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Abstract The objective of this study was to investigate the

seasonal change in the pattern of foraging activity in the

leaf-cutting ant Atta capiguara and to provide an estimate of

the annual herbivory rate of its colonies. We surveyed at

least once a month during 12 months, the foraging activity

of two colonies located in a pasture of central Brazil. Each

survey consisted in counting the number of ants exiting and

returning (laden or unladen) to their nests during 10 min

every hour during 24 h. The air temperature and relative

humidity were noted at the beginning of each survey.

Independent of the season, the colonies presented two peaks

of foraging activity, one small peak at the beginning of the

day and another peak at the end of the day. During the dry

season, the diurnal activity ceased almost completely

between 10:00 and 16:00. The proportion of ants returning

to the nest laden with a leaf fragment was also lower than

during the humid season. Activity rhythm depended sig-

nificantly on both air temperature and humidity: foraging

activity peaked when the temperature was around 25 �C and

relative humidity around 66 %. Based on the statistical

model used to describe the activity rhythm, we estimated

that over a period of 1 year, the total dry biomass of vege-

tation collected by the two colonies studied was,

respectively, 25.16 kg for the bigger nest, and 11.69 kg for

the smaller one, or an equivalent of 104.83-kg and 48.71-kg

fresh biomass, respectively.
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Introduction

Leaf-cutting ants (hereafter LCA) of the genus Atta are

considered as the dominant herbivore in neotropical

ecosystems and one of the major pest for agriculture in

South America (Della Lucia et al. 2014), particularly in

Brazil where they present a high species diversity. In fact, of

the 15 different species of Atta known in Neotropical

America, 9 occur in Brazil and 5 are recognized as eco-

nomically important because of their damages to

agricultural crops (Forti and Boaretto 1997; Delabie et al.

2011). These ants are generally characterized by a rhythmic

activity pattern, which can be the same during several weeks

or months but which can also change rather abruptly within

a few days. Hence, workers that have foraged for months

during the diurnal part of the nycthemere can begin foraging

at night from 1 day to the other (Lewis et al. 1974a; Cedenõ-

Leon 1984). As in other ant species (Hölldobler and Wilson

1990), meteorological conditions are considered as essential

in determining the pattern of foraging activity in LCA, and

air temperature and relative humidity are generally reported

to be the main factors determining their activity rhythm

(Amante 1967a; Hölldobler and Wilson 2010). The short

review of the literature on activity rhythm in Atta that
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follows, however, shows that activity rhythm in these spe-

cies can be extremely variable, and that the role of these

factors is not so clearly delineated.

In tropical climates, where the temperature is relatively

constant throughout the year and where seasonality is

defined mainly by an alternance between a dry season and a

humid season, foraging activity does not seem to be char-

acterized by marked regular fluctuations. For example,

Farji-Brener (1993) reports an absence of synchronization

in the activity rhythm of eight nests of A. laevigata located

in a tropical savannah in Venezuela, suggesting that in

tropical climates, the activity pattern of LCA is essentially

regulated by factors intrinsic to the colonies. An absence of

synchronization between neighboring nests in tropical for-

ests has also been reported by Lewis et al. (1974b) and

Wetterer (1990) for A. cephalotes and by Wirth et al. (2003)

for A. colombica colonies, although A. cephalotes was

found to be predominantly nocturnal and A. colombica

essentially diurnal. Rockwood (1975) showed, however,

that the activity rhythm of these two species varies between

seasons: in both A. cephalotes and A. colombica, foraging is

essentially nocturnal during the dry season, thus allowing to

avoid the high diurnal temperatures, whereas it is essentially

diurnal during the humid season. The same pattern of sea-

sonal activity was observed by Fowler and Robinson (1979)

for A. sexdens inhabiting subtropical Paraguay. In this

species, a seasonal variation was noted not only in the

activity pattern, but also in the length of the foraging trails

and, consequently, in the extension of the foraging area of

the colonies: during the months characterized by low mean

temperatures, the foraging trails are short but numerous,

while during the warmer months, there are less numerous

but longer. Moreover, in all species of Atta, the amount of

diurnal and nocturnal activity can vary greatly from one day

to the other according to the amount of precipitation.

