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1  | INTRODUC TION

The principle of limiting similarity is one of the central assumptions of 
niche‐based community ecology, stressing the importance of niche 
differentiation as the central mechanism of species coexistence 

(Chase & Leibold, 2003; Hutchinson, 1959). According to niche the‐
ory, species with identical niches cannot coexist in a stable equi‐
librium due to competitive exclusion (Lovette & Hochachka, 2006; 
Macarthur & Levins, 1967; Sanders, Lessard, Fitzpatrick, & Dunn, 
2007). Conversely, interspecific competition is reduced if species 
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Abstract
A central prediction of niche theory is that biotic communities are structured by 
niche differentiation arising from competition. To date, there have been numerous 
studies of niche differentiation in local ant communities, but little attention has been 
given to the macroecology of niche differentiation, including the extent to which par‐
ticular biomes show distinctive patterns of niche structure across their global ranges. 
We investigated patterns of niche differentiation and competition in ant communi‐
ties in tropical rainforests, using different baits reflecting the natural food spectrum. 
We examined the extent of temporal and dietary niche differentiation and spatial 
segregation of ant communities at five rainforest sites in the neotropics, paleotrop‐
ics, and tropical Australia. Despite high niche overlap, we found significant dietary 
and temporal niche differentiation in every site. However, there was no spatial seg‐
regation among foraging ants at the community level, despite strong competition for 
preferred food resources. Although sucrose, melezitose, and dead insects attracted 
most ants, some species preferentially foraged on seeds, living insects, or bird feces. 
Moreover, most sites harbored more diurnal than nocturnal species. Overall niche 
differentiation was strongest in the least diverse site, possibly due to its lower num‐
ber of rare species. Both temporal and dietary differentiation thus had strong ef‐
fects on the ant assemblages, but their relative importance varied markedly among 
sites. Our analyses show that patterns of niche differentiation in ant communities are 
highly idiosyncratic even within a biome, such that a mechanistic understanding of 
the drivers of niche structure in ant communities remains elusive.

K E Y W O R D S

coexistence mechanisms, community structure, Formicidae, interspecific competition, niche 
partitioning

www.ecolevol.org
mailto:﻿
https://orcid.org/0000-0003-2782-6577
https://orcid.org/0000-0002-8937-2139
https://orcid.org/0000-0003-1487-3323
https://orcid.org/0000-0002-9673-3668
http://creativecommons.org/licenses/by/4.0/
mailto:michael.greve@uni-bayreuth.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fece3.5394&domain=pdf&date_stamp=2019-07-17


8602  |     GREVÉ et al.

occupy niches that differ in any dimension, such as time (Albrecht 
& Gotelli, 2001; Houadria, Salas‐Lopez, Orivel, Blüthgen, & Menzel, 
2015; Santini, Tucci, Ottenetti, & Frizzi, 2007), space (Tanaka, 
Yamane, & Itioka, 2010), or diet (Feldhaar, Gebauer, & Blüthgen, 2010; 
McKane et al., 2002). Niche differentiation also reduces competition 
between species in nonequilibrial communities (Kingston, Jones, 
Zubaid, & Kunz, 2000; Leibold & McPeek, 2006) and can evolve in re‐
sponse to intraspecific competition (Bolnick, 2001; Maret & Collins, 
1997). However, some studies also reported increased niche breadth 
in response to competition (Bolnick et al., 2010).

Due to intense competition between species (Hölldobler & 
Wilson, 1990), ants are an ideal taxon to study how species parti‐
tion their realized niches in the presence of competitors. Many be‐
haviorally dominant ant species displace others from high‐quality 
resources and even from their entire territories (Blüthgen & Fiedler, 
2004a; Hölldobler, 1983; Parr & Gibb, 2010). Being highly diverse, 
and present in nearly all terrestrial ecosystems, ants encompass a 
major proportion of terrestrial faunal biomass and play key roles in 
many ecosystem processes (Folgarait, 1998). Local ant species rich‐
ness can be extremely high, especially in tropical lowland forests, 
where several hundred species can occur within a few hectares 
(Floren & Linsenmair, 2005; Mezger & Pfeiffer, 2011). Many of the 
functional roles played by ants relate to food consumption (Houadria 
et al., 2016), which influences rates of nutrient cycling, the dynam‐
ics of prey populations, defense of plants against herbivores, and 
seed dispersal services (Ness, Moon, Lach, & Abbot, 2010; Philpott, 
Perfecto, Armbrecht, & Parr, 2010).

Ants often show niche differentiation that separates foragers of 
different species in time (Devoto, Bailey, & Memmott, 2011; Harvey, 
Dorman, Fitzpatrick, Newman, & McLean, 2012; Lynch, Balinsky, & 
Vail, 1980; Stuble et al., 2013) or space (Baccaro, De Souza, Franklin, 
Lemes landeiro, & Magnusson, 2012; Brühl, Gunsalam, & Linsenmair, 
1998; Philpott & Armbrecht, 2006). Ants often also show substan‐
tial dietary niche differentiation (Menzel, Staab, Chung, Gebauer, & 
Blüthgen, 2012; Santamaria, Armbrecht, & Lachaud, 2009). Most 
ant species are generalist scavengers and predators. Some heavily 
relyon carbohydrate‐rich liquids provided by plants or sap‐feeding 
trophobionts (Davidson, Cook, & Snelling, 2004). However, many 
ant species are specialized on a specific resource like termites (Mill, 
1984), seeds (Carroll & Janzen, 1973), or fungi (Quinlan & Cherrett, 
1979). In habitats where nitrogen is limited, some species even feed 
on bird feces (Blüthgen & Feldhaar, 2010). Dietary differentiation 
between species is at least partly due to specialized foraging be‐
havior rather than differential nutritional needs. For example, living 
insects contain largely similar nutrients to dead ones, but morpho‐
logical and behavioral specialization on them can reduce competi‐
tion with other species.

