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Abstract

Aim: Given their high environmental variation over relatively short distances, moun-
tains represent ideal systems for evaluating potential factors shaping diversity gradi-
ents. Despite a long-standing interest in ecological gradients, ant diversity patterns
and their related mechanisms occurring on mountains are still not well understood.
Here, we (i) describe species diversity patterns (« and B) of leaf-litter ants along the
eastern slope of Cofre de Perote in Veracruz, Mexico; and (ii) evaluate climatic and
spatial factors in determining these patterns.

Location: Veracruz, Mexico.

Taxon: Leaf-litter ants.

Methods: We sampled 320 m? of leaf litter spread across eight equally spaced sites
from sea level to 3500 m of elevation. We used regression models to predict a-
diversity patterns with climatic (temperature and precipitation) and spatial (geometric
constraints) variables. We also assessed, through multiple regression based on dis-
tance matrices (MRM), the relative importance of habitat filtering and dispersal limita-
tions for shaping total dissimilarity (Bsor), turnover (8sim) and nestedness (Bnes).
Results: A hump-shaped pattern was observed in the a-diversity. This pattern is best
explained by the temperature gradient. p-diversity showed a nonlinear pattern along
the elevational gradient with total dissimilarity and turnover components better ex-
plained by habitat filtering (i.e. temperature distances). Turnover had higher contribu-
tion to total dissimilarity rather than the nestedness component.

Main conclusions: The significance effect of temperature on both a- and p-diversity
patterns reinforces its widespread importance in shaping litter ant diversity patterns
across elevational gradients. The hump-shaped pattern in species richness is prob-
ably the result of harsh abiotic conditions at the base and the top of the mountain
combined with biotic attrition in lowland sites. The niche specialization of ant spe-
cies in their optimal thermal zones may explain total dissimilarity and ant species re-
placement along the studied gradient. Taken all together, these results suggest a high
relevance of temperature-driven mechanisms in the origin and maintenance of the

biodiversity of such insects and probably another ectothermic taxa.
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1 | INTRODUCTION

Disentangling the relative importance of mechanisms driving the
natural variation in species numbers and community composition
has attracted the attention of ecologists for decades (Anderson
et al., 2011; Hawkins et al., 2003). Both theoretical and empirical
studies have documented the interplay of environmental gradi-
ents and spatial processes as drivers of species distribution and
community composition (Chase & Myers, 2011; HilleRisLambers
et al., 2012; Hubbell, 2001). Mountains represent ideal scenarios
to better understand the distribution of diversity (Kérner, 2007,
Sundqvist et al., 2013), because they represent sharp environ-
mental gradients on relatively small geographic scales (Lomolino,
2001; Rahbek, 1995). To date, different species richness and com-
position patterns have been described on mountains for many tax-
onomic groups; however, the underlying mechanisms driving such
patterns remain elusive (Peters et al., 2016; Sanders & Rahbek,
2012).