Finally, in temperate climates, the activity pattern of LCA is

clearly dependent on the variation of temperature accom-

panying the alternance of seasons: A. mexicana, for

example, is diurnal in winter and spring and shift to a

nocturnal activity in summer (Mintzer 1979).

Here, we present a study investigating the seasonal

change in daily activity pattern in the LCA A. capiguara.

Contrary to the species cited above that collect exclusively

dicotyledons, or both monocotyledons and dicotyledons,

this species collects exclusively monocotyledons, i.e., grass

(Fowler et al. 1986). Hence, its economic importance in

pastures and sugar cane plantations in Brazil (Fowler et al.

1990). We surveyed during 1 year at least once a month

throughout 24 h the foraging activity of two colonies of A.

capiguara located in a pasture of southeastern Brazil. This

allowed us to characterize the activity rhythm of this species

and to investigate to what extent it depends on air temper-

ature and relative humidity. Based on the statistical model

used to explain the rhythm, we then estimate the annual

biomass of dry vegetation collected by the two colonies

studied. Quantitative assessments of biomass consumption

by the species of LCA found in savannahs and pastures in

South America are indeed relatively scarce in the literature

compared with the species of LCA found in tropical forests

(see review in Lugo et al. 1973; Fowler et al. 1990; Herz

et al. 2007), or are often very approximate (Fowler et al.

1986, but see Costa et al. 2008 for a more precise assess-

ment of plant biomass consumption by A. laevigata in the

Brazilian cerrado). Yet, these assessments are indispensable

to understand the participation of LCA in the flow of energy

and matter in tropical savannahs or pastures. One of the

simple and most widespread methods used to assess bio-

mass consumption in LCA is the method based on the

measure of foraging activity, i.e., on the counts of the leaf

fragments transported to the nest by foraging workers.

Fowler et al. (1990) discussed the pro and cons of this

method, but one of the major problems we identified with

the use this method in the literature is that it extrapolates the

biomass consumption over 12 months from the mean daily

consumption calculated on a few days surveyed during this

period, without considering the fact that the foraging

activity in LCA depends heavily on abiotic factors. Here, we

used our activity data, coupled with the recordings or air

temperature and humidity, to build a statistical model that

provides a more reliable assessment of the annual biomass

collected by an LCA species in a cultivated pasture. This

method also allows to give a confidence interval for the

value of the prediction made.

Materials and methods

Study location

We worked on two colonies of A. capiguara located on a

pasture adjacent to the campus of the State University of

São Paulo, Botucatu, Brazil (22�5004600 S, 48�2600200 W)

and grazed by cattle on a regular basis during the survey.

Brachiaria spp. and Paspalum spp. were the dominant

species of grass in the pasture. The size of the colonies,

assessed by the area of loose soil over the underground nests

at the start of the observation period, was 34.31 m2 for Nest

1 and 8.40 m2 for Nest 2.

Data collection

The foraging activity of each colony was assessed during

1 year, approximately every 15 days, from July 15, 2011 to

June 26, 2012, covering the whole dry season (which

extends from July to October in Central Brazil) and the

whole humid season (from November to June). There were
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eight activity censuses in the dry season and 14 activity

censuses in the humid season. For each colony, the number

of ants crossing an imaginary line across two active foraging

trails at 2 m from their nest end and traveling either toward

the end of the trail or in the nest direction (distinguishing

between the workers that carried or not a leaf fragment) was

counted during 10 min at the beginning of every hour dur-

ing 24 consecutive hours. To investigate the effect of abiotic

factors on activity rhythm, the temperature and relative

humidity of the air were noted every hour, at the beginning

of the recording session, by reading the values indicated by

a Testo 175 H1 data logger installed close to the point of

traffic measurement. The temperature probe of the data

logger was placed at 5 cm above the foraging trails.

Data analysis

Foraging activity rhythm was assessed by the total number

of ants counted on the trails during a recording session, i.e.,

the sum of outbound and inbound ants. For each day of

survey, we then calculated for each hour the mean number

of ants per minute traveling over the two trails of each nest

studied. These values were rounded to the nearest integer to

build a database on which we fitted our statistical models.

