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Abstract
This study examined how chronic anthropogenic disturbance impacts the spatiotemporal dynamics of ant foraging activity
and the role played by behavioral traits. Ten plots (0.1 ha) along a gradient of chronic disturbance intensity were sampled in
Catimbau National Park (Caatinga vegetation, Brazil). Vegetative structure, ground surface temperature, and ant communities in shaded and sun-exposed microhabitats were characterized during the day and at night. Each ant species’ degree of
nocturnality and shaded microhabitat use were determined. Along the disturbance gradient, the frequency of sun-exposed
microhabitats increased, as did the daytime ground surface temperatures; also, community composition, but not ant abundance or species richness, changed. Independent of disturbance intensity, community composition differed between day and
night, and ant abundance and species richness were higher during the day. Interestingly, most species did not display strictly
diurnal habits, nor did they avoid foraging in sun-exposed habitats. However, species common in more disturbed areas were
more diurnal and used sun-exposed microhabitats more than species common in less disturbed areas. Many species displayed
marked behavioral plasticity that was unrelated to disturbance intensity. Disturbance intensity did influence shaded microhabitat use but not the degree of nocturnality. We conclude that Caatinga ants are already morphologically, behaviorally and
physiologically adapted to harsh environmental conditions; that species with different behavioral traits replace each other
along the disturbance gradient; and that more plastic species can persist by shifting their microhabitat use.
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How species and communities respond to anthropogenic
disturbance is a major question in ecology. For species to
persist, they must have functional traits (physiological, morphological, and/or behavioral) that allow them to escape the
environmental filters imposed by disturbance (McGill et al.
2006; Mouillot et al. 2013), or they must display trait plasticity (Lázaro-González et al. 2013; Sunday et al. 2014).
Physiological limitations are key determinants of species
distribution and abundance (Kearney and Porter 2009), but
behavior can also play a major role (Sunday et al. 2014).
For instance, by adopting nocturnal habits, ectotherms with
low physiological thermal tolerance might be able to live
in thermally harsh habitats (García-Robledo et al. 2017).
Moreover, behavioral plasticity may enhance species persistence in the face of environmental change (Huey and Kingsolver 1993; Sunday et al. 2014). Indeed, animal species
respond to local-scale environmental change by changing
their foraging activity (Gordon 1991). In warmer habitats,
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species that are physiologically incapable of withstanding
the new conditions may shift from foraging in more open
microhabitats to foraging in less open microhabitats and
from foraging diurnally to foraging nocturnally (Cros et al.
1997; Lázaro-González et al. 2013; Zmihorski and Slipinski
2016). Analyses of foraging activity could reveal the basic
mechanisms employed by animal species to cope with the
new environmental conditions created by disturbance.
The Brazilian Caatinga is a mosaic of dry tropical forests
and shrub vegetation that covers 800,000 km2 and about 10%
of Brazil (Leal et al. 2003; Pennington et al. 2009; Silva et al.
2017). Compared to other Brazilian ecosystems, the Caatinga displays extreme climatic conditions. It has the highest
mean annual temperature, the lowest relative humidity, the
highest potential evapotranspiration, and the lowest and most
variable levels of precipitation (Krol et al. 2001; Silva et al.
2018). As a result, a xerophytic biota has evolved; plants and
animals have a range of morphological and physiological
adaptations that allow them to deal with the Caatinga’s harsh
conditions (Leal et al. 2003; Silva et al. 2004, 2017). The
Caatinga is also at risk: it is among the top three Brazilian
ecosystems most threatened by anthropogenic disturbance
(Leal et al. 2005). It is experiencing acute disturbance (i.e.,
the complete removal of forest biomass, causing habitat loss
and fragmentation), as it is being replaced by pastures and
agricultural lands; the Caatinga currently covers just 45.6%
of its original area (IBAMA 2011). The remaining area is
subject to chronic anthropogenic disturbance (sensu Singh
1998), which is defined as the subtle but frequent removal
of small portions of forest biomass. In the Caatinga, chronic
disturbance takes various forms: the collection of firewood
and non-timber forest products, hunting, intensive livestock
rearing, and the introduction of invasive species used as
livestock forage (Almeida et al. 2015; Ribeiro et al. 2015).
Although chronic disturbance does not cause habitat loss and
fragmentation, it can drive large structural changes in the
vegetation (Singh 1998; Ribeiro et al. 2015, 2016; Rito et al.
2017). These changes can affect microclimatic conditions,
which can, in turn, induce modifications in animal behavior.
As a consequence, the already strong environmental filter
that operates in the Caatinga becomes even stronger and can
produce major changes in biotic communities.
Since ant communities largely vary in composition along
environmental gradients (Gotelli and Ellison 2002; Arnan
et al. 2006, 2012; van Ingen et al. 2008), they are ideal for
studying trait–environment relationships. Most ant species
nest in the soil (Hölldobler and Wilson 1990). As a result,
disturbance should only have a significant direct impact on
ants if it is severe enough to cause major soil disruptions
(Andersen 2019), which does not seem to be the case for
chronic disturbance (Singh 1998; Silva et al. 2017). Instead
of eliminating ants directly (Hoffman 2010; Ribeiro-Neto
et al. 2016; Arnan et al. 2018a), chronic disturbance could
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have major indirect effects on ant communities through
modifications in habitat structure, microclimate, resource
availability, and competitive interactions (Retana and Cerdá
2000; Arnan et al. 2007; Kaspari et al. 2015). For instance,
microclimate changes in a tropical coffee agroecosystem in
Costa Rica markedly affected the diversity of ground foraging ants (Perfecto and Vandermeer 1996). Previous research
on the Caatinga has shown that chronic disturbance does
not affect ant abundance or species richness but does alter
species composition (Ribeiro-Neto et al. 2016; Oliveira
et al. 2017; Arnan et al. 2018a; Câmara et al. 2018). Indeed,
globally, chronic disturbance appears to induce significant
changes in composition without necessarily affecting ant
abundance or species richness (e.g., the effect of grazing
on ants worldwide; Hoffman 2010). Behavioral traits may
be particularly relevant in how ants respond to disturbance.
For instance, Caatinga ants may already display foraging
patterns that are adapted to very harsh conditions (e.g., nocturnal foraging), or they may display very variable foraging
patterns (e.g., their behavior is plastic, and they can switch
from diurnal to nocturnal activity).
In this study, we examined ant foraging activity behavior
to clarify the role played by behavioral traits in the response
of ant communities to chronic disturbance in the Brazilian Caatinga. To this end, we looked at ant communities
across a chronic disturbance intensity gradient; we sampled in sun-exposed and shaded microhabitats during the
day and at night. Although there are many variables that
could influence ant foraging activity, we focused on microhabitat type and temporal period because these two factors
are associated with dramatic differences in temperature and
ants are highly thermophilic (Hölldobler and Wilson 1990).
First, we determined the effects of disturbance intensity on
habitat structure by quantifying the degree of bare soil and
of cover provided by different vegetative strata along the
gradient. We also characterized microclimatic conditions of
ecological relevance to ants, namely ground surface temperatures. In particular, we predicted that these changes in
habitat structure result in a range of temperatures to which
ants are exposed and must thus respond. Second, we characterized the spatiotemporal dynamics of ant species richness,
abundance, and composition along the disturbance gradient.
We aimed to confirm the results of previous studies carried
out in different regions of the world, and particularly in the
Caatinga. More specifically, based on previous findings, we
hypothesized that ant community composition, but neither
ant abundance nor species richness, would change across
a chronic disturbance gradient. The goal was to establish a
baseline for further analyzing the role of behavioral traits
in allowing ants to respond to disturbance. We also sought
to clarify whether environmental changes led to shifts in
the temporal patterns of ant activity along the disturbance
gradient. Third, we analyzed how species-specific behavioral
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traits related to foraging activity changed along the disturbance gradient; we focused on the degree of nocturnality and
the use of shaded microhabitats. We examined both mean
trait values, which reflect the most common behavioral state,
and trait variability, which is a proxy for plasticity. Using
all this information, we explored the extent to which ant
species respond to disturbance behaviorally, since behavior
might be a key strategy employed by species to deal with
the extreme conditions (i.e., high temperatures) found in the
most disturbed areas.

