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Abstract
Ant communities are extremely diverse and provide a wide variety of ecological func-
tions in tropical forests. Here, we investigated the abiotic factors driving ant compo-
sition turnover across an elevational gradient at Mont Itoupé, French Guiana. Mont 
Itoupé is an isolated mountain whose top is covered by cloud forests, a biogeographi-
cal rarity that is likely to be threatened according to climate change scenarios in the 
region. We examined the influence of six soil, climatic, and LiDAR-derived vegetation 
structural variables on leaf litter ant assembly (267 species) across nine 0.12-ha plots 
disposed at three elevations (ca. 400, 600, and 800m asl). We tested (a) whether spe-
cies cooccurring within a same plot or a same elevation were more similar in terms 
of taxonomic, functional, and phylogenetic composition, than species from different 
plots/elevations, and (b) which environmental variables significantly explained com-
positional turnover among plots. We found that the distribution of species and traits 
of ant communities along the elevational gradient was significantly explained by a 
turnover of environmental conditions, particularly in soil phosphorus and sand con-
tent, canopy height, and mean annual relative humidity of soil. Our results shed light 
on the role exerted by environmental filtering in shaping ant community assembly 
in tropical forests. Identifying the environmental determinants of ant species distri-
bution along tropical elevational gradients could help predicting the future impacts 
of global warming on biodiversity organization in vulnerable environments such as 
cloud forests.
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1  | INTRODUC TION

Determining how environmental factors drive biodiversity pat-
terns is one of the fundamental goals in ecology. Predictable 
changes in diversity and composition of plant and animal commu-
nities are observed along broad elevational or latitudinal gradients 
(Hillebrand, 2004; McCain & Grytnes, 2010; Willig et al., 2003). 
Elevational gradients are particularly valuable to study biodiversity 
patterns, given that they often span sharp gradients in abiotic con-
ditions even over small spatial scales (e.g., Hodkinson, 2005; Hoiss, 
Krauss, Potts, Roberts, & Steffan-Dewenter, 2012; Kraft et al., 
2011). For instance, recurrent patterns observed with increasing 
elevation involve a continuous decrease of temperature (McCain & 
Grytnes, 2010) or an increase in soil moisture and organic carbon 
content (He, Hou, Liu, & Wen, 2016).

Niche models predict that environmental conditions select spe-
cies with particular traits to establish and persist within an area 
(Keddy, 1992). The effect of environmental filtering may be stud-
ied by comparing observed functional or phylogenetic diversity of 
communities with those expected under nulls models generated 
by drawing species at random from a regional species pool (e.g., 
Gotelli, 2000). At local to landscape scales, homogeneous environ-
mental conditions should generate assemblages of species that are 
functionally and phylogenetically (if traits are conserved) more simi-
lar than expected by chance (i.e., functional/phylogenetic clustering, 
respectively). Several studies examining biodiversity patterns along 
elevational gradients reported a functional or phylogenetic overdis-
persion of species in lowland assemblages, shifting to a functional or 
phylogenetic clustering of species in highland assemblages (Dehling 
et al., 2014; Graham, Parra, Rahbek, & Mcguire, 2009; Machac, 
Janda, Dunn, & Sanders, 2011). These results can be interpreted as 
the effect of increasing strength of environmental filtering on shap-
ing communities (Purschke et al., 2013), which may be caused by the 
reduction of temperatures with increasing elevation.

Here, we aim to measure the variations in ant community com-
position and to determine the environmental factors that shape 
these variations along a Neotropical altitudinal gradient. Ants 
(Hymenoptera: Formicidae) represent an ideal model for studying 
the determinants of species distribution and coexistence because 
they are abundant and ecologically dominant in terrestrial ecosys-
tems (Hölldobler & Wilson, 1990), and they perform a wide variety of 
ecological functions such as predation, scavenging, and seed disper-
sal (Del Toro, Ribbons, & Pelini, 2012; Folgarait, 1998). Furthermore, 
previous studies have shown that ant community composition can 
change markedly along environmental gradients (e.g., Arnan, Cerdá, & 
Retana, 2014; Bihn, Gebauer, & Brandl, 2010; Bishop, Robertson, van 
Rensburg, & Parr, 2015; Fontanilla et al., 2019; Groc et al., 2014; Silva 

& Brandão, 2014; Smith et al., 2014; Yates et al., 2011). Nevertheless, 
few studies have investigated changes in ant community composi-
tion along elevational gradients in tropical regions (Brühl, Mohamed, 
& Linsenmair, 1999; Dunn et al., 2009; Nowrouzi et al., 2016; Smith 
et al., 2014). Elevational gradients deserve a special attention because 
they are characterized by a sharp change of various abiotic condi-
tions, especially temperature and humidity, which are predicted to 
shape ant species distribution. For instance, Nowrouzi et al. (2016) 
have emphasized marked species turnovers between 600 and 800m, 
which in their study site corresponded to a transition between low-
land and cloud forests. Considering the rise of the cloud layers that 
is predicted by climate change scenarios and associated increases in 
temperature and decreases in relative humidity (Helmer et al., 2019; 
Los et al., 2019), it is urgent to characterize species distributions in 
these environments to assess threats to their persistence.