To investigate the effect of time of day, air temperature

(continuous variable), relative humidity (continuous vari-

able), season (two-level categorical variable: dry and

humid), nest (two-level categorical variable), and the

interaction between time of day and season on foraging

activity, we used a generalized linear model with a quasi-

Poisson residual distribution error to correct for overdis-

persion (Zuur et al. 2009). To consider the autocorrelation

due to the circadian rhythm, the daily cycle was modeled by

introducing as auxiliary independent variables Hcos = -

cos(2p Hour/24) and Hsin = sin(2p Hour/24), as

implemented in van Oudenhove et al. (2011). Temperature

and humidity were introduced in the model as second-de-

gree polynomials. To minimize multicollinearity effects,

these two variables were centered on their means in the

statistical model.

To investigate the variation in foraging efficiency, i.e.,

the proportion of ants returning to the nest loaded with a leaf

fragment, we fitted a generalized linear model with a quasi-

binomial residual distribution error to correct for overdis-

persion (Zuur et al. 2009). The effects of time (Hcos and Hsin

variables), air temperature, relative humidity, season,

studied nest, and the interaction between time of day and

season were entered as explanatory variables.

To assess the biomass of vegetation collected by ants

over 1 year, we used a database obtained from the meteo-

rological station of the Soil and Environmental Resource

Department of the UNESP-Botucatu. This database gives

the air temperature and relative humidity for each hour

between November 1, 2011 and October 31, 2012. From our

database of ant activity, we first calculated for each hour of

each day of recording the mean over the two trails of each

nest of the number of ants per minute returning with a

fragment of vegetation. We then used a generalized linear

model with a quasi-Poisson residual distribution error to

model the effect of time of day, air temperature, and relative

humidity on the number of laden ants returning to each nest

per minute. As for the study of activity rhythm, temperature

and humidity were entered in the model as second-degree

polynomials, and the two auxiliary variables Hsin and Hcos

were used to model the circadian rhythm. We then used the

equation of this model and the database of the UNESP

meteorological station to predict the number of ants

returning to the nest with a leaf fragment for each hour of

each day between November 1, 2011 and October 30, 2012.

To assess the dry biomass collected by ants in 1 h, the

number of laden ants was multiplied by the average dry

weight of a leaf fragment (mean ± SD = 2.89 ± 1.53 mg;

N = 200). A 95 % confidence interval was calculated from

the product of the SE of the model estimates by 1.96.

Finally, we used a database of the number of active trails

recorded for each of the two nests studied at interval of

about 15 days between November 10, 2011 and October 31,

2012 to calculate the total amount of dry biomass collected

by the two studied colonies over 1 year (minus the 10 days

at the beginning of October). We considered that all trails

remained active between two consecutive nest surveys.

For all statistical models, we started with a full model and

used a stepwise backward simplification procedure (based

on the comparison of the scaled deviance of successive

models with an F test) to remove the non-significant effect

until obtaining the most parsimonious model. To estimate

model fit, a pseudo-R2was calculated using the deviances of

the final model as compared with the null model (Pearce-

Duvet et al. 2011). All data analysis and statistical tests were

conducted and graphics generated with R 2.13.1 (R

Development Core Team 2011).

Results

Activity rhythm

Figure 1 shows the daily variation of air temperature and

relative humidity and Fig. 2 that of the foraging activity for

the two studied nests during the dry and humid seasons,

along with the predictions of the statistical model. Overall,

the foraging activity was significantly higher for Nest 1

(Fig. 2a) than for Nest 2 (Fig. 2b) and depended signifi-

cantly on the time of day, temperature, humidity and season,

as well as on the interaction between time of day and season

(Table 1). The model fitted reasonably well the observed
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data (pseudo-R2 = 0.41). Foraging activity was best

described as a quadratic function of both temperature

(Fig. S1A) and humidity (Fig. S1B): activity increased for

increasing values of temperature and humidity, reached a

maximum around 25 �C and 66 % RH and decreased

thereafter.

The activity rhythm of the colonies was characterized by

two peaks: one in the morning, beginning just after sunrise,

between 07:00 and 08:00, and one in the evening, beginning

before sunset, between 15:00 and 16:00, and extending until

04:00–05:00 of the next day (Fig. 2). The nocturnal peak of

activity was always higher than the diurnal one. Overall,

activity was more intense in the humid than in the dry

season (Table 1, season effect), particularly in the morning.