Materials and methods
Study area
The study was carried out in Catimbau National Park
(8°24′00″–8°36′35″S and 37°09′30″–37°14′40″W, Pernambuco, northeastern Brazil), which has a hot, semi-arid
climate (Sociedade Nordestina de Ecologia 2002). Annual
precipitation ranges from 480 to 1100 mm; there is dramatic
interannual variation. Mean annual temperature is approximately 23 °C. Most (70%) of the park has sandy soils formed
from quartzolite (Sociedade Nordestina de Ecologia 2002).
In general, the vegetation is primarily made up of low-stature
trees, mainly those belonging to the families Leguminosae,
Euphorbiaceae, and Boraginaceae. The herbaceous understory is rich in Cactaceae and Bromeliaceae (Sociedade
Nordestina de Ecologia 2002). The park is a large mosaic
of habitat, in which land use and anthropogenic pressures
on biota vary (Sociedade Nordestina de Ecologia 2002).
We sampled ten permanent plots measuring 20 m × 50 m
(0.1 ha) that were established for several studies carried out
as part of the PELD-Catimbau project (www.peldcatimb
au.org); they are separated by at least 2 km.

Characterization of chronic anthropogenic
disturbance
We characterized the intensity of disturbance in each plot by
computing a global multimetric index that integrates eight
disturbance indicators related to the three main sources of
chronic disturbance in Catimbau National Park: livestock
pressure (i.e., herbivory by goats and cattle), wood extraction (i.e., live and dead wood), and exploitation of non-timber forest products (i.e., poaching/hunting and the collection
of medicinal plants, food for human consumption, and livestock fodder) (Rito et al. 2017; Arnan et al. 2018b). Details
on how the different disturbance indicators were measured
and a description of the method for calculating the global
multimetric index is provided in Arnan et al. (2018b). However, it is important to note that the PELD-Catimbau project established 20 plots along disturbance and precipitation
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gradients (Arnan et al. 2018a, b; Câmara et al. 2018). The
ten plots that we selected for this study fall along a gradient
of disturbance intensity (the values of the disturbance intensity index ranged from 2 to 58, which were the minimum
and maximum values, respectively), and levels of annual
precipitation are equally represented at different disturbance
intensities (Electronic Supplementary Material Figure S1).