To address this gap, we assess how taxonomic, functional, and 
phylogenetic composition of Neotropical ant assemblages is shaped 
by different environmental parameters along an elevational gra-
dient. We focused on leaf litter ants because they are easily sam-
pled with a standardized and generalizable collection protocol, 
and their taxonomy has been well described in the region (Fichaux 
et al., 2019; Groc et al., 2009). We collected leaf litter ants at Mont 
Itoupé (French Guiana), a mountain which represents a particular 
biogeographic interest, because of its isolation and its relatively high 
elevation (ca. 800m) in the eastern Guiana Shield. The top of the 
mountain is covered by cloud forests, a biogeographic rarity that is 
likely to be threatened according to scenarios of climate change in 
this region. Climatic parameters, such as temperature and humidity, 
may represent major drivers of ant species distributions (e.g., Arnan, 
Cerdá, & Retana, 2015; Dunn et al., 2009; Sanders et al., 2007; Silva 
& Brandão, 2014). Variation in habitat characteristics such as nutri-
ent availability, vegetation cover, and soil texture may also play an 
important role (Blatrix et al., 2016; Chen, Adams, Bergeron, Sabo, 
& Hooper-Bùi, 2015; Schmidt et al., 2016; Vasconcelos et al., 2003).

We sampled along these gradients to address two main objectives. 
First, we assessed whether ant community structure differed from a 
random distribution of species along the elevational gradient. A stron-
ger effect of environmental filtering is generally observed at high-
est elevations, leading to a clustered assemblage structure (Dehling 
et al., 2014; Graham et al., 2009; Machac et al., 2011; Smith et al., 2014). 
Thus, we expected to observe clustered patterns among the leaf litter 
assemblages at Mont Itoupé, as a result of the effects of the environ-
mental filtering particularly at high altitude. Second, we identified the 
main environmental determinants (soil, climate, and vegetation struc-
ture as measured by LiDAR) of the taxonomic, functional, and phyloge-
netic composition of ant assemblages. A decrease in ant diversity along 
elevational gradients is a common pattern (Brühl et al., 1999; Fontanilla 
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et al., 2019; Longino, Branstetter, & Colwell, 2014; Machac et al., 2011) 
which may be explained by the variation in climatic or soil parameters. 
We therefore expected both climate and soil variables to be strongly 
correlated with variation in leaf litter ant assemblages’ composition. 
Moreover, ant species turnover has been shown to be highly coordi-
nated with tree species turnover in the region, independently from 
environmental gradients (Vleminckx et al., 2019). We may therefore 
expect a change of ant species composition with elevation considering 
previous evidence that forest structure and composition change along 
elevational gradients (Swenson et al., 2011).

2  | METHODS

2.1 | Experimental design

We collected ants during the dry season in November 2014, at Mont 
Itoupé (3°01’10.32”N, 53°04’45.90”W), French Guiana. Mont Itoupé, lo-
cated in the heart of the National Park of the Amazon in French Guiana, 
peaks at an altitude of 830m asl, representing one of the highest peaks 
within 250 km. A total of nine 0.12-ha plots were established at approx-
imately 400 m, 600 m, and 800 m asl, with three plots per elevation 

range, spanning a total area of ca. 10 km2 (Figure 1). The plots were 
chosen to span the range of variation in both climatic and soil condi-
tions across the site. Mean annual rainfall in the area reached 2,584 mm 
(<140 mm of difference across elevations), while mean annual tempera-
ture ranged from 23.0 at 400m to 21.6°C at 800m (worldclim.com).

Each plot represented an area of 30 m × 40 m, within which 
we established a grid system of 20 sampling points separated by at 
least 10 m, according to the Ants of Leaf Litter Protocol described in 
Agosti and Alonso (2000). At each sampling point, we collected leaf 
litter ants using pitfall traps and the mini-Winkler method (for more 
details, see Bestelmeyer et al., 2000). Pitfall traps were left in the 
ground for 72 hr, while the mini-Winkler extractors were installed 
for 48 hr. Because pitfall traps and mini-Winkler extractors were 
used as complementary traps, we pooled data from both methods 
in our analyses. Thus, only a single occurrence was reported for a 
species collected in both traps at the same sampling point.

2.2 | Ant identification

Ants were identified at the species level whenever possible or as-
signed to a morphospecies code. Species identification was mainly 

F I G U R E  1   Location of the study area and the nine sampling plots and environmental sensors at Mont Itoupé, French Guiana. The 
weather sensor of Plot 6 was located halfway between Plot 5 and Plot 6 (for more details, see section 2.5.2)
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based on online identification keys published on Antwiki (http://
www.antwi ki.org/wiki/Categ ory:Ident ifica tion_key) and keys de-
veloped by John T. Longino (http://ants.biolo gy.utah.edu/Antso 
fCost aRica.html). We also used the reference collection of the 
Laboratory Ecofog (Kourou, French Guiana). For the morphospe-
cies with problematic morphological identification (i.e., species 
from the genera Hypoponera, Nylanderia, Pheidole, and Solenopsis), 
we also sequenced the 16S rRNA barcode (at least three speci-
mens per morphospecies) using the protocol developed by Kocher 
et al. (2016). DNA sequences were compared to a local reference 
barcode library for the ant species of French Guiana (under devel-
opment; unpublished data). Samples are housed in the Laboratory 
Ecofog, with voucher specimens deposited in the Laboratorio de 
Mirmecologia, Cocoa Research Centre CEPEC/CEPLAC (Itabuna, 
BA, Brazil) under the references #5761 (mini-Winkler traps) and 
#5762 (pitfall traps).