Elevational studies across multiple scales and taxa have shown
that species richness decreases linearly with increasing elevation
(e.g. Kwon et al., 2014; Machac et al., 2011) or peaks at intermedi-
ate elevations (e.g. Bishop et al., 2014; Longino & Branstetter, 2019).
Climate-based hypotheses posit that factors such as temperature
and precipitation determine species richness along elevation gradi-
ents. For instance, the general decline in temperature is generally
suggested to explain the decreasing diversity with increasing ele-
vation (e.g. Kwon et al., 2014; Machac et al., 2011; Reymond et al.,
2013). Furthermore, many studies across elevational gradients in-
cluding global analyses have emphasized the interaction of tempera-
ture and precipitation (Szewczyk & McCain, 2016). The relationship
between these variables was formalized in the elevational climate
model (ECM), wherein divergent elevational diversity patterns
emerge depending on the local conditions of the mountain (McCain,
2007). According to this model, a mid-peak pattern in species diver-
sity should appear in mountains with an arid base, because water
restricts diversity towards the base, whereas temperature restricts
diversity towards the summit. Conversely, on a wet mountain where
water availability is relatively uniform across the mountain, tempera-
ture remains as the only factor driving species richness, resulting in a
monotonic decrease of diversity (McCain, 2007). The ECM relies on
the assumption that warmest and wettest elevations correspond to
the highest productivity. The straightforward idea linking productiv-
ity and diversity is that productivity is equivalent to the quantity of
available resources in an ecosystem, which limits the total number of
individuals that a community can maintain within a region (Kaspari
et al., 2000; Srivastava & Lawton, 1998). The total number of in-
dividuals in turn limits the number of species that can have viable
populations in that environment (Gaston, 2000). Therefore, a region
with higher population sizes is expected to have a greater number of
species, either because of reduced extinction probabilities or sim-
ply because of the increased probability of sampling novel species
(Evans et al., 2005).
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Besides the importance of climatic factors, some authors have
proposed that the geometry of bounded domains may account for
the hump-shaped patterns in richness (Colwell et al., 2004; Dunn
et al., 2007). Such geometric effect is called the mid-domain effect
(MDE) and is usually considered in the form of null models. The MDE
results from a random placement of species ranges within a con-
strained geographical domain, such as the lower and upper parts of
the mountain (Colwell & Hurtt, 1994; Colwell et al., 2004). Hence,
a higher overlap of species ranges increasing towards the middle of
the domain is expected, predicting a peak of species richness at in-
termediate elevations (hump-shaped pattern; Colwell et al., 2004).
Although the MDE is subject to some scepticism (Brehm et al., 2007;
Currie & Kerr, 2008), since it cannot provide biological explanations,
the empirical evidence supporting MDE in predicting hump-shaped
patterns across many elevational gradient studies (e.g. Fu et al,,
2006; McCain, 2004) suggests that the MDE should not be simply
rejected.

Further information can be gained about the processes that cre-
ate and maintain biodiversity through the evaluation of p-diversity
(e.g. Anderson et al., 2011; Kraft et al., 2011; Tuomisto Ruokolainen
& Yli-Halla, 2003). p-diversity is a crucial component reflecting the
dissimilarity between local assemblages, as well as the relationship
between local («) and regional (y) diversity (Anderson et al., 2011;
Chase & Myers, 2011; Kraft et al., 2011; Tuomisto, 2010). Overall,
studies on many taxa across regions have consistently shown that
higher site-to-site dissimilarity is found at lower elevations, while
lower site-to-site dissimilarity is rather found at higher elevations
(Kraftetal., 2011; Tello et al., 2015). This pattern has been attributed
to several non-mutually exclusive processes, particularly the inter-
play of dispersal limitation and habitat filtering (Morlon et al., 2008;
Wang et al., 2011). For instance, higher habitat specialization of spe-
cies in some regions may lead to increased community dissimilar-
ity (Lenoir et al., 2010; Leprieur et al., 2011), but greater dispersal
ability promotes the ubiquitousness of species, therefore decreasing
community dissimilarity (Qian, 2009). Whereas the interest in the
relationship between p-diversity and elevation has increased greatly
over the years, it has focused mainly on plant taxa (e.g. Myers et al.,
2013; Sabatini et al., 2018; Tello et al., 2015), thus both patterns and
causes of taxonomic B-diversity for several taxa, particularly for in-
sects, remain largely unknown.