Despite the ubiquity of niche differentiation in ant communities, 
and the many studies addressing multiple niche dimensions (e.g., 
Chew, 1977; Davidson, 1977; Bernstein, 1979; Lynch et al., 1980; 
Torres, 1984; Kaspari & Weiser, 2000; Knaden & Wehner, 2005; 
Andersen, Arnan, & Sparks, 2013), the relative importance of the 
different niche dimensions remains largely unknown. Moreover, the 

relative importance of niche differentiation as a driver of species 
richness has been questioned (Andersen, 2008), especially in highly 
diverse communities, where niche differentiation does not appear 
sufficient to explain the coexistence of all species (Andersen et al., 
2013; Houadria et al., 2015; Stuble et al., 2013). Little attention has 
been given to the macroecology of niche differentiation, address‐
ing the extent to which the relative importance of different niches 
dimensions can be predicted by climate and habitat structure. It 
is unknown, for example, if ant communities within any particular 
habitat type show similar niche structure across different biogeo‐
graphic regions, due to similar patterns of resource availability.

Here, we analyze the niche structure of tropical rainforest ant 
communities across five sites on three continents, focussing on the 
two key niche dimensions of diet and foraging time. Using a stan‐
dardized sampling design with high spatial replication, we document 
the degree of dietary and temporal specialization of each species. 
Our aims were, firstly, to elucidate the relative importance of dietary 
and temporal niche differentiation for ant species composition. To 
this end, we conducted comprehensive analyses of overall dietary 
and temporal niche structure within communities. In addition, we 
studied dietary and temporal specialization for each species sepa‐
rately to test whether sites differ in number or proportion of spe‐
cialized species. Our second aim was to use species co‐occurrence 
in pitfalls and at baits to detect patterns of competition for food. 
These results were compared between sites on different continents, 
including primary and secondary forests, to determine whether the 
observed patterns are consistent across different biogeographic re‐
gions with independently evolved ant communities and subject to 
different levels of disturbance.

2  | MATERIAL AND METHODS

2.1 | Study sites

We sampled five rainforest sites on three continents, comprising:

•	 Two Neotropical forests in French Guiana—a primary forest in 
Les Nouragues Natural Reserve (Neotropical Primary Forest—
NPF) and a secondary forest fragment in Campus Agronomique, 
Kourou (Neotropical Secondary Forest—NSF)

•	 Two Paleotropical forests in Sabah, Malaysian Borneo—a primary 
forest in the Danum Valley Conservation Area (Paleotropical 
Primary Forest—PPF) and a secondary forest in the Malua forest 
reserve (Paleotropical Secondary Forest—PSF)

•	 An Australian monsoonal forest (AMF) (Holmes Jungle nature re‐
serve, Darwin, secondary rainforest fragment)

Further site information is provided in Appendix S1.

2.2 | Sampling

The study was based on sampling ants recruiting to seven food re‐
sources during the day and night, along with catches in pitfall traps. 
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The sampling was performed with 64 spatial replicates per site. The 
food resources reflected those naturally available to tropical ants 
(Houadria et al., 2015): dead, crushed insects (mixture of mealworms 
and local grasshoppers; scavenging); large prey (living grasshop‐
pers or mealworms; predation); termites (living termites, small prey; 
predation); sucrose solution (for sugars from floral or extrafloral or 
fruits); melezitose solution (a common trisaccharide in the honeydew 
of aphids and other ant‐tended trophobionts; Völkl, Woodring, and 
Fischer (1999) (both sugar solutions were 20 vol. %; 3 ml soaked on 
paper tissue); bird feces (chicken feces in all sites except for AMF, 
where local bird feces were used; coprophagy); seeds (mixture of 
ground corn and sunflower, barley, soya, millet, lin, dari, Phalaris, and 
grass seeds; granivory). Being holometabolous, ants need amino acids 
or proteins largely for larval growth, while the adult metabolism largely 
requires carbohydrates (Blüthgen & Feldhaar, 2010; Nation, 2002). 
Thus, our baits reflected resources largely required for raising brood 
as well as resources mostly important for adult metabolism. Although 
novelty or rarity can bias the attractiveness of a resource (Kay, 2004), 
we believe the resources offered were common and known to the 
ants enough such that these effects should play a minor role.