2.3 | Morphological data

We measured nine morphological attributes (Table 1) using an ocular 
micrometer accurate to 0.01mm mounted on a Leica M80 dissect-
ing microscope (Leica Microsystems). Traits were selected based on 
their expected link with ecological strategies related to resource use 
(Table 1). Measures were performed for all the species collected (i.e., 
267 species), using at least six randomly selected (minor-caste) work-
ers per species whenever possible (Table S1).

2.4 | Phylogenetic data

We produced a genus-level phylogenetic tree and calculated phy-
logenetic distances among all inventoried genera (n = 56) using 

the phylogenetic tree produced in a recent publication (Blanchard 
& Moreau, 2016). Because two genera sampled in this study 
(Gigantiops and Rasopone) were missing in the tree of Blanchard 
and Moreau (2016), our resulting tree contained 54 genera 
(Figure S1).

2.5 | Environmental data

We measured environmental parameters from soil, climatic, and 
LiDAR data.

2.5.1 | Soil data

In each plot, soil samples were collected at ten locations from three 
different soil layers (0–10, 10–20, and 20–30 cm), following the pro-
cedure described in Baraloto et al. (2011). The 10 samples for each 
depth were then bulked into a single composite sample of ca. 500 g 
of soil. Composite sample were then transported to the Laboratory 
Ecofog and dried to reach constant weight at 25°C, sieved to 2 mm, 
and sent to the INRA Arras soil analysis laboratory (Arras, France) 
for physical and chemical analyses. A set of nine physico-chemical 
properties was measured (Table S2): the percentage of sand, silt and 
clay, soil pH, the percentage of organic matter (OM), the carbon-to-
nitrogen ratio (C/N), and the soil P, Na, and K contents. Particle size 
analysis of sand, silt, and clay was quantitatively performed by their 
settling rates in an aqueous solution using a hydrometer. Soil pH was 
measured in 1 M potassium chloride solution. The organic matter 
content was determined based on the loss of gases after ignition for 
2 hr at 360°C. The total amount of nitrogen (N) and carbon (C) in 
all forms in soil was quantitatively analyzed using a dynamic flash 
combustion system coupled with a gas chromatographic separation 

TA B L E  1   List of morphological traits measured and their hypothesized ecological functions

Traits Hypothesized ecological functions

WL Proxy for body size, related to several physiological and ecological traits, such as habitat use (Kaspari & Weiser, 1999; Weber, 1938).

HW Indicator of mandibular musculature, related to trophic position (Kaspari, 1993; Weiser & Kaspari, 2006).

HL Indicator of body size (Kaspari & Weiser, 1999) and body mass which determines the quantity of resources consumed.

PW Predictor of body mass (Kaspari & Weiser, 1999).

FL Indicator of foraging speed, related to habitat complexity (Feener Jr. et al., 1998).

SL Related to sensory abilities (Weiser & Kaspari, 2006), indicative of an ant's ability to navigate and move through its surroundings (Yates 
et al., 2014).

EL Indicator of feeding behavior (predatory ants have smaller eyes); hypogaeic ant species have smaller eyes compared to epigaeic ant 
species (Weiser & Kaspari, 2006; Yates et al., 2014).

CL Related to liquid absorption abilities (Davidson, Cook, & Snelling, 2004); clypeus length is here used as a surrogate for liquid feeding 
habits in ants.

ML Longer mandibles are associated with larger prey consumption (Fowler, Forti, Brandão, Delabie, & Vasconcelos, 1991). In some 
cases (i.e., trap-jaw ants), sublinear to linear and long mandibles are used as extremely rapid trap for hunting and killing fast preys 
(Gronenberg, Tautz, & Hölldobler, 1993).

Abbreviations: WL, Weber's length; HW, head width; HL, head length; PW, pronotum width; FL, femur length; SL, scape length; EL, eye length; CL, 
clypeus length; ML, mandible length.

http://www.antwiki.org/wiki/Category:Identification_key
http://www.antwiki.org/wiki/Category:Identification_key
http://ants.biology.utah.edu/AntsofCostaRica.html
http://ants.biology.utah.edu/AntsofCostaRica.html
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system and thermal conductivity detection system. Extractable 
phosphorus (P) was assayed using the Olsen method (Olsen et al., 
1954) based on the extraction of phosphate from the soil by 0.5 N 
sodium bicarbonate solution adjusted to pH 8.5. A semi-quantitative 
method was used to determine the amount of soil exchangeable so-
dium (Na) and potassium (K) residing on the soil colloid exchange 
sites by displacement with ammonium acetate solution buffered to 
pH 7.0.

2.5.2 | Climatic data

Air temperature (in °C) and relative humidity (in %) were measured 
in all plots using micro-environmental sensors (HOBO U23-001) as 
described in Tymen et al. (2017). The weather sensors were placed 
within the area of each plot except for Plot 6, for which the sensor 
was placed halfway between Plots 5 and 6 because of a logistical 
issue. Since this sensor was not far away for the sampled area and at 
the same elevation, the climatic data were used as a proxy for envi-
ronmental data of this plot (see Figure 1).