Habitat and microclimate characterization
To characterize habitat structure, we established two
50-m-long transects, separated by 10 m, in the center of
each plot (ESM Figure S2). At every meter, we recorded the
presence of (1) the herbaceous stratum (0–50 cm above the
ground), the shrub stratum (50–250 cm above the ground),
and/or the tree stratum (> 250 cm above the ground). There
were thus 50 sampling points per transect and 100 sampling
points per plot. This sampling method yielded information
on vegetative cover for each stratum in each plot (proportion of points with cover out of the 100 total points). The
proportion of points for which there was no cover provided
an estimate of bare soil.
To quantify the microclimatic characteristics associated
with temporal period (day/night) and microhabitat type
(sun-exposed/shaded) (see below), we measured ground
surface temperature (which is the relevant temperature for
small ectotherms; Kaspari et al. 2015) using an infrared light
thermometer (Raytek MT4). Measurements were made on
eight plots at the same time of day and under similar weather
conditions. For each plot, they were taken at 20 random
points in sun-exposed microhabitats and 20 random points
in shaded microhabitats both during the day and at night.

Sampling ant communities
Since most ant activity takes place outside of the nest and
relates to foraging, pitfall sampling is widely used as an
efficient technique for estimating the relative abundance of
foraging ant species (Sheikh et al. 2018). We thus sampled
the ant community in each plot in July 2015 with 20 pitfall
traps placed in a grid pattern: there were five traps per row
(separated by 5 m) and four traps per column (separated by
10 m) (ESM Figure S2). The distance between traps varied
somewhat to allow a reasonable distribution of traps across
different microhabitat types (see below). The traps were
plastic containers that were 12 cm in diameter. They were
partially filled with a mixture of alcohol, ethylene glycol, and
unscented soap. Sampling took place over two 12-h periods:
(1) from 5:30 am to 5:30 pm and (2) from 5:30 pm to 5:30
am. This approach allowed temporal differences in foraging
activity (diurnal vs. nocturnal) to be distinguished. Of the
20 traps, 10 were placed in sun-exposed microhabitats (i.e.,
microhabitats in areas without any vegetation), and ten were
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placed in shaded microhabitats (i.e., microhabitats located
under dense vegetation) (ESM Figure S2). This approach
allowed spatial differences in foraging activity (sun-exposed
vs. shaded microhabitats) to be distinguished. The full ant
community was characterized by combining the data for the
day and night traps by plot. The ants were identified to morphospecies in accordance with Baccaro et al. (2015). When
identification was impossible, species were assigned codes
(i.e., which were generated during past research in the study
area). Voucher specimens for all species are available at the
Universidade Federal Pernambuco in Recife. We then calculated ant abundance and species richness per plot, temporal
period (day/night), and microhabitat (sun-exposed/shaded).

Behavioral traits
For each ant species in each plot, we characterized two
foraging-related behavioral traits that are associated with
temporal and spatial resource use. The degree of nocturnality was determined by dividing the number of nocturnal traps in which a species occurred by the total number
of traps (nocturnal + diurnal traps) in which the species
occurred, multiplying the result by two, and then subtracting one (Houadria et al. 2015). Shaded microhabitat use was
determined by dividing the number of shaded microhabitat traps in which a species occurred by the total number
of traps (sun-exposed + shaded traps) in which the species
occurred, multiplying the result by two, and then subtracting one (Houadria et al. 2015). For the two traits, values of
1 indicated maximum nocturnality or shaded microhabitat
use, and values of − 1 indicated maximum diurnality or sunexposed microhabitat use. Values of 0 indicated that the species had the same probability of foraging during the day versus at night or in shaded versus sun-exposed microhabitats.
To assess species-specific behavioral responses to disturbance, species were characterized according to their mean
trait values, which reflected their most common behavioral
state, and the variability in their trait values, which can be
treated as a proxy for behavioral plasticity. We therefore calculated the mean and coefficient of variation for the degree
of nocturnality and shaded microhabitat use for the different
species. The mean values were determined using the data
for all the plots in which a given species occurred; the coefficient of variation was only calculated for the most common
species (i.e., those that occurred in at least six plots).