Baiting was conducted at 64 points arranged in 4  ×  4 grids 
with 10 m spacing, with four such grids at each site. The four grids 
were separated by 50–300 m. Ten meters is the recommended dis‐
tance between sampling points for ground‐dwelling ants (Agosti & 
Alonso, 2000). Furthermore, ant beta diversity (Sorensen index) 
did not differ between neighboring grid points, non‐neighboring 
grid points of the same grid, and different grids (data not shown). 
To reduce habitat variation between grid points, we took care to 
avoid forest gaps, that is, all points were under a closed canopy and 
on flat terrain. Each food resource was presented at each point for 
90 min, once at night and once during the day. All food resources 
were presented in circular plastic boxes with paper tissue at the 
base and slit‐shaped openings (1  cm height and 8  cm length) on 
opposite sides to allow access to ants. Only one resource was pre‐
sented at a grid point at any given time to avoid any interference 
between different baits. After the 90‐min period, all ants occur‐
ring at the resource were collected. Pitfall traps were operated for 
three 10‐hr periods between 20h00 and 6h00 (nocturnal traps) 
or 7h00 and 17h00 (diurnal traps) over three consecutive days 
when no food resources were presented, such that we obtained a 
total of 30h of pitfall sampling per grid point and per time of day. 
Pitfall data were used to assess temporal niches, co‐occurrence, 
and background ant diversity. Sampling was conducted between 
February 2012 and December 2014 (Appendix S1).

2.3 | Statistical analyses

For statistical analysis, we used two types of data: frequency (total 
number of occurrences at baits) and incidence (number of grid points 
out of 64 per site where an ant species was found). Only for the 
analyses of species‐specific temporal specialization, we used fre‐
quencies based on pooled data for baits and pitfalls.

2.4 | The relative extent of temporal and dietary 
niche differentiation

We quantified daily time of activity and diet as two factors structur‐
ing ant communities. Spatial effects, that is, turnover between grid 
points, will also influence species richness and composition. We ana‐
lyzed which of these factors had the strongest effect on the com‐
munity structure and compared the effect sizes between the sites.

To this end, we performed a PERMANOVA which allows to si‐
multaneously assess the importance of diet, time, and spatial vari‐
ation. Furthermore, it allows to test whether there are interactions 
between the two niche dimensions—for example, whether dietary 
differentiation differs between day and night. Since each bait was 
presented at each time of day at each of the 64 grid points, we could 
account for potential spatial heterogeneity using this approach by 
incorporating grid point identity in the analysis. At the same time, we 
could use grid point information to estimate the effect of spatial het‐
erogeneity compared to effects of different food sources or times of 
day. Due to the standardized experimental setup, we could exclude 
that any differences between sites or niche dimensions were due 
to differences in statistical power. We analyzed niche differentia‐
tion, separately for each site with a PERMANOVA (software PRIMER 
6.1.14 and PERMANOVA+, Primer‐E Ltd.) for which we used fre‐
quency data for each ant species, separately for all food resources, 
grid points, and times of day. The PERMANOVA with 999 permuta‐
tions had the fixed factors “food source type” and “time of day” and 
the random factor “grid point.” The percentage of explained variance 
(sum of the squared deviation per factor divided by the total sum of 
squares) was used to compare effect sizes between the two niche 
dimensions and between the sites. The strength of this approach is 
that the relative roles of diet, time, spatial variation, and their in‐
teractions can be easily compared within a single comprehensive 
analysis. Community composition was visualized using nonmetric 
multidimensional scaling (NMDS using Bray–Curtis dissimilarity), 
based on species frequency data.

2.5 | Dietary and temporal niche overlap

We analyzed whether species were more similar in their preferences 
than would be expected from random by analyzing niche overlap (as 
suggested in Fowler, Lessard, & Sanders, 2014) using null model anal‐
yses (EcoSim version 7.0, Gotelli and Entsminger (2004), Fowler et al. 
(2014)). We created two matrices per site in which each row repre‐
sented a different species and each column represented a different 
food resource × time combination. The matrices contained the num‐
ber of times each species was found on the given food resources or 
time of day. We analyzed niche overlap using Pianka's index (Pianka, 
1973), which quantifies niche overlap ranging from 0 (indicating no 
overlap) to 1 (complete overlap) for each species pair. We simulated 
1,000 matrices using RA3. This randomization algorithm retains 
niche breadth but randomizes which particular resource states are 
utilized. We chose this algorithm since we offered all food resources 
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at day and night and thus, at all grid points, there was equal access 
to all resources. Using this model, we tested whether the observed 
mean niche overlap significantly differed from random.

To compare the effect sizes of niche overlap and co‐occurrences 
(see  2.8) between sites, we used the simulations to compute the 
standardized effect size (SES) of niche overlap and co‐occurrences 
as SES = (Iobs–Isim)/ssim with Iobs as the observed index (niche overlap 
or C‐score), Isim as the mean simulated index, and ssim as the standard 
deviation of the simulations, following Gotelli and Ellison (2002). SES 
values larger than 1.96 or lower than –1.96 indicate significant ef‐
fects. To compare the effect sizes between the sites, we plotted the 
SES of niche overlap and co‐occurrences, irrespective of whether 
SES values were significant or not.

2.6 | Species‐specific food specialization

We analyzed dietary and temporal specialization for each species 
separately and calculated absolute and relative preferences using a 
“hotlink” analysis (see below). The relative extent of temporal and 
dietary niche differentiation was compared between sites based on 
effect sizes and numbers of specialized species.