The two parameters (air temperature and relative humidity) 
were monitored for one year, from 1 January 2015 to 31 December 
2015 with one measurement every 30 min. Using the local mi-
cro-environmental data, we defined four climatic variables for each 
plot (Table S2): TMEAN—mean annual Temperature, RHMEAN—mean 
annual Relative Humidity, TMIN—minimum temperature of the cold-
est month, and RHMIN—minimum Relative Humidity of the driest 
month.

2.5.3 | LiDAR data

LiDAR data were acquired in early August 2014 using a LMS-Q560 
RIEGL laser range finder (wave length 1550nm) on board an air-
craft flying at ca. 600m above the ground. A total of 64 km2 were 
covered with a scan angle ranging from ± 25°. Point density slightly 
exceeded 20 pts/m2 (pulse density ca. 13 pulses/m2), with a ground 
point density of 0.31 pts/m2. Digital elevation model (DEM) at 
1m resolution was interpolated from ground LiDAR points using 
Lastools (Insenburg n.d.). Digital surface model (DSM) was built 
using Quick Terrain Modeler (free trial version, http://appli edima 
gery.com) at the same resolution. Canopy height model (CHM) was 
then calculated as the difference between DSM and DEM. When 
we ground-surveyed our plots, multiple GPS point positions were 
acquired for each plot using a hand-held GPS (accuracy 5–10 m). 
To further improve plot geo-referencing, we adjusted plot loca-
tions against LiDAR CHM as in Réjou-Méchain et al. (2015): The 
location of all surveyed trees (DBH ≥ 30 cm) inferred from ground 
positioning was first compared to that deduced from CHM. Tree 
GPS coordinates were then shifted until best match with the CHM, 
resulting in horizontal shifts typically of <15 m. With the improved 
plot locations, we then derived three variables for the plots from 
LiDAR data (Table S2): canopy height (CH), canopy cover (CCOV), 

and the gap fraction (gap). Canopy height was calculated as the 
mean value of CHM pixels inside each plot. Canopy cover was 
calculated using LAStools (lascanopy -cov), with the height thresh-
old set at 5 m for separating canopy and non-canopy points. Gap 
fraction was also calculated following the approach of Morsdorf 
et al. (2006), which was defined as the percent of vegetation ech-
oes to all (ground and vegetation) echoes.

2.6 | Data analysis

All analyses were conducted using R 3.5.1 statistical software (R 
Core Team, 2018). The taxonomic, functional, and environmental 
datasets are available in supplementary material (Tables S1, S2 and 
S3).

2.6.1 | Functional heterogeneity among species

The mean value of traits (n = 9) per species was normalized by using a 
Box–Cox transformation, and then, all traits (except Weber's length) 
were standardized by dividing their values by Weber's length to cor-
rect for individual body size (see Table 1). A principal component 
analysis (PCA) on the species × traits matrix (hereafter, PCATRAITS) 
was then performed to eliminate trait redundancy (see Figure S2), 
using the R package “FactoMineR” (Lê, Josse, & Husson, 2008). 
Subsequent analyses were based on the first three principal compo-
nents (except for the fourth-corner analysis for which we also used 
individual traits; see below), which jointly explained 77% of the over-
all trait inertia (Table S4).

2.6.2 | Environmental heterogeneity among plots

Environmental variables were normalized (using Box–Cox transfor-
mation) and standardized (z-score transformation) prior to analyses, 
using the R package “forecast” (Hyndman et al., 2019; Hyndman & 
Khandakar, 2008). We then performed a PCA on all environmen-
tal variables (n = 17), hereafter the PCAENV, to examine associations 
among variables and to characterize environmental differences 
among plots. The difference among the three elevations for each 
environmental variable was tested using a Kruskal–Wallis test.

2.6.3 | Community-wide taxonomic, functional, and 
phylogenetic structure

A community that is taxonomically, functionally, or phylogenetically 
clustered within plot corresponds to a situation where species cooc-
curring within these plots share more similar taxa, traits, or are phy-
logenetically closer-related, respectively, than species from different 
plots. This clustering was quantified using the IST, τST, and ПST sta-
tistics, which calculate the taxonomic, functional, and phylogenetic 

http://appliedimagery.com
http://appliedimagery.com
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turnover among plots, respectively (Hardy & Senterre, 2007). The 
three indices are calculated as followed:

where TD corresponds to the taxonomic diversity calculated using 
Simpson index with species occurrence data; FD and PD correspond, 
respectively, to the mean functional dissimilarity (here, Euclidean) 
between distinct species and the mean phylogenetic distance (mean 
divergence time based on the phylogenetic tree) between distinct gen-
era (thus FD and PD are based on species/genus presence–absence), 
within (w) and among (a) plots. τST and ПST thus quantify the relative 
increase of the mean functional divergence and phylogenetic distance 
between species sampled among plots versus within plots, respec-
tively. Species, trait, and phylogenetic clustering are observed if IST, τST, 
or ПST > 0, respectively, while negative values indicate overdispersion 
(Hardy & Senterre, 2007). The overall clustering within plots was cal-
culated using the mean IST, τST, and ПST values among all pairs of plots. 
These mean values were tested by comparing their observed value 
with 999 null values obtained under a null model where species occur-
rences are randomized across plots (Hardy, 2008). We then used the 
pairwise values of these statistics among all pairs (n = 36) of different 
plots in regression models to test the effect of environmental dissim-
ilarity on taxonomic, functional, and phylogenetic turnover (see next 
section). Turnover values were also quantified and tested among pairs 
of altitudes (three comparisons, 400–600 m, 400–800 m, and 600–
800 m). These indices were calculated using the R package “spacodiR” 
(Eastman, Paine, & Hardy, 2013).

