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Introduction

The emergence of graph theory (Euler & Euler, 1736) 
allowed using the complex network approach to aggregate 
detailed information about interactions between species in 
biological communities (Amaral & Ottino, 2004; Bascompte et 
al., 2010). The network approach allows inferring information 
about each interaction between pairs of species, as well 
as assessing patterns at community level. This approach 
provides quantifiable metrics to discuss cause and effect 
relationships at lower hierarchical levels, as well as to discuss 
their consequences to the community as a whole (Lewinsohn 
et al., 2006b; Bascompte et al., 2010).
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of the complex network approach has improved the understanding about community 
structuring, few aspects such as the temporal variation in the species’ activity pattern 
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presented similarity among the topological metrics assessed throughout the day. 
Different ant species presented distinct foraging times. Thus, two modules referring 
to the day and night shifts emerged from the network and presented specific species 
at each foraging shift. On the other hand, the plants kept on providing the resource 
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current study have shown that ecological networks keep their structures constant; 
however, the ecological processes ruling these networks can better respond to the 
effects caused, for example, by the temporal variation in species’ activity. Therefore, 
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Using the complex network theory metrics as a tool 
allows describing patterns such as nesting, modularity, 
connectance and specialization in interactions between 
communities. Such patterns help making inferences about the 
processes underlying the communities’ structure (Guimarães 
et al., 2007a, b; Bascompte et al., 2010). The nesting occurs 
when the species involved in the process present three intrinsic 
features, namely: generalist species interacting with each other; 
generalist species interacting with specialist species, and lack 
or rare occurrences of interactions between specialist species 
(Guimarães et al., 2006; Bascompte, 2007; Bascompte et al., 
2010). The high modularity occurs when the network presents 
groups of species interacting more often with each other than 
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with other species in the community (Lewinsohn, Ina & Prado, 
2006a). The connectance, in turn, is the proportion between 
the observed interactions and the possible number of network 
interactions (Jordano, 1987). Finally, the specialization is 
based on information theory and assesses the least amount 
of interactions between two different species at population 
or community level (Blüthgen, Menzel & Blüthgen, 2006). 
The use of such metrics allows assessing the impact of the 
interaction that a given species exerts along with and on the 
other species in a given community.

Although the use of the complex network approach 
has enabled advances in the understanding of community 
structuring, there are still unexplored points (Blüthgen, 2010). 
For example, many networks describe relations between 
animals and plants, but few take into account the variations 
in the temporal activity patterns of species (Dáttilo, Díaz-
Castelazo & Rico-Gray, 2014). Networks based on the direct 
observation of interactions (Gove, Majer & Dunn, 2007; 
Araujo et al., 2008; Allesina & Levine, 2011; Fagundes, Del-
Claro & Ribeiro, 2012) may be biased if the observed species 
present specific activity times and if the observations do not 
contemplate such variations. It could exclude some species 
from the networks (which would not be registered because 
they were out of their activity period) and, consequently, the 
network structuring ecological processes inferred from the 
pattern obtained in the observations may be biased.

Plant-ant interaction networks are a very common 
example of networks that may present topologies with 
temporal variation. Many plant species are associated with 
several ant species that potentially provide protection against 
herbivory (Bentley, 1977; Miller, 2007; Fagundes et al., 2012). 
In this type of interaction, the plant provides nectar as food 
resource through extrafloral nectaries, also known as EFNs 
– nectar secreting structures, which are not involved in 
pollination (Fahn, 1988; Schmid, 1988). On the other hand, 
when ants search the plant looking for nectar, they end up 
attacking herbivores, thus establishing a facultative mutualistic 
interaction (Boucher, James & Keeler, 1982).

It is common for many ant species to show temporal 
pattern variation in their activities (Oliveira et al., 1999; Falcão, 
Dáttilo & Izzo, 2013). Some species may particularly present 
exclusively diurnal or nocturnal activity (Aschoff, 1966; 
Oliveira et al., 1999). Different species may show variations in 
their activity period in response to variations in temperature, 
humidity or solar irradiation, even in a single period (Retana 
& Cerda, 2000). Plants may also present temporal variations 
in their activity, such as opening or closing the stomata or 
EFNs at different periods in order to avoid water stress, or 
changing the amount and/or quality of the nectar produced 
in the EFNs in order to attract more efficient ant species to 
protect them during high predation periods (Falcão et al., 
2013; Dáttilo et al., 2015). Therefore, the current study has 
conducted collections during 24-h periods in order to assess 
whether the changes in species’ activity patterns could affect 

the structure of interaction networks. In order to do so, an 
EFN plant-ant interaction network was used as study model. 
The herein presented hypothesis is that the temporal variation 
in species’ behavior affects the network topology and/or 
presents temporally varying interaction patterns.