Food specialization was calculated for each species with an in‐
cidence ≥ 5 (i.e., number of different grid points where the species 
was found; total number of species = 109; ranging from 11 – 31 per 
site). For each species n, its food specialization index (fsn) was cal‐
culated as fsn=

∑
p2
i,n

, with pi,n being its frequency on food resource 
i divided by its total frequency (analogous to the Simpson index). 
We calculated fsn 1,000 times based on 5 randomly drawn occur‐
rences, to avoid a bias caused by differences in overall frequency 
of common and rare species. fsn ranges from 0 (for a generalist) to 
1 (for a dietary specialist). We compared fsn values across sites (as 
independent variable) using a linear model (LM), assuming normal 
distribution.

While fsn describes the degree of food specialization of a species, 
it does not provide information about the type of food resource that 
a species prefers. This was evaluated by calculating absolute and 
relative food preferences of each species with a total incidence ≥ 5. 
The “absolute preference” of a species indicates whether a certain 
resource is more attractive to this species than other resources. 
In contrast, its “relative preference” indicates whether a certain 
resource is more attractive to this species compared to the other 
species. The latter is especially relevant given that many ant species 
were attracted to the same resources.

For the absolute food preferences, for each species we calculated 
a null model based on the incidence per food resource (pooled for 
day and night). In 1,000 permutations, we randomly assigned all oc‐
currences to the seven food resources and compared it with the real 
incidences per food resource. If the species occurred more often on 
a food source than expected by random (α = 0.025), the resource 
was defined as significantly preferred.

Relative food preferences were calculated based on the “hot 
link” analyses from Junker, Höcherl, and Blüthgen (2010). In 

contrast to the absolute preferences, we constructed a bipartite 
network with species incidences versus the seven resources. The 
“hot link” analysis compared the number of occurrences of a spe‐
cies on a resource relative to the occurrences of the whole com‐
munity on this resource. It revealed whether a species occurred 
more often on a resource than other species, even if it was an 
unattractive resource seldom visited by most species. Thus, rel‐
ative preferences give a clearer picture about (realized) niche dif‐
ferentiation that is unbiased by overall resource attractiveness. 
Here, a null model was created which randomly shuffled species 
occurrences among the resources, but with total species‐wise in‐
cidences kept constant and equal to the real data (Junker et al., 
2010). Based on 1,000 randomizations, the realized number of oc‐
currences of a species on each food source was compared with the 
whole number of occurrences of all species on each food source. 
If a species were more common on a food source than expected, it 
was defined as a relative preference (α = 0.025). Note that all the 
preferences reflect “realized” rather than “fundamental” prefer‐
ences since they are based on data in the presence of competitors. 
We use the term “preference” to distinguish these data (on the 
identity of a preferred resource type) from “specialization,” which 
is a single value ranging from generalization to specialization.

We compared the numbers of species with and without abso‐
lute or relative food preferences across sites using chi‐squared tests. 
Since less common species are predicted to have a low impact on 
their community and for a higher clarity of the results, we show only 
the analysis for the most common species that together comprised 
80% of all occurrences (see Table S1 for an analysis of species with 
incidence ≥ 5). As a site‐level measure of overall niche differentia‐
tion, we divided the total number of significant absolute or relative 
preferences by the number of species.

2.7 | Species‐specific temporal specialization

For each species n with a frequency ≥ 5 (N = 155), we calculated its 

temporal niche tnn as tnn=2∗
freqdayn

freqdayn+freqnightn
−1, with freqdayn as the 

total number of occurrences of species during day and freqnightn dur‐
ing the night (Houadria et al., 2015) on food resources and in pitfall 
traps. tnn ranges from −1 for purely nocturnal to + 1 for purely diur‐
nal species. A species was considered specialized if its day and night 
frequency significantly differed from random according to a chi‐
squared test. We compared the temporal niches (tn) across the sites 
with a LM (with tn as dependent and site as independent variable). In 
contrast to the temporal niche, temporal specialization ts was calcu‐
lated as its absolute value (tsn= ||tnn||), being 0 for unspecialized and 1 
for maximally specialized species. We compared species‐specific 
temporal specialization across sites using two approaches. Firstly, ts 
was calculated for the same set of species and compared across sites 
using a LM (with ts as dependent and site as independent variable). 
Secondly, we compared the proportion of temporally specialized 
species per site with a chi‐squared test.
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Finally, we determined whether a species was relatively more 
frequent during day or night compared to the whole community, by 
conducting the “hot link” analysis for temporal niche differentiation. 
This was necessary to reveal deviations from the community aver‐
age, since, for example, more ant species tend to be active during the 
day than at night (Houadria et al., 2016).

2.8 | Overall co‐occurrences and co‐occurrences 
per resource type and time of day

We performed co‐occurrence analyses to find patterns of spatial 
segregation (pitfalls) and resource monopolization (food resources) 
within a community. The standardized effect sizes for niche over‐
lap in diet and time were then compared to overall spatial co‐oc‐
currence. Co‐occurrence was assessed based on two datasets, each 
time using a species x grid point matrix with presence/absence data 
(day and night pooled) for all species. Firstly, we calculated co‐oc‐
currences based on pitfall data, that is, unaffected by competition 
for food resources. Secondly, we calculated co‐occurrence based on 
baiting data only, separately for each food resource type and time 
of day, that is, conducted 14 analyses per site (total n = 70). This ap‐
proach allowed a comparison of spatial segregation at food sources 
(i.e., bait monopolization) between resource types and times of day. 
Note that the goal of these bait‐based analyses was not to quantify 
whether species would co‐occur in the same territory or foraging 
range, but rather to assess whether ants would tend to monopo‐
lize baits and displace others from the same bait. Ants frequently 
compete for highly attractive resources but may show less competi‐
tive displacement on less attractive resources (Blüthgen & Fiedler, 
2004a). Hence, by estimating monopolization rates for each food 
resource (via co‐occurrence analysis), we could estimate the degree 
of competition for different resources. We obtained standardized 
effect sizes (SES) that were then compared between sites and food 
source using a LM.