The daily variation in foraging activity was significantly

different between the dry and humid seasons (Table 1:

interaction Hcos: season). During the dry season, activity

ceased almost completely between 10:00 and 16:00, while

during the humid season, it was maintained, albeit at a low

level, throughout the entire diurnal part of the nycthemere

(Fig. 2). Activity raised again at the end of the afternoon but

earlier in the humid season than in the dry season. It also

carried on for a longer period of time into the night in the

humid season than in the dry season.

Foraging efficiency differed between the two studied

nests and depended significantly on season, time of day, air

temperature, and humidity (Table 2; pseudo-R2 = 0.225). It

was significantly higher for Nest 1 (37 %) than for Nest 2

(29 %) and significantly higher in the humid than in the dry

season: on average, 24 % of the ants returning to the nest

carried a leaf fragment in the dry season, while this per-

centage reached 38 % in the humid season. Foraging

efficiency started to increase at the beginning of the evening

peak of activity and reached its higher level at the end of the

night (Fig. S2A). Independent of the time of day foraging

efficiency increased with both increasing temperature

(Fig. S2B) and humidity (Fig. S2C).

Collected biomass assessment

The statistical model based on the time of day, temperature

and humidity, fitted reasonably well the data on the number

of ants returning with a leaf fragment for Nest 1 (pseudo-

R2 = 0.49) but less so for Nest 2 (pseudo-R2 = 0.31). The

estimates of the models are indicated in Table 3. Over the

period extending from November 10, 2011 to October 31,

2012, the model yielded an estimated amount of dry bio-

mass collected of 25.16 kg (CI0.95 17.11–37.78) for Nest 1

and 11.69 kg (CI0.95 6.94–20.23) for Nest 2. The amount of

vegetation collected varied differently between the two
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nests (Fig. 3). It reached a minimal value in May for Nest 1

and in June for Nest 2, and a maximal value in September

for Nest 1 and in March for Nest 2. The decrease in the

amount of vegetation collected for Nest 2 may be due to the

fact that for this nest, the number of active trails decreased

during the dry season, while it increased for Nest 1 (Fig. S3:

mean number of active trails in the humid season: 4.91 and

4.06, in the dry season: 10.47 and 3.44, for Nest 1 and Nest

2, respectively).

Discussion

This study shows that A. capiguara can forage both during

the day and the night in both the dry and humid seasons.

Foraging activity was significantly correlated with the time

of day and was characterized by two peaks of activity: one

small peak at the beginning of the diurnal part of the nyc-

themere, and another one, much higher, at the end of the

diurnal part of the nycthemere. Foraging efficiency, i.e., the

proportion of ants returning to the nest with a load, varied

along the 24-h cycle. It reached its lowest level at the end of

the afternoon, when the traffic on the trails was mostly

outbound, and its highest level at the end of the night, when

the traffic was mostly nestbound.

Overall, we found that the traffic on foraging trails and

the foraging efficiency were higher during the humid season

than during the dry season. This can probably be explained

by the higher availability of resource during the humid

season, and by the fact that at this time of the year, the

vegetation is formed by young leaves, which are preferred

by LCA (Rockwood 1975; Shepherd 1985), because they

are richer in nutrients and contain a smaller concentration of

repellent or toxic secondary compounds (Hubbell et al.

1984). During the humid season, the morning peak of

activity was higher, the activity began to rise earlier in the

Table 1 Results of a statistical model to test for the influence of time of
day, air temperature, humidity, season (dry/humid), and nest on the for-
aging activity of Atta capiguara

Effect df Resid. df Fa P

Hcos
b 1 958 29.811 <0.001

Hsin
b 1 957 98.598 <0.001

Temperature 1 956 6.202 0.013

Humidity 1 955 0.153 0.696

Season 1 954 3.213 0.073

Nest 1 953 15.786 <0.001

Temperature2 1 952 95.418 <0.001

Humidity2 1 951 7.942 0.005

Hcos: season 1 950 5.398 0.020

Hsin: season 1 949 0.588 0.443

a GLM (family: quasi-Poisson; link: log; response: number of ants). Terms
were added sequentially
b Hsin and Hcos are two auxiliary variables that are used to model the
circadian rhythm (see ‘‘Materials and methods’’)