Materials and Methods

Studied area

The study was conducted in the municipal protection 
area of the Sempre Viva – Mucugê Project; the area is located 
in Chapada Diamantina, Bahia State, Brazil, (12°59’31.43” S, 
41°20’32.15” W). The region is formed by a mountainous 
complex, which is characterized by hills with altitude higher 
than 900 m above the sea level. The local landscape is 
dominated by rupestrian fields (Giulietti, A.M., Pirani, J.R. & 
Harley, R.M. 1997; Vasconcelos, 2011). According to Köppen’s 
classification, the climate in the region is Cwa. The mean air 
temperature in the three coolest months of the year ranges 
from -3 °C to 18 °C, whereas the mean air temperature in the 
hottest month is higher than or equal to 22 °C; it rains during 
the summer. 

Data Collection

Ants associated with plants were collected, from April 
to October 2013, in 20 plots (10 x 10 m), thus totaling a 2-km² 
area in a 5-km transect (Fig 4). The collection has followed 
the protocol by Agosti et al. (2000), who recommended 
plots at least 50m distant from each other in order to avoid 
overlapping ant nests. Monthly inventories of plants with 
extrafloral nectaries (EFNs) were performed in each plot. 
Whenever ants were found feeding on EFN plants during the 
monitoring conducted in each plot, one to three individuals 
belonging to each species were collected. In addition, the time 
the ant visited the plant and the region in the visited plant 
(leaf, flower bud, leaf knot; stem, flower, fruit, leaf peduncle, 
fruit peduncle and bud peduncle) were recorded. All plant 
species visited by the ants were collected for identification 
purposes at the end of the study.

The 24-h collections were divided in two 12-h shifts 
(day and night) in order to assess the temporal effect on the 
interaction networks. Ten (10) plots were inspected in each 
incursion during the day and 10 at night in order to avoid the 
effects caused by human presence disturbance. The daytime 
collections were conducted between 7:00 a.m. and 7:00 p.m., 
with 2-h intervals between samplings. The nocturnal collections 
were conducted between 7:00 p.m. and 7:00 a.m. in the 
following morning, also with 2-h intervals between samplings. 
It totaled 288 collection hours during 6 months. Each plot was 
inspected for at least 10 minutes and for at most 24 minutes 
during collection. This procedure aimed at minimizing the 
possible sub- or super-sampling effects on a single plot. The 
biological material samples were properly identified (the ants 
were identified by PhD Professor Rodrigo Feitosa (UFPA), 
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whereas the plants were identified by experts from the 
herbarium of Feira de Santana State University – UEFS) and 
deposited in the entomological collection Prof. Iohan Backer 
at the UEFS Zoology Museum and in the herbarium belonging 
to the same institution.

Data analysis

Data concerning the presence/absence of ants associated 
with EFN plants were used to generate ant-plant incidence 
matrices: 1) six complete matrices comprising all the visiting 

ants and visited plants, in each month; 2) six diurnal matrices 
comprising just ants found in the plants throughout the day, 
in each month; 3) six nocturnal matrices comprising just ants 
found in the plants throughout the night, in each month; 4) 
one general matrix comprising all the visiting ants and visited 
plants, and grouping the six incursions to the field; 5) one 
general diurnal matrix comprising all interactions recorded 
during the six incursions performed at daytime; and 6) one 
general nocturnal matrix comprising all interactions recorded 
during the six incursions performed at night; in a total of 21 
matrices.

Data referring to the intervals between 5:00 and 7:00 
a.m. (dawn) and between 5:00 and 7:00 p.m. (twilight) were 
not taken into consideration in the construction of the diurnal 
and nocturnal matrices in order to avoid overlapping the 
species record between the nocturnal and diurnal periods. As 
the collections performed in these periods incorporated the 
light change between day and night, they overlapped species 
at the beginning and at the end of their activity (see the results 
for further details). Thus, two other matrices were generated: 
1) matrix “ant x hour”, comprising the 10 intervals and all 
ant species interacting with plants during the six incursions 
to the field; 2) matrix “plant x hour”, comprising the 10 
intervals and all plant species interacting with ants during the 
six incursions to the field. These two matrices incorporated 
the period during which the temporal variations of the species 
(ants and plants) were observed in the networks.

