, we defined core or peripheral species
components of the networks using (Dáttilo et al., 2013):

Gc =
(

k
i
−kmean

z

)

where Gc is the generalist core, ki is the mean number of
links for given plant/ant species, kmean is the mean number of
links for all plant/ant species in network, and z is the SD of
the number of links for plant/ant species. Gc > 1 are species
with the greatest proportion of interactions in relation to other
species of same trophic level, and are therefore considered as
species constituting the generalist core. Gc < 1 are species with
the lowest proportion of interactions in relation to other species
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Fig. 1. Seasonal variation in the values of nestedness [nestedness
based on overlap and decreasing fill (NODF) index], the network
specialisation (H2

′) and the percentage of plants with active extrafloral
nectaries (EFNs) between February 2009 and August 2010 in an
ant–plant mutualistic network collected in the Ecological Reserve of
the Clube Caça e Pesca Itororó (CCPIU), Uberlândia, Minas Gerais,
Brazil.

of same trophic level, and are therefore considered as species
constituting the periphery network.

We used the Pearson correlation to investigate the relation-
ship among nestedness, network specialisation and percentage
of plants with active EFNs. Finally, we used a paired Student’s
t-test to evaluate whether the specialisation level of ant species
of the core and periphery varies throughout the year, and a t-
test to determine whether or not the levels of specialisation of
the ant species in the core and the periphery differ from each
other. We performed all these analyses using r version 2.13.1
(R Development Core Team 2005), and we used graphpad
prism version 5.0 (Motulsky, 1999) to create the graphics.

Results

The community presented an extremely diverse network. There
were at least 34 ant species feeding on the nectar of the
nine trees studied. The ant species Azteca sp1, Camponotus
blandus (Smith, F., 1858), Camponotus crassus Mayr, 1862,
Cephalotes pusillus (Klug, 1824), Ectatomma tuberculatum
(Olivier, 1792) and Pseudomyrmex flavidulus (Smith, F., 1858)
were the most frequent, being the only species collected in all
of the 19 months of observations. By contrast, we collected
the ant species Cephalotes sp1, Cephalotes atratus (Linnaeus,
1758), Crematogaster sp1, Ectatomma planidens Borgmeier,
1939, Forelius brasiliensis (Forel, 1908), Linepithema sp1
and Linepithema aztecoides Wild, 2007 in only one month
(Table 1).

The nestedness and the level of network specialisation varied
over the months (Fig. 1). Moreover, in only 63.15% of the
months (12 out of 19 months) was the nestedness value higher
than expected by random patterns of interaction (Table 2).
The level of network specialisation over the months was
0.343 ± 0.08 (mean ± SD) and decreased with an increase in
the network nestedness (Pearson’s r2 =−0.687; P < 0.001;
Fig. 2). The levels of specialisation (mean ± SD) of the ant

Table 2. Nestedness value [nestedness based on overlap and decreas-
ing fill (NODF) index] and network specialisation (H2

′) between
February 2009 and August 2010 in an ant–plant mutualistic network
collected in the Ecological Reserve of the Clube Caça e Pesca Itororó
(CCPIU), Uberlândia, Minas Gerais, Brazil.

Month-Year
NODF
value

Network
specialisation (H2

′)

February 2009 38.13* 0.391
March 2009 46.81* 0.299
April 2009 41.70 0.333
May 2009 40.40* 0.388
June 2009 40.71 0.527
July 2009 36.76 0.383
August 2009 41.41* 0.385
September 2009 42.10 0.325
October 2009 52.02* 0.231
November 2009 49.71* 0.232
December 2009 43.39* 0.285
January 2010 43.81* 0.295
February 2010 42.72* 0.299
March 2010 40.14* 0.370
April 2010 46.72* 0.375
May 2010 35.52 0.409
June 2010 36.42 0.486
July 2010 31.22* 0.405
August 2010 43.93 0.396

*Significant nestedness value (95% CI).

species in the core and periphery were not different from
each other (core, 0.201 ± 0.105; periphery, 0.221 ± 0.162)
(tx =−1.416; d.f. = 34.5; P = 0.082) and did not differ over
the months (paired tx = −1.807; d.f. = 18; P = 0.09).

We observed that in the months of September, October and
December, the percentage of plants with active EFNs was
much greater than in the other months, reaching 78.88% in
October, when compared, for example, with March, where
only 1.85% of the plants had active EFNs. In addition, we
observed that the higher the percentage of plants with active
EFNs, the lower the level of network specialisation (Pearson’s
r2 = −0.521; P < 0.05; Fig. 2) and the greater the nestedness
(Pearson’s r2 = 0.545; P < 0.05; Fig. 2).

The number of ant species in the generalist core always
varied between two or three species per month. In 84.21% of
the months, the generalist core comprised two ant species, and
in 15.78% of the months the core comprised three ant species.
In 19 months of observation, we recorded low variation in the
ant composition of the generalist core and only four ant species
were part of the core. Moreover, 30 ant species (88.23%) were
never part of the core (they were strictly peripheral). The ant
species C. pusillus was most frequently associated with the
generalist core (100% of months), followed by C. crassus
(68.42%), Azteca sp1 (15.78%) and C. blandus (10.52%)
(Table 2). For plants, the generalist core always comprised
one or two species, and in 84.21% of the months only
comprised one plant species. In contrast to ant species, the plant
composition of the generalist core always changed between
months and S. polyphyllum was the tree most commonly
present in the core (36.84 %).
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Fig. 2. Correlation between percentage of
plants with active extrafloral nectaries (EFNs),
network nestedness [nestedness based on over-
lap and decreasing fill (NODF) index] and
network specialisation (H2

′) of an ant–plant
mutualistic network collected in the Ecologi-
cal Reserve of the Clube Caça e Pesca Itororó
(CCPIU), Uberlândia, Minas Gerais, Brazil.