Here, we studied neotropical leaf-litter ant assemblages along a
tropical elevational gradient. We focused on litter ants because they
comprise a large fraction of tropical ant species, with high levels of
ecological diversity (Delabie et al., 2000), easily sampled with a stan-
dardized protocol and with a highly solved taxonomy (Fichaux et al.,
2021). Further, leaf-litter ant distributions are strongly constrained
by local and regional climate (Dunn et al., 2009; Warren & Chick,
2013). The studies of leaf-litter ant diversity along elevational gradi-
ents across the globe have documented a decrease in species rich-
ness with increasing elevation (e.g. Briihl et al., 1999; Colwell et al.,
2008; Fisher, 1995; Liu et al., 2018; Olson, 1994; Robertson, 2002;),
as well as peaks at intermediate elevations (Longino & Branstetter,
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2019; Sabu et al., 2008). The majority of these studies have demon-
strated that both temperature (e.g. Longino & Branstetter, 2019;
Machac et al.,, 2011) and precipitation (e.g. Smith et al., 2014;
Szewczyk & McCain, 2016), and in some instances geometric con-
straints (Marathe et al., 2020; Sanders, 2002), have a strong effect in
shaping ant diversity patterns along elevational gradients. Similarly,
compositional dissimilarity of litter ants in relation to changes in el-
evation has also been observed to decrease with elevation (e.g. Liu
et al., 2018), although an increase in p-diversity with increasing ele-
vations has also been reported (e.g. Fontana et al., 2020; Fontanilla
et al., 2019). This variety of elevational ant diversity patterns high-
lights the importance of more comprehensive studies across repli-
cated gradients to identify the general patterns of ant distribution
in mountains and to untangle different potential drivers (Szewczyk
& McCain, 2016).

In the last decades, several elevational studies focusing on
the leaf-litter assemblages have been conducted in the tropics
(e.g. Fichaux et al., 2021; Lapolla et al., 2007; Longino et al., 1990;
Olson, 1994). However, to date, we lack such studies from Mexico.
Studying new regions and thus surveying ant assemblages from dif-
ferent species pools, influenced by different evolutionary histories,
may help to uncover the mechanisms shaping ant biodiversity along
elevational gradients and also to investigate whether similar mecha-
nisms are at place across continents (Bernadou et al., 2015). A case
in point is the Cofre de Perote, a tropical mountain located at the
Mexican Transition Zone (MTZ). MTZ is a complex evolutionary and
active area where the Neotropical and Nearctic regions converge
(Escalante et al., 2004; Morrone, 2015). It extends from the south
of the United States to the plain of southern Nicaragua (Halffter &
Morrone, 2017). Mountains located in the MTZ were primarily dis-
persion tracks for the northern fauna adapted to cold conditions,
whereas the lowlands allowed neotropical species to pass through
northern areas (Halftter, 1987; Halftter & Morrone, 2017). All these
characteristics make the Cofre de Perote an interesting scenario
for analysing biodiversity patterns along elevation and their related
mechanisms.

In this study, we describe the a- and p-diversity patterns of
leaf-litter ants and evaluate the effect of different drivers along an
entire elevational gradient. More specifically, we have the follow-
ing objectives: (i) to describe the a-diversity elevational pattern and
assess whether this pattern is best explained by temperature, pre-
cipitation and/or MDE factors; (ii) to document the pattern of total
pairwise dissimilarity (p-diversity) across the elevational gradient
and test whether this dissimilarity is driven by species turnover or by
nestedness-resultant component; and (iii) to evaluate whether these
B-diversity components are driven by either habitat filtering or dis-
persal limitation. Following the proposed effect of temperature, pre-
cipitation and geometric constraints on ant diversity patterns across
elevation, we expected that (i) ant richness will decrease monotoni-
cally with increasing elevation, resulting from the linear decrease
of temperature restricting ant species richness at higher elevations

given their thermophilic affinity; (ii) total dissimilarity will decrease

linearly with increasing elevation as a consequence of lowland spe-
cies with more restricted ranges than highland species, which in turn
can be related to higher species turnover in lowlands resulting from
niche specialization of species at warm sites. Conversely, total dis-
similarity at higher elevation will largely be caused by nestedness
given only a subset of ant species that occur in more benign environ-
ments (lower sites) is well adapted to the harsher conditions found
at those elevations. Finally, (iii) if ant dispersal rates are sufficient to
allow species to spread to all potential habitats, then habitat filtering
will have a higher importance in shaping the three components of
B-diversity.