Statistical analyses
All statistical analyses were performed in R (R Core Team
2016). The effects of disturbance on habitat structure were
analyzed using general linear models (GLMs); the response
variables were the proportion of bare soil, herbaceous plant
cover, shrub cover, and tree cover, and the explanatory variable
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was disturbance intensity. The effects of temporal period (day,
night) and microhabitat type (sun-exposed, shaded) on ground
surface temperature were analyzed using a general linear
mixed model (GLMM); ground surface temperature was the
response variable, and temporal period, microhabitat type,
and their interaction were the explanatory variables (fixed
factors). Plot was included as a random variable to control for
the repeated measures that took place (day/night, sun-exposed/
shaded microhabitats). For this analysis, we used the function
lme in the nlme package.
To analyze the effects of disturbance intensity, temporal
period, and microhabitat type on ant abundance and species
richness, we again used GLMMs; ant abundance and species
richness were the response variables, and disturbance intensity, temporal period (day, night), microhabitat type (sunexposed, shaded), and their interactions (i.e., disturbance
intensity × temporal period, disturbance intensity × microhabitat type, and temporal period × microhabitat type) were the
explanatory variables. Plot was again included as a random
variable. In all the analyses, we checked the residuals to make
sure that assumptions of normality and homoscedasticity were
met. Significance was determined using likelihood ratio tests
where α = 0.05 (Bolker et al. 2009).
We also tested the effects of disturbance intensity, temporal period, and microhabitat type on community composition
using a canonical correspondence analysis (CCA), which was
implemented with the vegan package. We performed a randomization test (1000 randomizations) to obtain the statistical
significance of the explanatory variables. The CCA scores of
each species associated with the first axis (significant axis and
significantly associated with disturbance; see results) were
taken as indicators of species responses to disturbance (more
negative axis values were associated with more intense disturbance; see results). To test whether these responses depended
on the degree of nocturnality and shaded microhabitat use, we
performed two Pearson correlation tests for each species—
the tests assessed the relationship between the first-axis CCA
scores and (1) the mean degree of nocturnality and (2) the
mean shaded microhabitat use.
At the species level, the effect of behavioral plasticity on the
responses to disturbance intensity was analyzed using Spearman rank correlation tests, which examined the relationship
between disturbance intensity and (1) the degree of nocturnality and (2) shaded microhabitat use; the plots in which the
species occurred were the replicates. These analyses were only
carried out for the most common species (those occurring in
at least six plots).
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Results
Disturbance effects on habitat structure
and microclimate
As disturbance intensity increased, tree cover decreased
(GLM; t = − 2.4, p = 0.044, R2 = 0.35; Fig. 1a) and bare
soil increased (t = 2.3, p = 0.048, R2 = 0.33; Fig. 1b). These
results strongly suggest the frequency of sun-exposed
microhabitats increased. There was no relationship
between disturbance intensity and either herbaceous cover
(t = − 0.3, p = 0.765) or shrub cover (t = 0.4, p = 0.691).
Temporal period (GLMM; χ2 = 1676.4, p < 0.0001), microhabitat type (χ 2 = 459.8, p < 0.0001), and their interaction (χ2 = 348.1, p < 0.0001) were significantly related to
ground surface temperature. Ground surface temperature
was higher during the day than at night and was much
higher in sun-exposed microhabitats than in shaded microhabitats during the day (Fig. 1c). This pattern was consistent along the disturbance gradient.

Spatiotemporal patterns in ant communities
along the disturbance gradient
The pitfall traps captured a total of 3210 ant workers
belonging to 50 species from six subfamilies (Table 1).
The most abundant species were Dinoponera quadriceps,
Ectatomma muticum, and Pheidole radoszkowskii. Four
species (D. quadriceps, E. muticum, Solenopsis sp. F, and
Solenopsis virulens) were very common and occurred in
all plots, while 16 species were rare and only occurred in
one plot. Ant abundance and species richness did not vary
along the disturbance gradient (Table 2). However, ant
abundance and species richness were higher during the day
than at night (Table 2, Fig. 2); they did not differ between
sun-exposed and shaded microhabitats (Table 2). The
effects of the interactions (i.e., disturbance intensity × temporal period, disturbance intensity × microhabitat type, and
temporal period × microhabitat type) on ant abundance and
species richness were not significant (Table 2). We then
removed the interaction terms and reran the statistical
models; we obtained similar results for the fixed factors
(ESM Table S1).
Disturbance intensity and temporal period (day, night)
significantly explained variation in community composition (ANOVA CCA, F = 1.5, p = 0.007, Fig. 3). Axis 1
(50% of variability) was significant (F = 2.3, p = 0.002)
and negatively associated with disturbance intensity
(F = 2.1, p = 0.003). Axis 2 (32% of variability) was marginally significant (F = 1.5, p = 0.090) and associated with
temporal period (F = 1.6, p = 0.036). Although, in general,

Fig. 1  Relationship between chronic anthropogenic disturbance intensity and a tree cover and b bare soil as well as c the effects of microhabitat type and temporal period on ground surface temperature in
Catimbau National Park, State of Pernambuco, Brazil. Different letters indicate significant differences among groups (Tukey’s post hoc
test, p < 0.05)

most ant species were uninfluenced by disturbance intensity, temporal period, or microhabitat type (Fig. 3; note
that most species are in the middle of both CCA axes),
axis 1 differentiated communities in which some species
were favored by disturbance from communities in which
some species were harmed by disturbance. For example,
Camponotus atriceps, C. cingulatus, Neoponera sp. A,
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Table 1  Ant species captured
during this study in Catimbau
National Park, State of
Pernambuco, Brazil
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Subfamily/species