Bold values indicate probability below the significance threshold of 0.05

Table 3 Results of a statistical model to test for the influence of time of day, air temperature, humidity, and season (dry/humid) on the number of ants
returning to the nest loaded with a vegetation fragment for the two Atta capiguara nests studied

Nest 1 Nest 2

Estimate SE ta P Estimate SE ta P

Intercept 4.140 0.163 25.309 <0.001 3.730 0.169 22.076 <0.001

Hcos
b 1.174 0.155 7.583 <0.001 0.900 0.250 3.606 <0.001

Hsin
b -0.419 0.102 -4.120 <0.001 -0.333 0.157 -2.117 0.035

Temperature 1.568 0.207 7.576 <0.001 1.375 0.238 5.770 <0.001

Humidity 0.136 0.041 3.305 0.001 0.067 0.039 1.735 0.083

Temperature2 -0.035 0.005 -7.007 <0.001 -0.023 0.005 -5.053 <0.001

Humidity2 -0.001 0.000 -3.309 0.001 0.000 0.000 -1.267 0.206

a GLM (family: quasi-Poisson; link: log; response: number of ants)
b Hsin and Hcos are two auxiliary variables that are used to model the circadian rhythm (see ‘‘Materials and methods’’)

Bold values indicate probability below the significance threshold of 0.05

Table 2 Results of a statistical model to test for the influence of time

of day, air temperature, humidity, season (dry/humid), and nest on the

foraging efficiency of Atta capiguara, i.e., on the proportion of ants

returning to the nest with a load

Effect df Resid. df Fa P

Hcos
b 1 382 0.027 0.69

Hsin
b 1 381 20.411 <0.001

Temperature 1 380 19.957 <0.001

Humidity 1 379 37.627 <0.001

Season 1 378 15.619 <0.001

Nest 1 377 19.470 <0.001

a GLM (family: quasi-binomial; link: logit; response: proportion of

ants returning to the nest with a load). Terms were added sequentially
b Hsin and Hcos are two auxiliary variables that are used to model the

circadian rhythm (see ‘‘Materials and methods’’)

Bold values indicate probability below the significance threshold of

0.05
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late afternoon, and was more extended throughout the night

than during the dry season. This concord with the obser-

vations of Amante (1967b) who reported that during the

humid season, foraging activity begins around 16:00 and

ceases around 9:00 of the next day. The same author also

noted that during the dry season, foraging activity was

continuous between 08:00 and 18:00. This could sometimes

happen in our survey, but most of the times we found that

the activity ceased completely during the warmest hours of

the day. Garcia (1997) in A. sexdens rubropilosa and Araujo

et al. (2004) in A. bisphaerica also noted a decline or a

cessation of foraging activity in the warmest period of the

day during the dry season and, at least for A. sexdens

rubropilosa, a concomitant increase in excavation activity.

We found a significant correlation between the level of

activity of A. capiguara and air temperature. The level of

activity reached its highest value when air temperature was

close to 25 �C, which corresponds to the lower limit of the

range of temperatures for which Amante (1972) observed

maximum activity (25–30 �C). LCA are known to show

plasticity in their heat tolerance (Angilletta et al. 2007), and

the discrepancy between our data and those of Amante

(1972) may be explained by differences in the average

annual temperature of the environment in which the nests

studied were located. Activity level was almost inexistent

above 35 �C and below 15 �C. The minimum thermal limit

of activity we observed for A. capiguara is thus a few

degrees above that reported for A. mexicana in Northern

Mexico (12 �C: Mintzer 1979) and for A. sexdens in

subtropical Paraguay (10 �C: Fowler and Robinson 1979).

We found that, in addition to temperature, relative humidity

had, albeit to a lesser extent than temperature, also a sig-

nificant effect on the activity level of A. capiguara.

Foraging activity reached its highest level around 66 % RH.