2 | MATERIALS AND METHODS
2.1 | Studyarea

This study was conducted along the eastern slope of the Cofre de
Perote mountain, in Veracruz, Mexico. This region is located at the
junction of the Trans-Mexican volcanic belt and the Sierra Madre
Oriental. We selected eight study sites spanning an elevational gra-
dient of 3500 m of altitude (Figure 1). Regardless of the geographical
distance, all sites were systematically separated with an elevational
difference of 500 m on average between each other. We placed our
study sites at the following elevations above sea level: 30-50 m,
610-670 m, 900-1010 m, 1470-1650 m, 2020-2230 m, 2470-
2600 m, 3070-3160 m and 3480-3540 m; however, for simplicity,
we will refer to each site as the discrete unit (i.e. 0, 600, 1000, 1500,
2100, 2500, 3100 and 3500 m). For summarized characteristics of
sites, see Table 1 and Table S1.

2.2 | Sampling design

Sampling sites were old-growth forests characterized by no obvious
forest use and highly dominance of mature forests, except in the case
of the lowest site (i.e. La Mancha), where most of its original vegeta-
tion has been transformed. To overcome the effect of perturbation
in the studied patterns, we sampled La Mancha in a secondary forest
with up to 30 years of regeneration. All sampling sites were closed-
canopy forests in which a leaf-litter layer could be guaranteed.
During the rainy season (July-September) of 2018 one 300-m trans-
versal transect was located at each one of the eight study locations
where we established 10 equidistantly sampling points (i.e. 30 m
between each other). Two independent 1-m? samples were taken
perpendicularly to each sampling point: one 10 m on the right side
and the other 10 m from the left side. This procedure was repeated
in a second transect placed during the dry season (March-May) of
2019 in order to increase our sample coverage (see below) as well
as reduce any seasonality effect on our diversity patterns. Transects
within an elevational site were separated at least 1 km away from

each other. Thus, 320 leaf-litter samples characterized the whole

85U8017 SUOWILLOD @A 11D 3|qeo! [dde 8L Aq peusenob 8 Sapoiie YO ‘8sn JO Sa|nJ 10y AeIq18UIUQ AB]IM UO (SUORIPUOD-PUR-SWUBIALI0D" A3 1M ARIq 1 BU1UO//SdNL) SUORIPUOD pue swie 1 8y} &8s *[5202/T0/9T] Uo AriqiauliuO A8]IM ‘IPOD Ol |jwiT 8suseed nesn i Aq 2 TzyT'Iq(TTTT 0T/I0pAW00 A8 | ARe.d 1 jpuluo//:Sdny wouy pepeojumod ‘0T ‘T20Z ‘6692S9ET



PEREZ-TOLEDO ET AL.

2515
E=E ey

96°30'W

97°15'W 97°0'W 96°45'W

Veracruz

® Study site
— Contour line (200 m)

Elevation (m.a.s.l.)
p High : 4203

-Low:O

97°15'W 97°0'W

96°45'W 96°30'W

FIGURE 1 Location of eight sample sites in the eastern slope of Cofre de Perote down to the sea level in the Gulf of Mexico. Study sites
are represented by black dots and numbers: 1 = La Mancha, 2 = Palmarejo, 3 = Chavarrillo, 4 = Los Capulines, 5 = El Zapotal, 6 = El Encinal,
7 = Los Pescados and 8 = El Conejo. Elevation data were downloaded from INEGI (https://www.inegi.org.mx/app/geo2/elevacionesmex/),

whereas contour lines from CONABIO (https://www.gob.mx/conabio, CONABIO, 1998). Map is displayed on a WGS 1984 World Mercator
projection (Datum: WGS 1984)

TABLE 1 Environmental characteristics

at the study sites Site Elevation (m) Vegetation type MAT (°C) MAP (mm.)