For all these analyses, co‐occurrence was quantified using the 
C‐score as implemented in EcoSim. We simulated 5,000 random 
communities, where the occurrences of each species were ran‐
domly assigned to the grid points, such that the total number of 
occurrences per species equaled those in the original matrix. Each 
grid point had the same probability of being assigned an ant oc‐
currence (fixed‐equiprobable algorithm, Gotelli & Ellison, 2002). 
This algorithm was chosen since all grid points were in a rather 
homogeneous habitat without clearly noticeable differences in 
habitat structure. Furthermore, all baits were presented at all 
grid points, such that any spatial heterogeneity would equally 
affect all resource types and both times of day. Hence, any het‐
erogeneity in species numbers at baits could have been biologi‐
cally meaningful; using the fixed–fixed algorithm would therefore 
rather correct for, and thus conceal potentially important biolog‐
ical patterns.

All LMs and the hotlink analysis were conducted in R version 
3.1.2 (R Development Core Team, 2016). LMs were tested using 
ANOVA (command Anova, package car).TA
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3  | RESULTS

3.1 | Overview

The five ant communities differed strongly in sampled species rich‐
ness, with totals summed for food resources and pitfalls ranging from 
27 (AMF) to 107 (NPF). Species richness varied markedly among the 
different food resources, from 10–26 species per site for sucrose 
to 8–16 species for bird feces (Table 1). Numerical dominance var‐
ied between sites (see incidence and frequency data provided in 
Table 3): The most common species in the Australian monsoonal for‐
est AMF (Pheidole sp.A) occurred on all grid points, at the paleotropi‐
cal secondary forest PSF Lophomyrmex bedoti occurred on 97% of 
all grid points, whereas in the neotropical secondary forest NSF, the 
most common species (Pheidole subarmata) occurred on only 67% of 
all grid points.

3.2 | Effects of diet, time, and space on ant 
communities

Ant assemblages were strongly affected by both food resource 
and time in all sites. Food resource (mean of 39.4%) and time 
(37.6%) both  explained significant  amounts of variation overall 
in ant species composition, but their relative importance var‐
ied markedly among sites (Table 2). For example, in PSF food re‐
source explained 66% of variation (pseudo‐F6,378 = 22.26) and time 
only 11% (pseudo‐F1,378  =  3.05), whereas in NSF time explained 
55% (pseudo‐F1  =  25.63) and food resource only 22% (pseudo‐
F1,378 = 9.04). Variation among sites in the relative importance of 
food resource and time as niche dimensions is illustrated by vari‐
ation in ant species composition for each food resource x time 
combination (Fig. 1). For example, in PSF ant assemblages on me‐
lezitose, sucrose and crushed insects were highly similar to each 
other (both for day and night) and cluster together closer than in 
the other sites. In both neotropical sites, time explained more vari‐
ance than diet, while in the paleotropical sites (especially PSF), diet 
had a stronger influence. Notably, the highest percentage of ex‐
plained variance by diet plus time (including the interaction) was in 
the less species‐rich AMF. Spatial variation in ant assemblage com‐
position accounted for only 5%–14% of the total variation (Table 2).

3.3 | Niche specialization and overlap

There was no variation among sites in the extent of species‐spe‐
cific dietary specialization (fs) (LM: F4 = 0.72; p = 0.58). The same 
was true for the proportion of species with absolute food prefer‐
ences, although this ranged from 19% to 55% (χ2 test: χ2

4 = 8.58; 
p = 0.07; Table S3). Similarly, neither temporal specialization (ts) (LM: 
F4 = 1.92; p = 0.11) nor temporal niche (tn) (LM: F4 = 0.81, p = 0.52) 
varied among sites. However, the proportion of absolute temporal 
specialists differed among sites (χ2 test: χ2

4 = 6.39; p = 0.011), rang‐
ing from 20% in PPF to 44% in NPF (Figure 2). Notably, all sites ex‐
cept PSF harbored more diurnal than nocturnal species (Figure 2). TA
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This was true also for relative temporal preferences that accounted 
for overall community preferences (Table 3).

Dietary niche overlap between species was higher than expected 
by chance in all five sites (pobs > pexp; p < 0.025; Table S2a, Figure 3). In 
contrast, only the NPF community showed significant temporal niche 
overlap (Table S2a, Figure 3). Standardized effect sizes for time were sig‐
nificantly smaller than those for diet (paired t test: t4 = 5.03, p = 0.0073).