2.6.4 | Environmental determinants of taxonomic, 
functional, and phylogenetic composition

We used multiple regression on distance matrices (MRM; 
Lichstein, 2007) to quantify and test the association between en-
vironmental dissimilarity and taxonomic (IST), phylogenetic (ПST), 
and functional (τST) turnover of ant assemblages among plots, using 
the R package “ecodist” (Goslee & Urban, 2007). Statistical signifi-
cance of each regression coefficient was assessed through residu-
als permutation tests (n = 9,999 permutations). Pairwise τST values 
corresponded more exactly to the functional turnover among plots 
calculated using the three first axes of the PCATRAITS together, as 
well as each of these axes individually. Analyzing the functional turn-
over based on individual PCA axes can help identifying significant 
effects on traits that may be obscured when all traits are taken into 
account in the analysis. The examination of trait loadings on the PCA 
axes can help identifying those traits (Figure 2). It is worth noting 
that all of our tests may suffer from a limited statistical power due to 
the number of pairwise turnover values (n = 36) investigated in the 

MRM. Thus, while the significant signals observed may reflect some 
ecological reality, the absence of signals should also be taken with 
caution as they could mean that our sampling design did not allow 
capturing a significant association.

Three types of MRM models were used for each of the six response 
variable (IST, τST calculated over the three first axes of the PCATRAITS, 
τST calculated for each of these three axes, and ПST). The first model 
(Model 1) corresponded to a simple regression testing the effect of 
the overall environmental (Euclidean) dissimilarity (calculated over the 
17 environmental variables) on each response variable. Model 2 corre-
sponded to a multiple regression model where we tested the relative 
effects (regression coefficients) of the dissimilarity of several environ-
mental variables, using a reduced set of variables with limited collin-
earity to limit the number of tests. To do so, we retained ecologically 
relevant variables with r-Spearman correlation ≤ 0.6 for climate and 
soil variables separately (Figures S3–4). In doing so, four soil variables 
(the percentage of sand, OM, soil pH, and P) and one climatic variable 
(RHMEAN) were retained for analyses. For LiDAR data, because the 
variation in the variables “canopy cover” and “gap fraction” remained 
virtually unchanged across plots (see Table S2), we only retained the 
variable “canopy height” (CH) for analyses. This latter variable was pos-
itively correlated with the variables “canopy cover” and “gap fraction” 
(Figure S5). In Model 3, we tested the relative effects of the dissimilar-
ity in the scores of the two first axes of the PCAENV. In each of the three 
models, the spatial dependence among plots was taken into account 
by including spatial distance (Euclidean, untransformed) among the ex-
planatory variables.

(1)IST=1−TDw∕TDa (Taxonomic turnover)

(2)�ST=1−FDw∕FDa (Functional turnover)

(3)IIST=1−PDw∕PDa (Phylogenetic turnover)

F I G U R E  2   Principal component analysis of trait data in each 
plot. HL = relative head length; HW = relative head width; 
ML = relative mandible length; CL = relative clypeus length; 
SL = relative scape length; EL = relative eye length; WL = Weber's 
length; FL = relative femur length; PW = relative pronotum width
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Finally, to have more accurate insights regarding the associ-
ated pairs of environmental variables and traits, we performed a 
fourth-corner analysis (Legendre, Galzin, & Harmelin-Vivien, 1997), 
using the R packages “ade4” (Dray & Dufour, 2007) and “adespatial” 
(Dray et al., 2019). The fourth-corner analysis combines three matri-
ces—plots × environmental variables (R), plots × species occurrences 
(L), and species × traits (Q)—into a matrix of trait–environment associa-
tions. The latter is then used to quantify and test pairwise associations 
between traits and environmental variables, using 9,999 randomiza-
tions with the so-called model “6” which combines models “2” and “4” 
as described in Dray et al. (2014), in order to avoid type-I error inflation.

3  | RESULTS

We collected a total of 31,865 ant individuals belonging to 267 spe-
cies, 56 genera, and 11 subfamilies along the elevational gradient at 
Mont Itoupé (Table S3). The total number of species slightly decreased 
with increasing elevation (resp. 198, 176, and 161 species at 400m, 
600m, and 800m asl.). Across plots, the number of observed species 
ranged from 85 (P6; 600m asl.) to 129 (P9; 400m asl.). The average 
number of species per sample was higher at the lowest elevations 
(400m: mean ± SD = 25.45 ± 2.69; 600m: mean ± SD = 20.38 ± 4.48; 
800m: mean ± sd =20.63 ± 1.60). We also calculated Simpson's 
index and found very similar values along the elevational gradient 
(mean ± SD = 0.98 ± <0.01 for each elevation).

3.1 | Functional heterogeneity

The PCA performed on species traits (PCATRAITS) showed that the 
first three axes jointly explained 77% of the overall trait inertia (38%, 
26%, and 13%, respectively; Figure 2 and S6; Table S4). Plot scores 
on the first axis were highly positively correlated with HL, HW, 
and PW and negatively with WL. The second axis was mostly as-
sociated with FL, SL, and EL, which were highly positively correlated 
with each other; the third axis was negatively associated with ML 
(Figure 2 and Figure S6, Table S4).