La Mancha 0 Tropical semi-deciduous forest 24.9 1160.7
Palmarejo 600 Tropical semi-deciduous forest 22.4 983.8
Chavarrillo 1000 Tropical Quercus forest 20.1 1381.8
Los Capulines 1500 Cloud mountain forest 16.1 1678

El Zapotal 2000 Cloud mountain forest 13.7 1367.4
El Encinal 2500 Pinus-Quercus forest 11.9 882.4
Los Pescados 3000 Pinus forest 9.7 1102.6
El Conejo 3500 Abies forest 8.2 829.3

Information is given on elevational (m a.s.l.) and vegetation type.

Vegetation types according to Leopold (1950), mean annual temperature (MAT) and mean annual
precipitation (MAP) according to bioclimatic rasters at ~90 m.

mountain (8 study sites x 20 m? per transect x 2 transects = 320 m?).
In each 1-m? quadrat, we collected the leaf litter inside and sifted it 2.3 | oa-Diversity pattern

through a coarse mesh screen of 1-cm grid size to remove the larg-

est fragments and concentrate the fine litter. The concentrated fine
litter from each sample was suspended in independent mini-Winkler
sacks for 3 days in the laboratory. Falling arthropods were collected
into a container with 95% ethanol. Ant workers were removed from
each container for identification. When possible, specimens were
identified at the species level. If not, we assigned a morphospecies

number.

We calculated the sample coverage (an, Chao & Jost, 2012) to as-
sess the completeness of our samples to represent leaf-litter ant as-
semblages at each sampling site. These calculations were conducted
on an occurrence matrix constructed by pooling the species occur-
rence (i.e. the number of samples in which a species is present) out
of the forty 1-m? samples of each elevational band. Given that we

did not collect any ant species at 3500 m, these calculations were
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conducted only on the first seven sites (i.e. from 0 to 3000 m; see
Results). We assigned a zero-raw value to the 3500 m site to con-
duct downstream analyses. Sample coverage calculation varied from
0.801 to 0.976 (Table S1), therefore we extrapolated the species
richness of the location with the lowest Cn (i.e. 3000 m) by dou-
bling the reference sample sizes (Chao & Jost, 2012). Through this
extrapolation technique, we achieved an Cn of 0.88. Comparisons
were made after the richness values of the rest of the sites were
standardized (hereafter standardized richness) to the minimum value
of sample coverage (i.e. 0.88). Statistical differences between sites
were inferred by the non-overlapping 95% Cl associated with each
richness estimation. Furthermore, we addressed the pattern at the
1-m? scale across the mountain by calculating the mean number of
species per sample (hereafter mean species richness). For this, at
each elevation, we summed the number of species present in each
sample and then divided by 40 (i.e. samples taken per site). Sample
coverage calculations were carried out with iNEXT’ package (Hsieh
et al., 2016) in R project (R Core Team, 2019).

2.4 | p-Diversity pattern

To assess the variation of p-diversity between adjacent sites along
the elevational gradient, we transformed the site-level matrix with
species occurrences into a presence/absence matrix (1 for presences
and O for absences). Using this matrix, we calculated the pairwise
Sgrensen dissimilarity (total dissimilarity) between adjacent sites
going from the base to the top of the mountain (i.e. 0-500, 500-
1000, 1000-1500, 1500-2000, 2000-2500, 2500-3000). Total
dissimilarity (Bsor) was further partitioned into its two antithetic
components, namely turnover (Bsim) and nestedness-resultant
(Bnes) following the framework of Baselga (2010). Additionally, we
addressed the f-diversity patterns within each elevational site by
evaluating the total dissimilarity among all points with ant species
recorded. Similarly, we partitioned total dissimilarity into its turno-
ver and nestedness-resultant components. Matrix transformations
were carried out using the ‘vegan’ package (Oksanen et al., 2013),
whereas beta diversity calculations were conducted using the ‘beta-
part’ package (Baselga & Orme, 2012) in R project software (R Core
Team, 2019).