Dolichoderinae
Dorymyrmex goeldii
Dorymyrmex thoracicus
Tapinoma sp. A
Ectatomminae
Ectatomma muticum
Gnamptogenys striatula
Formicinae
Brachymyrmex sp. A
Camponotus atriceps
Camponotus cingulatus
Camponotus crassus
Camponotus fastigatus
Camponotus sp. G
Camponotus vitattus
Paratrechina sp. A
Myrmicinae
Acromyrmex sp. A
Atta sp. A
Atta sp. B
Crematogaster pr. evallans
Crematogaster sp. A
Cyphomyrmex transversus
Pheidole radoszkowskii
Pheidole sp. B
Pheidole sp. C
Pheidole sp. D
Pheidole sp. E
Pheidole sp. F
Pheidole sp. G
Pheidole sp. J
Pheidole sp. K
Pheidole sp. L
Pheidole sp. N
Pheidole sp. V
Pheidole sp. Y
Solenopsis sp. B
Solenopsis sp. C
Solenopsis sp. D
Solenopsis sp. E
Solenopsis sp. F
Solenopsis sp. H
Solenopsis sp. M
Solenopsis sp. P
Solenopsis sp. R
Solenopsis sp. T
Solenopsis sp. U
Solenopsis tridens
Solenopsis virulens

Abundance

Frequency

Degree of nocturnality

Shaded
microhabitat use

185
165
135

9
4
7

− 0.5
− 0.9
− 0.41

− 0.3
− 0.39
− 0.52

525
20

10
1

0.003
0.6

0.15
1

10
10
10
75
5
10
15
5

2
2
2
7
1
2
3
1

−1
0
1
− 0.17
1
0
1
−1

0
1

20
15
10
10
5
15
330
80
60
70
75
15
25
55
25
10
1
5
5
75
25
15
5
195
5
15
25
5
10
5
85
180

3
1
1
2
1
2
8
8
6
8
6
2
4
4
3
2
1
1
1
7
3
2
1
10
1
2
2
1
2
1
4
10

1
1
1
0
1
− 0.5
0.04
− 0.65
− 0.22
− 0.65
− 0.31
− 0.5
0
− 0.4
− 0.68
−1
−1
−1
1
0.17
0.55
−1
1
− 0.12
1
− 0.5
0
−1
0
1
0.07
0.05

− 0.37
−1
−1

−1
1
0.33
0.92
0.20
− 0.25
0.07
1
0
0
0.33
−1
−1
1
1
− 0.06
0
− 0.55
− 0.22
1
1
1
−1
0.02
− 0.25
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Table 1  (continued)

Subfamily/species

Ponerinae
Dinoponera quadriceps
Neoponera sp. A
Odontomachus sp. A
Pseudomyrmecinae
Pseudomyrmex gr pallidus sp. A

Abundance

Frequency

Degree of nocturnality

Shaded
microhabitat use

540
5
5

10
1
1

− 0.04
1
−1

− 0.07

5

1

The total number of individuals caught (abundance), the number of plots in which a species was caught
(frequency), mean degree of nocturnality, and mean shaded microhabitat use are shown. The morphospecies codes are not sequential because they come from the entire pool of ant species that have been collected
over the course of different studies in Catimbau National Park (Arnan et al. 2018a, Câmara et al. 2018,
Oliveira et al. 2019)

Table 2  ANOVA table for the general linear mixed models used to
analyze the effects of chronic anthropogenic disturbance intensity,
temporal period, microhabitat type, and their interactions on ant
abundance and species richness in Catimbau National Park, State of
Pernambuco, Brazil
Explanatory variables

Abundance
χ

Disturbance
Temporal period (TP)
Microhabitat type (MT)
Disturbance x TP
Disturbance x MT
TP × MT

2

0.03
5.81
0.64
0.61
0.63
0.40

Species richness

p

χ2

p

0.865
0.016
0.422
0.435
0.427
0.526

0.59
4.06
0.33
0.10
0.22
0.52

0.443
0.044
0.565
0.752
0.636
0.472

Significant p values (p < 0.05) are in bold

Dorymyrmex thoracicus, and D. goeldii were more abundant in more disturbed plots, while Solenopsis sp. U, Solenopsis sp. R, Solenopsis sp. J, Camponotus fastigatus, and
Pheidole sp. V were more abundant in less disturbed plots.
Axis 2 differentiated diurnal communities from nocturnal communities. For example, Dorymyrmex thoracicus,
Paratrechina sp. A, Pheidole sp. L, Pheidole sp. N, and
Pheidole sp. V were more abundant during the day, while
Neoponera sp. A, Acromyrmex sp. A, Crematogaster sp. A,
and Solenopsis sp. U were more abundant at night.

Ant activity along the disturbance gradient
In line with the CCA results, 13 species were clearly nocturnal (degree of nocturnality = 0.6 to 1), while 14 were diurnal
(degree of nocturnality = − 1 to − 0.6). Although microhabitat type did not significantly influence community composition (CCA), we observed that 11 species were mainly active
in shaded microhabitats (use of shaded microhabitats = 0.6
to 1), while seven species were mainly active in sun-exposed
microhabitats (use of shaded microhabitats = − 1 to − 0.6)

Fig. 2  Differences in a ant abundance and b species richness between
day and night in Catimbau National Park, State of Pernambuco, Brazil