An abundance graph containing the 12 intervals/
collection hour, as well as the two light transition periods 
(between 5:00 and 7:00 a.m. and between 5:00 and 7:00 p.m.), 
was generated in order to assess whether the abundance of ant 
species varied temporally. A null model-based approach was 
used to assess whether the nesting pattern in each network 
(general, diurnal and nocturnal) could be obtained at random. 
In order to do so, the occurrence of interactions in each network 
was randomized 1000 times and the likelihood of each NODF 
value to be generated by chance was calculated. The NODF 
value may range from 0 (indicating a non-nested network) 
to 100 (indicating a perfectly nested network) (Almeida-Neto 
et al., 2008). The Shannon index (H2´) was used to calculate 
the specialization value at community level (Blüthgen et al., 
2006). This index assesses the maximum network generality 
value (H2´ = 0) and the maximum specialization value (H2´ = 1). 

The connectance (C), which is the proportion between the 
observed interactions and the possible number of network 
interactions (Jordano, 1987), was also assessed in the 
current study.

The connectivity, connectance, specialization at 
community level (H2’), modularity (M) and nesting (NODF) 
values concerning the 6 “ant x plant” diurnal networks and 
the 6 “ant x plant” nocturnal networks were calculated in 
order to assess whether the grouped, general, diurnal and 
nocturnal networks presented topology changes according 
to the collection period. These metrics were calculated for 
each collection in each period (night or day). Subsequently, 
a paired t-test was conducted in order to compare the metrics 
calculated for the diurnal and nocturnal networks. The 
metric values of the diurnal matrices were compared to the 
metric values of the nocturnal matrices belonging to the 
same collection month. All analyses were performed in the 
R software (R Core Team 2012) using Bipartite packages 
(Dormann et al., 2008) in order to generate the networks and 
calculate the nesting degree; SNA (Carter T. Butts 2013) and 
IGRAPH (Csardi G, Nepusz T 2006) were used to generate 
the network graphs.

The Visweb command was used in the matrices “ant 
x hour” and “plants x hour” in order to visualize the distinct 
modules related to the occurrence of ants and plants interacting 
in the diurnal or nocturnal intervals. The modularity (M) 
represents the degree of subgroup formations within a given 
community. The Modular Software (Marquitti et al., 2014) 
based on Simulated Annealing (S), with 0-1 interval (Guimerà, 
Sales-Pardo & Amaral, 2004), was used to calculate the 
modularity index (M). This index varies from 0 (absence of 
modules) to 1 (network split in modules) (Olesen et al., 2007). 
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A null model approach was used to assess whether the M value 
found in the matrices “ants x hour” and “plants x hour” could 
be generated at random. The occurrence of the interactions of 
the matrices “ant x hour” and “plant x hour” in each network 
was randomized 1000 times. The dissimilarity between ant 
and plant species in the general diurnal and general nocturnal 
networks was also quantified using the Morisita index. 
Morisita Overlap Index is a measure of how similar or different 
two sets of data are. The index ranges from 0 (no similarity) 
to 1 (complete similarity) (Morisita, M. 1962).

Results

A total of 46 ant species associated with 56 plants 
was collected. Thirty-eight (38) ant species interacting with 
44 plant species were collected in the nocturnal period, 
whereas 33 ant species interacting with 47 plant species were 
collected in the diurnal period. The ants were distributed in 
different parts of the plant, according to the EFN location, at 
the following proportions: leaf = 37.50%, bud = 22.41%; leaf 
node = 12%; stem = 10.41%; flower = 7.1%; fruit = 4.51%; 
flower peduncle = 4.41%; fruit peduncle = 0.1%; and bud 
peduncle = 0.1%.

The general network comprising all species found 
during the nocturnal and diurnal collections was based on 
the record of 2883 ant occurrences. This network has shown 
nesting greater than that expected at random (NODF = 54.39, 
p <0.001, Fig 1A). The general diurnal and general nocturnal 
networks have shown nesting values similar to those of the 
general network; the NODF values were 49.04 (p <0.001, Fig 
1B) and 52.3 (p <0.001, Fig 1C), respectively. The general 
network has also presented mean specialization level (H2´= 
0.194) similar to that of the general diurnal (H2´ = 0.212) and 
general nocturnal networks (H2´ = 0.226). The connectance of 
ants and plants in the three networks was also similar (general 
= 0.20; general diurnal = 0.20; general nocturnal = 0.18). The 
three networks have also presented similar modularity values 
(general = 0.20; general diurnal = 0.24; general nocturnal = 0.23).