2.5 | Diversity predictors

To evaluate the effect of current climate in terms of temperature
and precipitation on species richness, we used BIO1: mean annual
temperature (°C; hereafter MAT) and BIO12: mean annual precipi-
tation (mm.; hereafter MAP). In each elevation, we extracted MAT
and MAP values from the bioclimatic rasters available for Mexico at
3 arc-second resolution (~90 m; Cuervo-Robayo et al., 2014) using
the geographic coordinates of the 40 points where samples were
taken. For practical purposes, each site was characterized by averag-
ing these 40 values.

For testing the effect of MDE on species richness, we used sim-
ulation models that randomly arrange species distributions across
elevation. For this purpose, we determined the empirical elevational
range for each species, which is defined by its minimum and maxi-
mum elevation of occurrence. Then, we randomly place this empiri-
cal range within the entire geographical domain, represented by the
lowest and highest elevation (0-3500 m). We ran this procedure
1000 times after which the mean predicted richness for each study
site was calculated by averaging over the 1000 predicted richness
values. These analyses were conducted using the rangemod1d func-
tion incorporated in the ‘RangeModelR’ package (https://CRAN.R-
project.org/package=rangemodelR) in R project software (R Core
Team, 2019).

To assess the relative contributions of environmental differ-
ences (i.e. habitat filtering) and geographical distance (i.e. disper-
sal limitation) in explaining p-diversity patterns, we constructed an
environmental distance matrix independently for MAT and MAP.
These matrices were based on the Mahalanobis pairwise distances
between all pairwise sites (hereafter MATd and MAPd). Additionally,
a geographical distance matrix (hereafter GEOd) was obtained be-
tween pairwise centroids of sites using the earth.dist function from
the ‘fossil’ package (Vavrek, 2011) in the R project software (R Core
Team, 2019).

2.6 | Statistical analyses

To evaluate whether the climatic variables (i.e. temperature and pre-
cipitation) or geometric constraints (i.e. MDE) better explained the
standardized ant richness, we constructed three simple linear mod-
els with standardized richness as the response variable and MAT,
MAP and MDE as independent explanatory variables. Additionally,
we conducted a multiple regression in which standardized richness
was modelled through the additive effect of both climatic variables
(i.e. MAT + MAP). Because of our low number of observational
units (elevational sites), we did not consider the interaction effect
of MAT and MAP on the multiple regression models. Models were
validated by checking for normality of the residuals by Shapiro's test
with o = 0.05 (Zuur et al., 2009), and in all cases, model assumptions
were met (MAT: W = 0.9518, p-value = 0.729; MAP: W = 0.8784, p-
value =0.165; MDE: W = 0.9063, p-value = 0.3293; and MAT + MAP:
W =0.97669, p-value =0.9447). To select the best fit model, we used
the Akaike information criterion with correction for small sample
sizes (AlCc), where the lowest AIC was considered to be the best.
We considered a model equally probable to the best fit model if the
difference in AIC (AAIC) between the focal model and the model
with the lowest AlCc was <2. We obtained the coefficients of deter-
mination (R?) to evaluate the proportion of the standardized richness
variance explained by each model. Analyses were conducted using
the ‘AlCmodavg’ package (Mazerolle, 2006) in the R project software
(R Core Team, 2019).

To test the relative contribution of different factors that might
explain p-diversity variation between adjacent sites, we used a
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multiple regression on distance matrices (MRM) approach coupled
with variance partitioning (Lichstein, 2007; Swenson, 2014). This
method is conceptually similar to traditional multiple regression but
with all variables being distance matrices instead of raw data and
coefficient significance being calculated through permutation tests
(10,000 runs). For this purpose, the full triangular g-dissimilarity ma-
trices (i.e. Bsor, psim and Pnes) including all pairwise comparisons
between elevational sites were modelled with the full triangular
climatic- and geographic distance matrices (i.e. MATd, MAPd and
GEOd). The standardized partial regression coefficients (p) were es-
timated to evaluate the relative importance of each predictor vari-
able on the patterns of p-diversity. Finally, the Im function was used
to obtain the portion of the variance explained (R?) by each model
(Swenson, 2014). MRM analysis was conducted using the ‘ecodist’
package (Goslee & Urban, 2007) in the R project software (R Core
Team, 2019).