(Table 1). There was a positive relationship between CCA
axis 1 scores (i.e., species response to the disturbance gradient) and (1) the mean degree of nocturnality (Pearson
r = 0.30, p = 0.03, Fig. 4a) and (2) the mean shaded microhabitat use (Pearson r = 0.35, p = 0.03, Fig. 4b). This finding
indicates that species that were typical of more disturbed
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Fig. 3  Results of the canonical correspondence analyses examining
the associations between chronic anthropogenic disturbance intensity,
temporal period, microhabitat type, and ant community composition
in Catimbau National Park, State of Pernambuco, Brazil. The abbreviations are as follows: 1-Acromyrmex sp. A; 2-Atta sp. A; 3-Atta
sp. B; 4-Brachymyrmex sp. A; 5-Camponotus atriceps; 6-Camponotus cingulatus; 7-Camponotus crassus; 8-Camponotus fastigatus;
9-Camponotus sp. G; 10-Camponotus vitattus; 11-Crematogaster
pr. evallans; 12-Crematogaster sp. A; 13 Cyphomyrmex transversus;
14-Dinoponera quadriceps; 15-Dorymyrmex goeldii; 16-Dorymyrmex thoracicus; 17-Ectatomma muticum; 18-Gnamptogenys striatula; 19-Pheidole sp. Y; 20-Neoponera sp. A; 21-Odontomachus sp.
A; 22-Paratrechina sp. A; 23-Pheidole radoszkowskii; 24-Pheidole
sp. B; 25-Pheidole sp. C; 26-Pheidole sp. D; 27-Pheidole sp. E;
28-Pheidole sp. F; 29-Pheidole sp. G; 30-Pheidole sp. J; 31-Pheidole sp. K; 32-Pheidole sp. L; 33-Pheidole sp. N; 34-Pheidole sp. V;
35-Pseudomyrmex gr pallidus sp. A; 36-Solenopsis sp. B; 37-Solenopsis sp. C; 38-Solenopsis sp. D; 39-Solenopsis sp. E; 40-Solenopsis sp. F; 41-Solenopsis sp. H; 42-Solenopsis sp. J; 43-Solenopsis sp.
M; 44-Solenopsis sp. P; 45-Solenopsis sp. R; 46-Solenopsis sp. T;
47-Solenopsis sp. U; 48-Solenopsis tridens; 49-Solenopsis virulens;
and 50-Tapinoma sp. A

areas were also more diurnal and more commonly used sunexposed microhabitats.
Ant species that occurred in six or more plots (13 species)
displayed both temporal plasticity (degree of nocturnality)
and spatial plasticity (shaded microhabitat use): most species
had a large coefficient of variation for the degree of nocturnality and for shaded microhabitat use (Table 3). Despite
this dramatic plasticity, our results indicate that plasticity
was not related to disturbance intensity for most species
(Table 3). There was not a significant correlation between
the coefficient of variation for the degree of nocturnality
and disturbance intensity for any species (Table 3), and
only three species—E. muticum, D. goeldii, and Tapinoma
sp. A—displayed a significant correlation between disturbance intensity and the coefficient of variation for shaded
microhabitat use (Table 3). For E. muticum and D. goeldii,
the relationship was positive; that is, as disturbance intensity increased, so did the propensity of these species to be
active in shaded microhabitats (Fig. 5a, b). In contrast, the
relationship was negative for Tapinoma sp. A—its shaded
microhabitat use dropped as disturbance intensity increased
(Fig. 5c).
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Fig. 4  Relationship between species response to chronic anthropogenic disturbance (value for the first CCA axis; negative values correspond to greater disturbance) with a the degree of nocturnality and
b shaded microhabitat use in Catimbau National Park, State of Pernambuco, Brazil

Discussion
Our first objective was to determine how chronic anthropogenic disturbance affected habitat structure and the microclimatic conditions of ecological relevance to ants. We found
that chronic disturbance in the Caatinga triggered structural
changes in habitat: as disturbance intensified, habitat openness increased. In past studies, habitat openness has been
identified as a key driver of variation in ant community composition (Retana and Cerdá 2000; Arnan et al. 2007; Solar
et al. 2016; Andersen 2019), and increased disturbance can
lead to changes in composition depending on species preferences for habitat openness (Andersen 1995, 2019; Hoffmann
and Andersen 2003; Solar et al. 2016). Although chronic disturbance-induced habitat openness might not be substantial
in the Caatinga, compared to natural conditions, we nonetheless found that the proportion of sun-exposed microhabitats increased. Furthermore, during the day, ground surface
temperatures were 43% higher in sun-exposed microhabitats
than in shaded microhabitats. Such microclimatic changes
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Table 3  Estimates of temporal
behavioral plasticity (coefficient
of variation [CV] for the
degree of nocturnality) and
spatial behavioral plasticity
(CV for shaded microhabitat
use) for common ant species
(observed in at least 6 of the
10 study plots established in
Catimbau National Park, State
of Pernambuco, Brazil)

Species

Dinoponera quadriceps
Camponotus crassus
Ectatomma muticum
Dorymyrmex goeldii
Pheidole radoszkowskii
Pheidole sp. B
Pheidole sp. C
Pheidole sp. D
Pheidole sp. E
Solenopsis sp. B
Solenopsis sp. F
Solenopsis virulens
Tapinoma sp. A

Behavioral plasticity (CV)

Spearman correlation (ρ) with
disturbance

Degree of nocturnality (%)