Temperature and relative humidity can be combined to

calculate the water vapor pressure deficit (VPD), which is

the difference between the actual water vapor pressure in the

air and the saturation water vapor pressure at a given tem-

perature. It gives a direct indication of the atmospheric

moisture conditions independently of the temperature. It can

be calculated with the formula given by Buck (1981). If ants

avoid high VPD values, it could mean that they avoid des-

iccation as much as high temperatures. Fig. S4 shows that it

is indeed the case: foraging activity decreases abruptly for

water vapor pressure deficit above 2 kPa, which rarely

occurs during the humid season (Fig. S5) and which cor-

responds to the time of minimum activity during the dry

season (Fig. 2).

During the peak of the humid season, in January and

February, the traffic on foraging trails decreased, but

nonetheless was uninterrupted when a light rain was falling.

However, it ceased completely in case of heavy rain.

Hodgson (1955) did the same observation on A. cephalotes

colonies inhabiting a tropical forest. Although the activity

pattern of A. capiguara was significantly explained by both

the daily and seasonal variation of air temperature and rel-

ative humidity, it is likely that the variation in other external

factors, such as the level of ambient light (Hodgson 1955;

Narendra et al. 2010; Amor et al. 2011), or internal factors,

such as the nutritional requirements of the colony, influence

the level of activity of this species. Finally, the existence of

an endogen activity rhythm, independent of the factors

mentioned above, cannot be totally excluded. As occurs for

other species of ants (North 1993), LCA could be able to

maintain a rhythm in constant conditions, and this rhythm

could be entrained by the daily variation of temperature and

humidity in natural conditions. Further experiments are

required to test this hypothesis.

Based on the statistical model that was used to adjust the

daily and seasonal variation of the number of ants returning

to their nests with a leaf fragment, we estimated that the

total dry biomass of vegetation collected over 1 year by the

two nests studied amounted to 36.85 kg, with a lower esti-

mate of 24.05 kg and an upper estimate of 58.01 kg. Given

the fact that the percentage of water in the grass amounted to

74 %, this translates into an annual collection of 152.08 kg

of fresh vegetation biomass (lower estimate: 100.21 kg;

upper estimate: 241.00 kg). The amount of biomass col-

lected by Nest 1 was more than doubled compared with Nest

2. This can be explained by both a smaller size of Nest 2

compared with nest 1 and by the fact that Nest 1 showed an

increase in the number of active foraging trails during the
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dry season, whereas Nest 2 showed a decrease. These esti-

mates are much lower than those calculated by Fowler et al.

(1986) (110.2 and 78.5 kg/year/colony, respectively) based

on activity census and closer to the estimates calculated by

Fowler et al. (1990) (33.2 kg/year/colony) with the con-

version method, i.e., a calculation based on the ratio of fresh

fungal to dead fungal substrate. Comparisons between these

estimates, however, are difficult and should be considered

with a lot of caution, since the biomass collected annually is

bound to depend on a variety of factors, e.g., the size of the

nests studied, the local meteorological conditions, the

presence of grazing cattle or the species of grass collected.

Because of the huge size of their nests and their

intense activities, LCA are considered as the dominant

herbivores in neotropical ecosystems in which they act as

ecosystem engineers (Meyer et al. 2011). Although a lot

of scientists have investigated the impact of LCA on the

vegetation of primary (Wirth et al. 2003) and secondary

(Silva et al. 2012) tropical forests, a few studies have

focused on the ecological role of the LCA species found

in tropical savannahs or artificial pastures. This study is

one of the first to make a reliable assessment of the

annual herbivory rate of LCA in cultivated pastures. It

also provides data that could help to improve integrated

pest management solutions. In this study, we showed, for

example, that A. capiguara is more active at night, when

the temperature lies in the range of 20–30 �C and the

relative humidity lies in the range of 50–70 %. If this

information was used to place poison baits on foraging

trails, one could ensure that more baits are retrieved to the

nest, and thus, that less toxic substances are dispersed in

the environment. Finally, as temperature is one of the

main drivers of ant distribution (Jenkins et al. 2011), a

better knowledge of the thermal preferences expressed by

these ants can also provide essential data to develop

species distribution models and build realistic scenarios

on the distributional shift and changes in levels of

abundance (Ehrlen and Morris 2015) of these economi-

cally important species in a time of climate change.
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(Hymenoptera: Formicidae) em Eucalyptus grandis Hill ex
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