3.2 | Environmental heterogeneity

The PCA performed on the matrix of environmental data (hereafter, 
PCAENV) revealed that axes 1 and 2 explained 60.5% and 20.7% of 
the overall environmental inertia across the nine plots, respectively 
(Figure 3; Table S5). Among the variables retained for analyses, PCA 
scores indicated that relative humidity (RHMEAN) and canopy height 
(CH) were strongly correlated with axis 1 (resp. r = .93 and r = −.90), 
while pH was strongly correlated with axis 2 (r = .85).

We found that the following variables significantly (or almost) 
varied across elevations (Kruskal–Wallis rank tests): OM (X2 = 7.20, 
p = .03), CH (X 2 = 6.00, p = .05), P (X 2 = 2.40, p = .06), and RHMEAN 
(X 2 = 5.42, p = .07). In contrast, no significant variation was found 

in sand (X 2 = 2.40, p = .30) and soil pH (X 2 = 0.61, p = .74) across 
elevations.

3.3 | Taxonomic, functional, and phylogenetic 
structure of ant assemblages

The leaf litter ant assemblages displayed significant taxonomic 
and trait clustering at the plot level (Table 2). Trait clustering was 
mostly explained by a significant clustering observed for the scores 
of the second axis of the PCATRAITS (Table 2), which accounted for 
26% of the overall functional inertia. The latter axis (i.e., axis 2 of 
the PCATRAITS) was mostly associated with relative femur and scape 
length (Figure 2; Table S4). In contrast, we did not find any significant 
phylogenetic clustering (Table 2). We further found that the taxo-
nomic clustering was mostly due to differences in species composi-
tion between 800 and 600m elevation plots and that the functional 
clustering was mostly due to differences in trait composition be-
tween the most elevated plots (800m) and the other plots (Table 2). 
No phylogenetic clustering signal was found at the plot or the eleva-
tion level.

F I G U R E  3   Principal component analysis of environmental data 
in each plot. Plots of the same elevational band are represented 
by green circles (800m), red squares (600m), and orange triangles 
(400m). elev = elevation (m); sand = percentage of sand; 
silt = percentage of silt; clay = percentage of clay; pH = soil pH; 
OM = percentage of organic matter; C/N = carbon-to-nitrogen 
ratio; P = Olsen-phosphorus concentration; Na = sodium 
concentration; K = potassium concentration; T_min = minimum 
temperature of the coldest month; T_mean = mean annual 
temperature; RH_min = minimum relative humidity of the driest 
month; RH_mean = mean annual relative humidity; C_cov = canopy 
cover; C_h = canopy height; gap = gap fraction. Variables retained 
for analyses are highlighted in blue
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3.4 | Effect of environmental variables on 
taxonomic, functional, and phylogenetic composition

To facilitate the reading hereafter, we will sometimes omit to use the 
term “dissimilarity” when describing that the “dissimilarity of A signifi-
cantly explains the dissimilarity of B” and will simply write that “A sig-
nificantly explains B”; but we must keep in mind that we only deal with 
dissimilarity values among plots in our regression models. The over-
all environmental dissimilarity significantly explained the taxonomic 
(IST) and the overall functional (τST) turnover among plots (Table 3) 

but not the phylogenetic (ПST) turnover. Moreover, the scores of the 
first axis (strongly associated with Weber's length, the relative head 
length, the relative head width, and the pronotum width) and second 
axis (strongly associated with the relative scape and the relative femur 
lengths) of the PCATRAITS were significantly explained by the overall 
environmental dissimilarity.

Meanwhile, the plot scores of the first axis of the PCAENV (which 
was strongly associated with temperature, relative humidity, and 
vegetation structure; Table S5) significantly explained the variation 
in the overall taxonomic and functional composition, as well as the 
variation in the plot scores of axes 1 and 2 of the PCATRAITS (Table 3). 
When examining the relative effects of each of the six selected envi-
ronmental variable (sand, pH, OM, P, RHMEAN, and CH), we found that 
soil phosphorus content and canopy height significantly explained 
the taxonomic composition (IST) but not the overall functional com-
position (τST), the latter being only explained by the percentage of 
sand (with a marginal significance; p = .081). Although the second 
axis of the PCATRAITS displayed the strongest association with envi-
ronment and with the first axis of the PCAENV, it was not significantly 
explained by any individual environmental variable, despite a rela-
tively high coefficient value obtained with CH, which may result from 
a lack of power. Axes 1 and 3 of the PCATRAITS, however, were both 
significantly explained by soil phosphorus, while axis 1 was also sig-
nificantly explained by pH and axis 3 by the percentage of sand. The 
phylogenetic (ПST) turnover was (marginally) significantly explained 
by soil pH only.

The fourth-corner analysis indicated that the percentage of sand 
was negatively related to the relative scape, eye, and femur lengths 
and to the second and third axes of the PCATRAITS (Table 4) which 

TA B L E  2   Taxonomic, functional, and phylogenetic turnover of 
ant assemblages, averaged over all pairs of plots (Global turnover) 
or for each pair of elevations (in m: 800–600, 800–400, 600–400)

Global 
turnover 800–600 800–400

600–
400

IST 40.98*** 36.31* 31.83 17.26

τST 19.31** 14.51** 30.88* −5.46

τSTPC1 10.18 −10.44 −9.28 −7.79

τSTPC2 36.24** 39.62** 92.41* 0.76

τSTPC3 3.20 −9.20 −2.01 −9.44

ПST 1.05 9.10 7.52 −4.68

Note: IST = taxonomic turnover (species level); τST = functional turnover 
(species level); ПST = phylogenetic turnover (genus level). The functional 
turnover was calculated using the three first axes of PCATRAITS (τST) and 
each of these axes separately (τSTPC1; τSTPC2; τSTPC3). Turnover values 
were multiplied by 104 to facilitate the reading.
Significant values are emphasized in bold and with asterisks 
(***p ≤ .001; **p ≤ .01; *p ≤ .05).