3.4 | Food preferences

Overall, crushed insects, sucrose, and melezitose were most at‐
tractive as measured by their frequencies (Figure 4a). This attrac‐
tiveness was reflected in the species‐wise preferences: Absolute 

preferences in any species mostly concerned these three resources 
(green cells in Table 3; Figure 4b). Few absolute preferences were 
detected for other resources, with examples including large prey 
(Odontomachus haematodus in NSF), seeds (Carebara sp.1 in PSF), or 
bird feces (Camponotus femoratus in NPF, Table 3). However, when 
we accounted for overall attractiveness by analyzing relative prefer‐
ences, we detected relative specialization on a broader spectrum of 
resources. Many species showed relative preferences (red cells in 
Table 3) for nonattractive resources, which resulted in a more even 
distribution of preferences across resource types (Table 3, Figure 4b) 
(Shannon evenness for all absolute preferences across the seven re‐
source types: 0.65; per site: 0.57 ± 0.03; Shannon evenness for all 
relative preferences: 0.93; per site: 0.61 ± 0.15).

F I G U R E  1   NMDS ordinations (based on presence/absence data; Bray–Curtis dissimilarity) of the ant assemblages attracted to the 
seven food resources and the two time periods for each of the five sites. Cru—crushed insects; See—seeds; Suc—sucrose; Mel—melezitose; 
Pre—large prey (live grasshoppers/mealworms); Ter—live termites; Chi—bird feces. Full circles represent nocturnal and empty circles diurnal 
communities. In addition, the stress level for each NMDS ordination is stated

F I G U R E  2   Percentage and number of 
temporally specialized species on each 
site (out of a total N of 155)
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Using this approach, we found strong patterns of dietary 
niche differentiation among the most common species of each 
site (Table 3). AMF showed the strongest of niche differentia‐
tion, measured by the number of absolute and relative prefer‐
ences per species (Figure 4c). Here, the most common species 

(Pheidole sp. A) foraged more on seeds and termites compared to 
the other two most common species, although in absolute terms, 
it foraged most on crushed insects and sucrose. The second‐
most common species, Nylanderia sp.1, similarly foraged most 
on crushed insects, sucrose, and melezitose, but relative to the 
other two species foraged more on melezitose and sucrose. The 
third common species, Oecophylla smaragdina, fed on large prey 
more than the other species. Thus, AMF showed a relatively high 
level of niche partitioning, which we quantified via the number 
of significant preferences compared to the number of analyzed 
species. In PPF, PSF, and NPF, dominant species (like Carebara 
sp.1, Pheidole cf. nitella, Camponotus   femoratus) frequently for‐
aged more on less attractive resources like seeds or bird feces. 
Only in NSF, the three most common species showed no discern‐
ible bait differentiation.

3.5 | Co‐occurrence on food resources and 
in pitfalls

We measured spatial segregation on food resources as an indicator 
for the monopolization of a resource type. There was significant var‐
iation among sites in spatial segregation (LM: F4 = 7.34 p < 0.0001; 
Figure 5a). Paleotropical primary forest (PPF) had the highest level of 
segregation, which we interpret as strongest degree of competitive 
exclusion at food sources. The numerically dominant species of PSF 
and PPF showed not only high frequencies, but also high mean abun‐
dances (number of workers) per occurrence and food resource (e.g., 
L. bedoti: 100.6 in PSF, 94.8 in PPF; Carebara sp.1:247.36 in PPF), 
indicating that they were well able to exclude other species from a 
food resource. In general, over all sites, segregation was highest on 

F I G U R E  4   (a) Total frequency per species (mean ± standard error) per resource type at the five sites. Plots with the same letters are 
not significantly different based on Tukey's HSD. (b) Number of significant absolute (abs.) and relative (rel.) preferences for attractive (attr.) 
(crushed insects, sucrose, melezitose) and nonattractive (non‐attr.) (bird feces, seeds, living termites, living large prey) food sources per site. 
A “preference” is defined here as a species that occurred more frequently on a given resource type than expected. Note that a single species 
can have significant preferences for multiple resources. (c) Number of significant absolute and relative preferences per species and site, 
summed for all resources

F I G U R E  3   Niche overlap plotted against spatial co‐occurrence. 
The points represent standard effect sizes (SES) per site for dietary 
and temporal niche overlap (y‐axis) and for spatial co‐occurrence 
at pitfalls (x‐axis). Sites with SES values greater than 1.96 (dashed 
lines) indicate significant species segregation (x‐axis) or higher 
niche overlap than expected from random (y‐axis), respectively. 
SES values less than −1.96 indicate significant species aggregation 
(x‐axis) or niche partitioning (y‐axis)
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the three highly attractive resources (effect of resource type: LM: 
F6 = 12.1; p < 0.0001; Figure 5b). Time of day did not affect segrega‐
tion (LM: F1 = 1.91; p = 0.17).

In contrast to segregation at baits, segregation at pitfalls was 
much lower. Here, standardized effect sizes per site ranged from 
0.66 (AMF) to −2.11 (NPF). Thus, co‐occurrence in pitfalls was dif‐
ferent from random only at NPF (Table S2b, Figure 3).

4  | DISCUSSION

In this study, we address the extent to which ant communities in 
tropical rainforest across different biogeographic regions show con‐
sistent patterns of dietary and temporal niche differentiation, and 
of species co‐occurrence. To our knowledge, this is the first macro‐
ecological study of niche differentiation in ant communities, using a 
consistent sampling methodology to examine the extent to which 
the relative importance of different niches dimensions is predictable 
or consistent in species‐rich communities.