The ants found in the EFN plants have shown well-
marked daily activity pattern. The diurnal-species community 
was particularly different from the nocturnal-species community 
(“ant x hour” network modularity = 0.21; p <0.001; Morisita = 
83%) (Fig 2A). A group of ant species (17%) has presented 
visitation activity regardless of the time and formed a type 
of timeless group (Fig 2A). However, the plant community 
did not present significant differences (“plant x hour” network 

Fig 1. Mutualistic Interaction Networks, weighted by the presence and abundance between ants and plants with EFNs in Chapada Diamantina, 
Brazil. (A) general nested network with all interactions between 46 ant species and 52 plant species without taking into consideration the 
temporal variation in species’ activity. (B) nested network with species active just during the day, from 07:00 a.m. to 07:00 p.m.; the network 
comprises 33 ant species interacting with 47 plant species. (C) nested network with species active from 07:00 p.m. to 07:00 a.m.; the network 
comprises 38 ant species interacting with 44 plant species.
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modularity = 0.01; p = 0.998; Morisita = 1.1%; Fig 2B). The 
connectance, specialization (H2’), modularity and nesting 
values of the diurnal and nocturnal matrices in each month 
were similar (Table 1); however, there was significant variation 
in the ant species’ composition (Fig 2A).

The abundance of ants visiting the plants reduced from 
05:00 to 07:00 a.m. and from 05:00 to 07:00 p.m. Soon after, 
there was a peak in the subsequent intervals: from 07:00 a.m. 
to 5:00 p.m. and from 7:00 p.m. to 5:00 a.m. (Fig 3). It was 
a clear indication that there was change of shifts between 
ant species. It is worth highlighting that some generalist ant 
species in the network such as Ectatomma brunneum (the most 
generalist species in the nocturnal network (Fig 1C) and the 
fourth most generalist species in the diurnal network (Fig 1B)) 
did not visit some plant species such as Chamaecrista blanchetii 
(the second most generalist species in the three networks) and 
Agarista pulchella (the sixth most generalist species in the 
network). Similarly, Camponotus fastigatus (the second most 
generalist species in the diurnal network and not found in 
the nocturnal network) did not visit Paralychnophora harleiy 
(the second most generalist plant species in the diurnal 

network) (Fig 1B). Finally, Camponotus arboreus (the first 
most generalist species in the diurnal network and not found in 
the nocturnal network) did not visit Senna cana or Baiantus 
viscosus, which are also generalist plant species in the 
general network.

Discussion

The current study has shown that the topological 
metrics of the network of interactions between ants and EFN 
plants did not change between day and night shifts. However, 
there was great temporal variation in the composition of ant 
species found in the networks. It indicated that the structure 
of the interactions remained constant, but the characters (ant 
species) performing ecological services varied. These species 
eventually played similar roles in the network because the 
network topology remained constant even when the foraging 
varied temporally. However, the change of shift observed 
in different ant species has indicated a possible specificity 
(aggressiveness, for example) in the plant protection 
service. Another relevant factor lies on the fact that this 

Fig 2. Interaction matrices comprising ant and plant species found in the 12-hour sampling period in Chapada Diamantina, Bahia 
State, Brazil. (A) matrix with 46 ant species interacting with EFN plants. (B) matrix with 52 plant species interacting with ants 
along 12 sampling intervals. The sequence of times is established by the abundance and frequency of ants in the plants. The gray 
scale was established by the R program according to the presence and abundance of ants in the plants according to each interval 
of couple of hours. The greater the intensity of gray, the greater the incidence of the species.
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temporal variation did not take place in the plant community. 
It indicated that the plants remained active and provided the 
nutritional resource for 24 hours. Eventually, the need of 
protection against potential predators, which was provided by 
different ant species, justified the constant EFN activity.