Shaded microhabi- Degree of noctur- Shaded
tat use
nality
microhabitat use

53.9
109.2
64.7
88.6
28.01
144.5
96.5
152.8
108.5
63.6
68.0
30.0
135.4

43.3%
–
64.3%
104.2%
32.3%
12.3%
–
138.0%
–
–
84.5%
104.7%
159.6%

0.26
− 0.73
− 0.46
− 0.09
0.24
0.22
− 0.44
0.05
0.17
0.16
0.36
− 0.06
− 0.75

0.6
–
0.67
0.79
− 0.01
0.58
–
− 0.51
–
–
0.32
− 0.36
− 0.84

Spearman rank correlations (ρ) between the intensity of chronic anthropogenic disturbance and (1) the
degree of nocturnality and (2) shaded microhabitat use are also shown. Significant correlations are in bold
(p < 0.05)

strengthen the Caatinga’s already strong environmental filter
(very low relative humidity and very high temperatures; Leal
et al. 2005; Silva et al. 2017) and could consequently have
major impacts on biotic communities.
Our second aim was to characterize the spatiotemporal
dynamics of ant communities along the disturbance gradient. Our results clearly indicate that, in the Caatinga, disturbance affects ant community composition but not ant
abundance or species richness. These findings agree with
those of past studies conducted in the same study area that
deployed greater sampling efforts (i.e., they sampled more
plots encompassing a broader disturbance gradient) (Arnan
et al. 2018a; Câmara et al. 2018). They also match those of
studies conducted at other Caatinga sites (Ribeiro-Neto et al.
2016; Oliveira et al. 2017) and in other parts of the world
(Hoffman 2010). Species richness is maintained because
many species are unaffected by disturbance and those that
are affected are replaced (Arnan et al. 2018a). Interestingly,
species replacement might have detrimental effects on ecosystem functions (Oliveira et al. 2017; Arnan et al. 2018a)
and services, including ant-mediated seed dispersal (Leal
et al. 2014) or protection of plants against herbivores (Leal
et al. 2015; Câmara et al. 2018). We also found marked differences in the ant communities present at different times of
day, a pattern that has been observed in other regions of the
world (Hölldobler and Wilson 1990; Andersen et al. 2013;
Houadria et al. 2015; Zmihorski and Slipinski 2016), with
ants being mostly diurnal. Temporal differences in foraging
activity seem to be related to species physiological limits:
nocturnal ants have lower thermal tolerance than do diurnal

ants (García-Robledo et al. 2017). Furthermore, competitive
pressures may play an important role because some subordinate species shift from diurnal to nocturnal foraging to
avoid behaviorally dominant species (Wittman et al. 2010;
Andersen et al. 2013; Zmihorski and Slipinski 2016). Our
results also highlight the low spatial heterogeneity in ant
communities that is present at the local scale in the Caatinga, even during the day when environmental conditions are
very harsh, and ants could use shaded microhabitats to avoid
the extremely high temperatures in sun-exposed microhabitats (Zmihorski and Slipinski 2016). Interestingly, despite
changes in community composition, there were not more
nocturnal (or diurnal) species and/or individuals in the most
disturbed areas. Taken together, these results suggest that
Caatinga ant communities are already adapted to adverse
environmental conditions.
Our third goal was to analyze species-specific foraging
activity and determine whether ants displayed a behavioral
response to disturbance. For example, Caatinga ants may
already display foraging patterns that are adapted to very
harsh conditions and/or variable foraging patterns indicative of behavioral plasticity. It was striking to discover that
most ant species appeared to show no response to disturbance. Two complementary hypotheses could account for
this pattern.
A behavioral hypothesis predicts that mobile terrestrial
ectotherms have physiological limits that make it impossible to withstand new environmental conditions. However,
they can persist because (a) their most common behavioral
state allows them to bypass the harshest environmental filter
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Fig. 5  Relationship between chronic anthropogenic disturbance
intensity and shaded microhabitat use for a Dorymyrmex goeldii, b
Ectatomma muticum, and c Tapinoma sp. A in Catimbau National
Park, State of Pernambuco, Brazil. Note that these were the only species in which this relationship was significant (out of the 13 species
analyzed)