IST τST τSTPC1 τSTPC2 τSTPC3 ПST

Model 1

Global env. 
effect

0.08* 0.20*** 0.17* 0.47*** −0.06 −0.02

Model 2

Sand 1.55 10.17† −0.54 17.08 14.55* −2.83

pH −6.95 0.22 14.59† −14.40 −1.03 10.41†

OM 0.91 −2.08 −0.32 4.93 −7.64 −5.90

P 7.90† 9.42 35.61** 3.22 −13.59† 2.14

RHMEAN −7.62 7.75 21.61 11.26 −11.51 13.15

CH 21.99* 15.34 −8.14 43.75 3.40 −13.49

Model 3

PC1 34.18† 96.57** 67.75† 233.89*** −24.70 −8.90

PC2 9.82 −7.09 28.34 −53.53 −2.23 −0.37

Note: For the functional turnover, the effect of environmental variables was evaluated for the 
three first axes of PCATRAITS (τST) together and for each of these axes separately (τSTPC1; τSTPC2; 
τSTPC3). Sand = percentage of sand; pH = soil pH; OM = percentage of organic matter; P = Olsen-
phosphorus concentration; RHMEAN = mean annual relative humidity; CH = canopy height). 
Regression coefficients are multiplied by 104 to facilitate the reading as they sometimes reach 
very low yet significant values. Significant coefficients are emphasized in bold (***p ≤ .01; **p ≤ .01; 
*p ≤ .05; †p ≤ .1). The regression coefficients were obtained by including the spatial distance in 
each of the three models in order to remove spatial effects (see methods).

TA B L E  3   Regression coefficients 
quantifying the effect on the turnover in 
community composition (IST = taxonomic 
turnover; τST = functional turnover; 
ПST = phylogenetic turnover), of the 
overall environmental dissimilarity 
(Model 1), the dissimilarity of individual 
environmental variables (Model 2) and the 
dissimilarity in the scores of the two first 
axes of the PCAENV (PC1, PC2; Model 3)
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were highly associated with the variation of these three traits, while 
the third axis was also strongly correlated with the relative mandible 
length (Table S4). Phosphorus concentration was positively related 
to relative head length, whereas it was negatively related to Weber's 
length and the first axis of the PCATRAITS. Mean annual relative 
humidity was negatively related to relative scape, eye, and femur 
lengths of ants (Table 4).

4  | DISCUSSION

This study highlights the existence of associations between key 
abiotic environmental variables and the distribution of species and 
functional traits among Neotropical ant assemblages at a local (i.e., 
10 km2) scale. Ant species and functional composition were mostly 
explained by canopy height and the first axis of the PCAENV which 
was strongly associated with the relative humidity and temperature 
(and thus elevation) and to a lesser extent by soil phosphorus con-
centration, sand, and pH (Table 3). The observed within-plot and 
within-elevation functional clustering (Table 2) likely arose from the 
filtering of these environmental conditions.

Climate represents a major environmental filter and restricts 
the number and identity of species that can survive and estab-
lish at different locations. Among climatic filters, temperature has 
been shown to be a key parameter influencing patterns of ant spe-
cies distributions (e.g., Dunn et al., 2009; Sanders et al., 2007; Silva 
& Brandão, 2014). Other studies have also reported a relationship 

between temperature and ant functional composition (Arnan 
et al., 2014; Stuble et al., 2013). Relative humidity may be even 
more constraining for leaf litter ants than temperature (Kaspari 
& Weiser, 2000; Menke & Holway, 2006). These studies reported 
results that were consistent with our findings. Indeed, we found 
that the variation in the dissimilarity of plot scores along the first 
axis of the PCAENV, which was highly explained by variation in soil 
relative humidity, temperature, and elevation (Figure 3; Table S5), 
significantly explained the taxonomic and functional turnover. 
As highlighted by the PCA generated on environmental data 
(PCAENV; Figure 3), the top of the mountain (ca. 800m asl), which 
is covered by cloud forests, is characterized by slightly higher lev-
els of humidity (meanRH = 99.3%) compared to lower elevations 
(between ca. 400 and 600m asl; meanRH = 96.5%). The top forests 
may therefore provide a refuge area for certain species preferring 
relatively colder and more humid conditions. Changes in species 
and functional composition may thus reflect the presence of cli-
mate specialists at higher elevations. More specifically, our results 
suggest that smaller ant species, as well as species with relative 
smaller eyes or smaller legs, were found in sites with higher levels 
of humidity (thus at higher elevation). These traits are character-
istics of hypogaeic ant species, that is, ant species that nest and 
forage within the litter or into the soil (Weiser & Kaspari, 2006).