3 | RESULTS

3.1 | Myrmecofauna overview

A total of 24,373 ant workers were collected, belonging to
145 species of 47 genera, 17 tribes and 10 subfamilies (Table S2).
The genera with the highest number of species were Pheidole
and Strumigenys (15 species each), followed by Stenamma and
Hypoponera (10 species each); Solenopsis and Adelomyrmex (seven
species each); Themnothorax (six species); Crematogaster, Nylanderia
and Octostruma (five species each); Camponotus, Gnamptogenys
and Rogeria (four species each); Brachymyrmex, Odontomachus and
Syscia (three species each); Carebara, Eurhopalothrix, Megalomyrmex,
Monomorium, Neivamyrmex, Pseudomyrmex and Rhopalothrix (two
species each); the rest 25 genera were represented by only one spe-

cies. The most collected species overall was Stenamma vexator with
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5.4% of all species records. Eighty ant species (54%) were restricted
to one site, whereas Strumigenys brevicornis had the widest distribu-

tion, occupying five out of seven sites (see Figure S1).

3.2 | «-Diversity

The mean species richness and standardized richness of leaf-litter
ants clearly showed a hump-shaped pattern along our studied el-
evational gradient. The mean species richness peaked at 1000 m
(see Figure S2), whereas the standardized richness at 600 and
1000 m. According to 95% Cl, the standardized richness at 600 and
1000 m were similar and statistically higher than the rest of the
sites. Intermediate richness sites were at 0 and 1500 m. Sites with
the lowest richness were observed when elevation reaches 2000 m
or greater (Figure 2), while we did not observe any ant species at
3500 m. According to generalized linear models, temperature was
the best supported variable (lowest AIC) and explained a high pro-
portion of species richness variation (= 86%; Table 2). Model perfor-
mance did not improve when precipitation was included. MDE had

no effect on the observed richness pattern (Table 2).

3.3 | p-Diversity

B-Values within elevations displayed high values of total dissimilarity,
turnover and nestedness. The turnover component had the major
contribution to total dissimilarity with the highest values at the ex-
tremes of the mountain (see Figure S3a). When comparing only ad-
jacent sites, total community dissimilarity and its components (i.e.
turnover and nestedness) displayed strong variation with a multi-
modal pattern. Overall, sites along the elevational gradient exhibited
a low proportion of shared species producing high values of total

dissimilarity (mean: 0.67). The turnover component had a major

Temperature
25
20
15
10

60
FIGURE 2 Relationship between *
standardized richness at Cn=88% of 3 50
leaf-litter ant richness and elevation £
along the eight sites of the western slope 2 40
of Cofre de Perote mountain in Mexico. 3
Differences in the standardized richness % 30
at each site is represented by different ©
letters according to 95% confidence g
intervals computed through inter- & 20
extrapolation techniques. Regression line
represents the predicted values based 10
on the best explanatory variable (i.e.
Temperature; see Table 2). Dot colour
symbolizes the mean annual temperature 0
at each site 0 600

1000 1500 2000 2500 3000 3500
Elevational site
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Factors AlCc AAICc p

MAT 65.23 0 2.953
MAP 81.01 15.77 -0.013
MDE 81.18 15.94 4.025
MAT + MAP 74.30 9.06

TABLE 2 Regression models evaluating

2

R the effect of temperature, precipitation

0.8656 and mid-domain effect (MDE) on

0.0345 standardized ant richness along the
elevational gradient

0.0138

MAT (2.92) + MAP (-0.0049) 0.87

The Akaike information criteria with correction for small samples (AlCc) was used to compare
model performance. g represents the slope of the fitted regression line, whereas the R?is the

proportion of the species richness variance explained by each model.

contribution to total dissimilarity, whereas the nestedness-resultant
values were very low along the whole gradient (i.e. 0 and 3000 m;
see Figure S3b).