An intriguing point about the herein obtained patterns 
concerns what could lead the ant community to shift between 
the day and night periods. Ants may become more or less 
aggressive when they catch herbivores depending on the sugar 
concentration in the consumed food (Grover et al., 2007; 
Kaplan et al., 2015). Likewise, the sugar concentration in 
the nectar may vary within a single plant (Herbert G . Baker, 
1978). Eventually, if the chemical composition of the nectar 
varies at different times of the day, perhaps it could explain the 
temporal variation in the activity of ants, since this variation 
is influenced by the variation in the EFN quality. Different 
studies have shown that the variation in the extrafloral nectar 
composition may affect the behavior of certain ant species and 
make them more or less active/aggressive, as well as make 
them abandon or become dependent on the resource (Grover 
et al., 2007; Wilder & Eubanks, 2010; Heil et al., 2014). Thus, 
it is possible assuming the reason why generalist ants do not 
visit generalist plants in the network, since the nectar of these 
plants does not hold some attractive or repellent compound to 
these ant species.

The optimal defense theory predicts that, in order to 
obtain greater protection during the highest predation risk 
period, plants may vary the extrafloral nectar supply and 
quality during a certain period of the day or in a certain part 
of the plant (Falcão et al., 2013; Dáttilo et al., 2014c; Millán-
Cañongo, Orona-Tamayo & Heil, 2014) to attract ants able to 
provide more efficient protection. Therefore, such variation 
in nectar composition may be beneficial to plants if the defense 
behavior of the ants found during the day and at night is 
complementary (high-quality EFN/most aggressive ants; low-
quality EFN/less aggressive ants), since it is likely that the 
herbivores eating plants throughout the day are different from 
and less abundant than the nocturnal ones (Wilder & Eubanks, 
2010; Dáttilo et al., 2014c, 2015).

Competition is also an important component that may 
be associated with the temporal variation in ant behavior (Retana 
& Cerda, 2000). In this case, the nutrient supplied by the 
plants would have little relevance to the role played by the 
change of shifts between ant species. Thus, ants temporally 
vary their activity to reduce the impact of competition and, 
consequently, to reduce niche overlapping. The temporal 
variation in ant activity could also be a simple behavioral 
response of each ant species. The problem in considering it 
to be a behavioral response lies on the fact that the variation 
takes place in many species and in a very synchronized way. 

Fig 3. Average number of occurrences of ants found in EFN plants in Chapada Diamantina, 
Bahia State, Brazil, divided in 12 sampling intervals. Bars indicate Standard Error.
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Therefore, it is more plausible thinking that the competition 
is also a factor responsible for such patterns (Dáttilo et al., 
2014b). The Morisita indices data provide robustness for this 
discussion when, for the ants x plants networks, they indicate 
no similarity between the ant species over the 24 h, which 
does not occur in the NEF supply networks of the plants. 
Another relevant factor, which is possibly associated with 
competition, is that four ant species – Ectatomma brunneum, 
Camponotus rufipes, Camponotus leydigi and Camponotus 
sp. 1 - remained active for 24 hours, although they were more 
abundant at night. These four species belong to two subfamilies 
– Ectatomminae and Formicinae – described in the literature as 
presenting highly aggressive behavior in comparison to other 
nectariferous species (Dáttilo et al., 2014).

The 24-hour collections performed in the current study 
aimed at investigating to what extent the temporal variation in 
species’ activity affects the topology of ecological networks, 
as well as at clarifying whether some studies, which did not 
take into consideration the species’ activity period, could be 
biased in the interpretation of data. It was possible seeing that 
the network topological metrics remained very similar, fact 
that corroborated the results of several studies about nested 
networks (Burgos et al., 2007; Dattilo, 2014; Pires et al., 2011). 
However, there was great difference in the composition of one 
of the parts (ants) in this bipartite network. It remains to be seen 
whether such change may affect the community functioning. 
Thus, the temporal pattern of the species may have important 
repercussions on how the species interact in the community, 
even in a similar topology. Many network studies have 
made projections about the impact that the extinction of a 
given species may have on the other species in the network 
(Jordano, Bascompte & Olesen, 2003; Bascompte, Jordano & 
Olesen, 2006; Bascompte & Jordano, 2007). These results were 
presented in a general ecological network without taking into 
consideration whether the studied species temporally varied 
their interactions. However, if there are temporal modules, 
some of the connections described when all species are 
grouped would cease to exist. Thus, it is essential assessing 
the systems by taking the variation in the species’ activity 
pattern into consideration in order to avoid interpretation 
bias in extinction projections, for example. In addition, other 
networks such as seed dispersal and pollination ones would be 
as subjected to this type of temporal variation as networks of 
interactions between EFN plants and ants.
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