Discussion

Our results show that plant phenology contributed to temporal
variation in properties of ant–plant bearing EFN networks
in the neotropical savanna. Using the nestedness index
(NODF) and network specialisation (H 2

′), we found a direct
relationship between period of EFN productivity and the
network topology of this interactive system.

Studies verifying other mutualistic interactions that involve
resource availability (e.g. plant–pollinator) also noted that the
plant phenology is an important factor in the temporal variation
of this association (Elzinga et al., 2007; Olesen et al., 2008;
Rafferty & Ives, 2011). For the interaction between ants and
plants with EFNs, this factor could be not different, as EFN
secretion of nectar is directly related to specific phenologi-
cal stages of the plant, such as leaf expansion and flowering
(Korndörfer & Del-Claro, 2006). Notably, abiotic factors also
are involved in this system, as the plant phenology depends
on these factors (Rico-Gray et al., 2012). The flowering of the
cerrado plant community occurs mainly between the months
of August and November (see also Oliveira & Freitas, 2004),
and as such corresponds to the beginning of the rainy season
(Oliveira & Marquis, 2002). Thus, a greater resource avail-
ability over a year can increase the incidence of organisms
feeding on EFN plants, including ants (Chamberlain & Hol-
land, 2008). These results were demonstrated in this study with
the network nestedness. During the months in which there was
greater availability of extrafloral nectar, more ant species for-
aged on plants, increasing coexistence and decreasing interspe-
cific competition (Bastolla et al., 2009). Due to an increase in
resource supply and a decrease of competition, species (periph-
ery species) that do not usually forage on plants began to seek
food there. The presence of such opportunism in species inter-
actions should increase the network nestedness (Bastolla et al.,
2009). The same result could be observed through the net-
work specialisation. The increase in species richness foraging

on plants became the more generalist interaction, decreasing
the rate of specialisation. Thus, our initial hypothesis was
confirmed: the nectary phenology can contribute to tempo-
ral variation in structural properties of the interaction network
between ants and plants with EFNs, and as such can be con-
sidered one mechanism that shapes these interactions.

On the other hand, despite observing temporal variations
in network properties, the pattern and the rank of species
(core generalist and peripheral ant species) were maintained
over time. According to Mello et al. (2011), the most
generalist species in the network (hubs–those with a large
number of interactions) become responsible for property
maintenance of nested networks. Thompson (2005) contends
that these links are probably caused by the actions of
similar evolutionary processes, such as convergence and
complementarity among interacting species. Several authors
have studied the coevolutionary dynamics in ecological
networks, focusing on the core of highly generalist species
(Thompson, 2005; Guimarães et al., 2011). The species
belonging to the generalist core in our study, especially C.
crassus , C. blandus and C. pusillus , were also found in
great abundance and frequency on plants in other studies in
the area Bächtold et al., 2012; Nahas et al., 2012). These
results demonstrate their speciality in the system (foraging
in plants) and their success compared with other ant species
(they are competitively superior, more recruitment-orientated
and aggressive and thus monopolise resources). According to
Bronstein et al. (2006), specialisation regarding insects appears
to involve dietary adaptations that permit relatively complete
reliance on commodities provided by the plant partners. The
fact that the generalist core in our study site is stable indicates
that different species of plants and ants can be interacting in
the same way, with the potential to drive the coevolution of the
whole network (Vázquez et al., 2007; Guimarães et al., 2011;
Dáttilo et al., 2013). Thus, the existence of an interaction type
having a stable core enhances the coevolutionary importance

© 2013 The Royal Entomological Society, Ecological Entomology, 38, 463–469



468 Denise Lange et al.

of this interaction for the community, once other trophic levels
also depend on these species (Bronstein, 1998; Guimarães
et al., 2011). Thus, our study reinforces the importance of the
species that are most intimately involved in the interaction for
the coevolution of mutualistic systems between ants and plants
with EFNs.

Some studies have not shown that the core of generalist
ant species is stable over time (Díaz-Castelazo et al., 2010;
Rico-Gray et al., 2012). However, these studies used different
networks of various environments (such as sand dune pioneers,
sand dune scrub, tropical deciduous forest, tropical dry forest,
freshwater lagoon, flooded forest and mangrove forest). In this
context, it is expected that the plant phenology differs between
these environments, influencing the dominance hierarchy and
resource utilisation differently. Therefore, by considering the
temporal variation in the amount of resources used by ants in
just one environment, we showed that the core of generalist
species of ants tends to be stable, independent of the local
landscape and environmental factors.

In summary, we have shown that the phenology of EFNs
affects the network properties through their influence on
resource availability and competition among ants. However,
we also demonstrated that the links between the generalist
core of species are strong and stable over time. Our results
reinforce the idea of coevolution between these two groups
(ants and plants) so that the pattern of the mutualistic network
is maintained unchanged.
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Guimarães, P.R. Jr. & Guimarães, P. (2006) Improving the analyses
of nestedness for large sets of matrices. Environmental Modelling
and Software, 21, 1512–1513.
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