Along Mont Itoupé, turnovers in species and functional compo-
sition were also associated with variation in phosphorus concentra-
tion (Table 3). Phosphorus limitation may explain variation in plant 
diversity (Vleminckx et al., 2017; Wright et al., 2011), which in turn 
is likely to influence the diversity and density of leaf litter-associated 
invertebrates (McGlynn & Salinas, 2007; Vleminckx et al., 2019). In 
their study, McGlynn and Salinas (2007) found that environments 
richer in phosphorus had greater litter invertebrate densities (mostly 
detritivores). Thus, the association between phosphorus availability 
and the species and functional composition of ant communities may 
be indirectly explained by the variation in the density of prey for 
predatory ant species. The fourth-corner analysis performed in this 
study reveals that phosphorus concentration was positively related 
to the relative head length and negatively related to body length (i.e., 
Weber's length), features that are characteristics of small hypogaeic 
ant species belonging to genera such as Carebara, Solenopsis, and 
Strumigenys. These predatory ant genera may thus benefit from the 
higher phosphorus concentrations that may favor the abundance of 
small prey. Such results contrast with those obtained in a study con-
ducted by Jacquemin, Maraun, Roisin, and Leponce (2012), in which 
they found a decrease of predatory ant species in plots enriched 
in carbon, nitrogen, and phosphorus. In their study, predatory ants 
seemed to be limited by habitat loss due to the increased litter de-
composition. The positive effect of higher levels of phosphorus for 
small predatory ant species found in our study may have been coun-
terbalanced by habitat loss in their study, since the amount of leaf 
litter at the highest elevation, that is, at high levels of phosphorus, 
was much more important than at the lowest ones.

In addition to climatic factors, nutrient availability and soil texture 
can also influence invertebrate composition by imposing constraints 

TA B L E  4   Results from the fourth-corner analysis quantifying 
the strength of pairwise trait-environment associations

sand pH OM p RHMEAN CH

HL 0.03 0.05 −0.02 .07* 0.04 −0.00

HW 0.01 0.04 −0.02 .05 0.01 −0.02

ML 0.03 0.04 −0.01 .02 0.01 −0.01

CL −0.03 0.02 −0.03 .01 −0.02 0.03

SL −0.07* 0.02 −0.05 −.05 −0.07* 0.07

EL −0.10** 0.00 −0.06 −.08 −0.10* 0.09

WL −0.03 −0.04 0.01 −.08** −0.05 0.00

FL −0.08† 0.01 −0.05 −.10 −0.10** 0.09

PW 0.01 0.04 −0.02 .5 0.01 −0.01

PC1 −0.04 −0.04 0.01 −.08* −0.05 0.01

PC2 −0.08* 0.03 −0.06 −.06 −0.08 0.09

PC3 −0.05* −0.02 −0.02 −.02 −0.02 0.02

Note: Abbreviations: HL, relative head length; HW, relative head width; 
ML, relative mandible length; CL, relative clypeus length; SL, relative 
scape length; EL, relative eye length; WL, Weber's length; FL, relative 
femur length; PW, relative pronotum width; PC1/PC2/PC3: axes 1, 
2 and 3 of the PCATRAITS; sand, percentage of sand; pH, soil pH; OM, 
percentage of organic matter; P, Olsen-phosphorus concentration; 
RHMEAN, mean annual relative humidity; CH, canopy height.
Significant relationships are highlighted in bold (**p ≤ .01; *p ≤ .05; 
†p ≤ .07).



10  |     FICHAUX et Al.

on species living in ground habitats (Costa-Milanez, Majer, Castro, 
& Ribeiro, 2017; Schmidt et al., 2016; Vasconcelos et al., 2003), but 
also indirectly via an effect of these variables on tree community as-
sembly (Vleminckx et al., 2019). In our study, a significant association 
was found between the functional composition and the soil texture 
(percentage of sand) turnover across plots (Table 3), especially for 
the third axis of the PCATRAITS, which was mostly associated with the 
relative mandible length (Table S4). We lack hypotheses to explain 
that result. In addition, the percentage of sand was negatively re-
lated to individual functional traits of ants (i.e., the relative scape and 
femur lengths). Particular functional traits of ant species rather than 
the global functional space of ant assemblages may thus be linked to 
soil texture. Short scape and eye, relative to body size, are typical of 
hypogaeic ant species (Brandão, Silva, & Delabie, 2012), foraging and 
nesting inside the leaf litter. Sandy soils may thus favor movements 
and nest establishment of hypogaeic species within the litter, com-
pared to clay-rich soils.

5  | CONCLUSIONS

Elevational gradients stretching from lowland forests to lower 
mountain cloud forests represent a major source of environmental 
variation in tropical regions, which, in our study, has been shown to 
influence the distribution of leaf litter ants. In particular, the taxo-
nomic and functional turnover of ant communities was mostly ex-
plained by soil phosphorus content, climatic (temperature, relative 
humidity) variables, and vegetation structure, while trait variation 
seemed to be also influenced by soil texture and pH. Our results 
shed light on the unique biodiversity value of cloud forests, a par-
ticularly rare ecosystem in the eastern Guiana Shield, likely to be 
threatened by climate change, with scenarios predicting an intensifi-
cation of drought events and an increase of temperature across the 
region (Esquivel-Muelbert et al. 2019). Indeed, the congruence be-
tween species and functional turnover along the humidity gradient 
highlights that a loss of species and functional diversity represent 
real threats in this regional biodiversity hotspot.
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