applied by disturbance and/or (b) they can exploit local heterogeneity in temperature to regulate their body temperatures somewhat independently of local environmental temperatures (i.e., the Bogert effect) (Bogert 1949; Sunday et al.
2014). In this study, we found support for the first mechanism: a low number of species displayed strictly diurnal habits (14 species, ~ 30%) or tended to forage in sun-exposed
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habitats (7 species, ~ 15%). It therefore seemed clear that
most of the ant species behaviorally avoided the harsh conditions typically found in the Caatinga, which were made
more extreme by disturbance. As for the second mechanism,
ant species are known to shift from foraging in hotter sunexposed microhabitats to cooler shaded microhabitats or
from foraging during the day to at night (Lázaro-González
et al. 2013). Unfortunately, we found it difficult to test this
hypothesis using the small number of species (n = 13) that
are common across the park.
Although we found that most of these ant species displayed dramatic foraging plasticity (i.e., many ant species
displayed different temporal and spatial patterns in foraging
activity across plots), disturbance intensity did not play a
role. We speculate that the high degree of foraging plasticity
might be related to different competitive pressures operating
along the disturbance gradient (Wittman et al. 2010). For
example, behaviorally dominant species may be able to differentially monopolize the most suitable microhabitats along
the gradient. Consequently, interspecific interactions might
blur the potential behavioral responses observed within ant
communities across the disturbance gradient. Interestingly,
two species (Ectatomma muticum and Dorymyrmex goeldii)
shifted from foraging in sun-exposed microhabitats to foraging in shaded microhabitats in the most disturbed areas,
probably to avoid the extremely high temperatures of the
sun-exposed microhabitats. Their persistence in the most
disturbed areas might be due exclusively to their behavioral
flexibility, which allows them to forage successfully in new
environments (Gordon 1991; Lázaro-González et al. 2013)
and cope with the conditions generated by high disturbance
intensity.
A physiological hypothesis predicts that Caatinga ant
species are already adapted to the harsh conditions of their
ecosystem; consequently, they should not be affected when
conditions grow even harsher. Here, the ant species that did
not display behavioral shifts in relation to disturbance intensity (we observed behavioral plasticity along the disturbance
intensity gradient in just a few species) may already possess the requisite physiological adaptations. Indeed, physiological traits are key in determining species distribution
and abundance (Kearney and Porter 2009). This idea is supported by preliminary results (Lucas Lima unpublished data)
indicating that the most common ant species in the park
already have high thermal limit (45.2 °C), which is higher
than the global median (43.3 °C; Diamond et al. 2012), and
suggests that Caatinga ants are very much adapted to the
high temperatures of their ecosystem. That said, ant physiology is outside the scope of this study. To summarize, taken
together, these findings suggest that a combination of behavioral and physiological factors accounts for the failure of
many ant species to respond to differences in disturbance
intensity.
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Although most ant species were unaffected by disturbance, there was some species replacement along the gradient. If ant foraging activity was playing a role in this
phenomenon, then we might have expected to see more
species foraging at night or in shaded microhabitats in the
most disturbed areas, as a mechanism for avoiding harsher
environmental conditions (i.e., higher ground surface temperatures). Our results suggest behavior is indeed playing a
role (albeit weak), but one that is opposite of our prediction:
the species common in more disturbed areas were mostly
diurnal and exploited sun-exposed microhabitats, while the
species common in less disturbed areas were mostly nocturnal and exploited shaded microhabitats. One possible
explanation is that disturbance-adapted taxa were replacing
disturbance-sensitive taxa. This phenomenon, referred to as
“winner-loser replacement,” has previously been observed
in the Caatinga (Oliveira et al. 2017) as well as elsewhere in
the world (Andersen 1997; Hoffmann and Andersen 2003;
Leal et al. 2012). For instance, at the most disturbed end of
the gradient, we mainly saw Dorymyrmex species. They are
mostly large, diurnal, thermophilic, and sun-loving species
(Andersen 1997) that are typical of open habitats; they have
apparent morphological and behavioral adaptations to high
temperatures. For example, workers of Dorymyrmex species
are long-legged, allowing them to distance their bodies from
hot surfaces, and can run fast, which enhances convective
cooling (Hurlbert et al. 2008; Sommer and Wehner 2012).
Larger workers can withstand heat shock longer than smaller
workers (Cerdá and Retana 1997; Clémencet et al. 2010).
Meanwhile, at the least disturbed end of the gradient, we
saw several small, short-legged, cryptic, and heat-intolerant
Solenopsis (Diplorhoptrum) species (Andersen 1997). In the
Caatinga, the distribution of this group of species is generally complementary to that of Dorymymex species (Leal
et al. 2018). This regional pattern of disturbance-adapted
ant species replacing disturbance-sensitive ant species might
hide small but notable behavioral responses to disturbance.
For instance, Neoponera sp. A is a clearly nocturnal species that only occurred in the most disturbed areas, while
Pheidole sp. V and Paratrechina sp. A are diurnal species
that only occurred in the least disturbed areas. These two
opposing processes (winner–loser replacement and behavioral responses to disturbance) might account for minute differences in species richness between day and night across the
disturbance gradient.
In this study, we characterized the spatiotemporal dynamics of ant communities along a chronic anthropogenic disturbance intensity gradient in the Caatinga. Based on the
results, we conclude that, although environmental conditions
of ecological relevance to ants, such as ground surface temperatures, changed along the gradient, ant abundance and
species richness were unaltered. Furthermore, community
composition only displayed a few, albeit significant, changes.
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Our findings suggest that community structure might be
maintained along the disturbance gradient because (1) most
Caatinga ant species already possess morphological, behavioral and physiological adaptations to high temperatures,
(2) behavior-based species replacement occurred, and (3)
some species may persist thanks to their behavioral plasticity, namely in microhabitat use. The role of behavior in
responses to disturbance might be even more pronounced in
scenarios where there is a dramatic contrast in habitat openness between highly disturbed and natural areas. Behavior is
a promising area of research when it comes to understanding species responses and adaptations to global change;
however, behavioral data must be used in combination with
physiological and morphological data. The results of such
research will greatly improve our comprehension of and our
ability to predict the effects of human activities on insect
biodiversity.
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