4.1 | The importance of diet and time varies 
among sites

Both resource type and time of day significantly influenced the com‐
position of ant assemblages at each site. However, their relative impor‐
tance differed (Table 2). In NSF and NPF, time of day played a larger role 
than dietary differentiation, while the reverse was true in PSF. Both 
factors were approximately equally important in the Australian for‐
est (AMF). Thus, the effect of single niche dimensions on community 

composition seems to be highly idiosyncratic and specific to the site 
studied.

Variation among sites in the importance of diet and time is re‐
flected by variation in niche preferences of dominant species. For ex‐
ample, the three most abundant species in NPF all showed absolute 
temporal specialization, whereas none of the three most abundant 
species in PSF did so (green cells in Table 3). This is consistent with the 
high impact of time in NPF, but low in PSF. Similarly, the high impact 
of diet on community structure in PSF and PPF reflects the extremely 
high abundance of Lophomyrmex bedoti, which mostly monopolized 
attractive resources and thereby caused community differences be‐
tween attractive and nonattractive resources. Thus, temporal and 
dietary specialization of dominant species can directly affect overall 
community patterns, especially given that bait monopolization and 
competitive exclusion are largely driven by them (Arnan, Gaucherel, 
& Andersen, 2011; Blüthgen & Fiedler, 2004a; Ellwood, Blüthgen, 
Fayle, Foster, & Menzel, 2016; Parr & Gibb, 2010). Moreover, their 
numerical abundance and tendency to monopolize can strongly in‐
fluence both community structure and the level of spatial segrega‐
tion. Our findings at PSF and PPF demonstrate that a single dominant 
species can greatly affect community‐wide patterns of niche parti‐
tioning. These effects are idiosyncratic and hard to predict based on 
community composition alone (Houadria & Menzel, 2017).

Next to diet and time, spatial variation also significantly contrib‐
uted to community composition, but only accounted for 5%–14% of 
the variation. Note that, due to the balanced experimental design 
of our study, the spatial variation could not affect our results con‐
cerning relative impacts of the two niche dimensions, niche overlap, 
preferences, and specialization.

F I G U R E  5   Species co‐occurrence on food resources, shown as standardized effect sizes. Co‐occurrence was calculated separately for 
each food source and time of day. (a) Co‐occurrence on different sites (n = 14 per site [7 baits, 2 times of day]). (b) Co‐occurrence per food 
source (n = 10 per food resource [2 times of day, 5 sites]). Values greater than 1.96 (dashed lines) indicate significant species segregation; 
values <−1.96 indicate significant species aggregation. Plots with the same letters are not significantly different based on Tukey's HSD 
comparisons. See Figure 3 for co‐occurrence in pitfalls
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4.2 | Specialization per species

Despite the different effect sizes for dietary and temporal differen‐
tiation, average specialization per species (fs and ts) did not differ 
across sites. However, species‐specific values ignore the numerical 
importance of each species and do not consider specialization rela‐
tive to the remaining community: Rare species with little effect on 
community structure had the same weight as common species. Thus, 
average specialization of a community does not necessarily yield 
information on the actual importance of a certain niche dimension 
for community structure. To thoroughly assess the role of a niche 
dimension, one should take into account each species’ ecological im‐
portance and measure “relative specialization,” that is, how different 
each species is from the remaining community, rather than absolute 
specialization (Houadria & Menzel, 2017).

4.3 | High overall niche overlap

Across the entire communities, dietary niche overlap was always 
higher than expected from random. This is due to three resources 
(sucrose, melezitose, and crushed insects) that were widely pre‐
ferred by dominant and rare species. Nevertheless, these seemingly 
generalistic species showed signs of niche differentiation as re‐
vealed by the hotlink analyses: Some species preferentially foraged 
on otherwise less attractive resources compared to the remaining 
community. Note, however, that other food specialists might be en‐
tirely missing from our study—specialized predators, leaf‐cutters, or 
fungivores may not have been attracted to the baits at all since we 
did not offer their main diet. By missing these specialists, we have 
underestimated overall potential food partitioning.

Besides the dietary niche, one of the sites (NPF) also showed 
a higher temporal niche overlap than expected. This is probably 
because, especially in NPF, there are more diurnal than nocturnal 
species. Compared to NSF, PPF, and PSF, the difference in species 
richness between day and night was highest for NPF (Table S2 in 
Houadria et al., 2016).

4.4 | Niche differentiation despite strong 
niche overlap

Dietary niche partitioning became more apparent using relative 
preferences (hot links), which analyze species‐specific preferences 
relative to the remaining community. They revealed that, while the 
numerically dominant species also fed on sucrose, melezitose, and 
crushed insects, some of them foraged significantly more on termites 
(Pheidole sp.A in AMF), seeds (Pheidole sp.A in AMF, Carebara sp.1 
in PPF, Pheidole cf. nitella and Pheidole sp.6 in NPF), and large prey 
(Oecophylla in AMF) compared with the other species. Thus, these 
species showed significant relative (!) preferences to resources that 
were less attractive to the other ants. Moreover, certain species 
were more active at night compared to the remaining community 
even if they did not show absolute temporal specialization (Table 3). 

Many previous studies also found niche differentiation in ant com‐
munities in dimensions such as seasonal or daily activity pattern 
(Albrecht & Gotelli, 2001), diet (Blüthgen, Gebauer, & Fiedler, 2003), 
or daily activity (Santini et al., 2007; Stuble et al., 2013). Thus, niche 
partitioning can be detected even in rather generalized communities 
if overall resource preferences are accounted for.

4.5 | Spatial segregation at baits and pitfalls

Spatial segregation at baits of the same type indicates resource mo‐
nopolization in this study and, hence, reflects current competition for 
this resource type. Our data showed strong spatial segregation at at‐
tractive baits, but less so at nonattractive baits. This indicates that re‐
source competition depends on the quality of the resource (Blüthgen 
& Fiedler, 2004b), for example, if extrafloral sugar concentration is 
lower at night (Anjos et al., 2017). In pitfalls, spatial segregation was 
not higher than expected, indicating that segregation at baits was not 
due to spatial heterogeneity or territoriality. The aggregation found 
in pitfalls of NPF was probably due to the two mutualistic species 
Crematogaster levior and Camponotus  femoratus, which were among 
the most common species in this site and always occurred together.

It should be noted that interspecific competition for food may not 
reflect competition for other resources, such as nest sites (Ellwood et 
al., 2016; Tanaka et al., 2010). Other mechanisms to reduce competition 
may be differences in foraging behavior, for example, species particu‐
larly good in discovering food sources versus in defending or monopo‐
lizing them. Such trade‐offs, however, are likely to differ between sites 
and may not be present in many habitats (Parr & Gibb, 2012). Due to the 
high number of baits (total n = 4,480), we could not perform behavioral 
observations or time series (to observe species turnover) for each bait.

Several studies have recently tested for clustering versus 
overdispersion in relation to phylogenetic relatedness (Blaimer, 
Brady, Schultz, & Fisher, 2015; Donoso, 2014) or morphological 
traits (Fichaux et al., 2019) in species‐rich tropical ant communities. 
All three studies found evidence of phylogenetic or trait clustering 
rather than limiting similarity; that is, locally co‐occurring species 
were morphologically more similar or more closely related than ex‐
pected, suggesting that interspecific competition is rather weak. 
However, this does not necessarily contradict our evidence of niche 
differentiation. Ecological niches may not be phylogenetically con‐
served; rather they may evolve quickly and are likely to be plastic to 
some degree. For example, in our dataset, Pheidole species in NPF 
and NSF showed different dietary and temporal niches (Table 3)—
hence, despite being congeners, they had strongly different niches. 
Thus, phylogenetic clustering may well coincide with niche differen‐
tiation between co‐occurring species.

4.6 | Highest niche differentiation in the least 
diverse site

The Australian forest (AMF) was the species‐poorest site and at 
the same time showed the strongest niche differentiation, both 
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measured as percent explained variance and as the number of 
significant preferences per species (Figure 4c). Two nonexclusive 
explanations for this coincidence are plausible: Either the strong 
patterns are a result of the lower number of rare species compared 
to the other sites, which are less specialized and dilute overall pat‐
terns, or differentiation is really stronger in species‐poor com‐
munities. Firstly, niche differentiation is harder to detect for rare 
species—their lower abundances lower the statistical power. Thus, 
higher niche differentiation in a species‐poor community may be 
a statistical artifact. Secondly, competition is usually highest be‐
tween dominant and subdominant species, but lower between 
dominant and subordinate species (Arnan et al., 2011). Hence, 
rare species, which are typically subordinate, may experience less 
pressure to partition their niches among each other. Andersen 
(2008) proposed that ant communities are to a significant extent 
a “lottery” system where colony establishment strongly depends 
on chance. Once a colony is established, it is very persistent and 
competition will not lead to nest mortality but will rather reduce 
performance (Andersen, 2008; Gordon & Kulig, 1996; Gordon & 
Wagner, 1997). Furthermore, rare species exert less pressure on 
each other since they occur at lower densities. In order to coexist, 
a rare species primarily has to differ from the dominant species, 
not from other rare ones. At high levels of competitive exclusion, 
a rare species’ chance to establish may be highly random, which 
further reduces the role of co‐occurring competitors and the need 
for niche partitioning. This idea is consistent with the highly com‐
petitive exclusion in PPF, which coincides with the lowest level 
of dietary and temporal differentiation (measures as percent ex‐
plained variance).

5  | CONCLUSION

All our rainforest ant communities showed substantial niche differ‐
entiation despite high niche overlap. In particular, each community 
contained species that foraged on less attractive food resources, in‐
dicating that relatively unattractive and low‐quality resources can be 
important for competitively inferior species, but also for niche parti‐
tioning among dominant ones. However, the relative importance of 
dietary and temporal niche differentiation varied markedly among 
our sites, despite their similar climate and vegetation structure. A 
mechanistic understanding of the global drivers of niche structure 
in ant communities therefore remains elusive. However, site‐specific 
idiosyncrasies appear to depend on traits of the locally dominant 
species, and so a fruitful avenue for future studies is to determine 
how ecological traits of dominant species affect niche structure and 
spatial segregation, and to understand the causes of trait variation 
in dominant species.
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