The full models that tested the total effect of spatial and en-
vironmental distances on B-diversity accounted for 23.36% (psor),
30.78% (psim) and 0% (Bnes) of variation. According to MRM analy-
sis, an increase of temperature distances was related to an increase
in total dissimilarity (slope = 0.212, p < 0.05), and species turnover
(slope = 0.223, p < 0.05). When the dissimilarity due to nestedness
was regressed against climatic and geographic distances, we did not

find significant relationships (Table 3; Figure 3).

4 | DISCUSSION

Over the last two decades, the intense study on large-scale patterns
and drivers of species richness has shown that species richness var-
ies considerably across elevational gradients both within and among
taxa (Bhattarai et al.,. 2004; Brown, 2001; McCain, 2009; Rahbek,
1995). In this study, we found that leaf-litter ant richness exhibits
a clear hump-shaped relationship across the eastern slope of Cofre
de Perote, Mexico. This variation in species richness was accompa-
nied by a nonlinear pattern in p-diversity pattern along the mountain
with several peaks at the base (0-600), the middle (1000-1500) and
top (2500-3000) of the mountain suggesting that most ant species
experience important constraints to occupy adjacent elevations.
Overall, turnover had a higher contribution to total dissimilarity in
comparison with the nestedness component, therefore ant commu-
nities in the leaf litter along the mountain are structured by differ-
ent species. Finally, temperature was the main factor explaining both
species’ richness and the variation in species composition across the
mountain, suggesting high importance of temperature-driven mech-
anisms facilitating the origin and maintenance of the biodiversity of
these insects (Allen et al., 2012; Zhou et al., 2016).

We found a hump-shaped pattern in leaf-litter ant richness in
which the highest richness was located at 500-1000 m a.s.l. Such
pattern of species richness has been widely documented in several
ant elevational diversity studies (e.g. Bharti et al., 2013; Longino &
Branstetter, 2019), though there are reports of linear decreasing
patterns as well (e.g. Marathe et al., 2020; Sanders et al., 2007).
Many studies have argued that variation in elevational patterns of
species richness may depend on the regional factors of the mountain
(Rahbek, 1995) or the taxa involved (McCain, 2009, 2010), but global

TABLE 3 Results of multiple regressions on distance matrices
(MRM) performed on total dissimilarity (Bsor), turnover (fsim) and
nestedness-resultant (nes) components

Model R? B
Bsor ~ MATd + MAPd + GEOd 0.2336
MATd - 0.2121
MAPd — 0.0090
GEOd - -0.0333
Bsim ~ MATd + MAPd + GEOd 0.3078
MATd - 0.2233
MAPd = 0.0080
GEOd — -0.0336
fnes ~ MATd + MAPd + GEOd 0.0000
MATd - -0.0112
MAPd - 0.0009
GEOd - 0.0002

In each model, the variation explained of the full model (R?) and the
slope (p) of the regression line for each single predictor are expressed;
bold = p < 0.05.

analyses have also pointed out that some inconsistency of patterns
may be due to gradient truncation (McCain & Grytnes, 2010). In gen-
eral, a truncated gradient occurs when only a portion of the moun-
tain is sampled (Nogués-Bravo et al., 2008). In such cases, when the
lower portion of the gradient is missing, a theoretical mid-domain
pattern may instead exhibit a linear decreasing pattern (McCain &
Grytnes, 2010). In this study, the elevational range extended from
the lowest elevation (i.e. at sea level) to the highest point where no
further leaf-litter ant species was found (~3500 m), therefore we as-
sume that patterns reported here capture the whole gradient.

The linear decrease in temperature significantly explained the
alpha diversity occurring along the mountain. This relationship has
been widely documented in several studies across elevational gra-
dients (e.g. Diamond et al., 2012; Dunn et al., 2009; Sanders et al.,
2007) with several proposed mechanisms to explain this relationship.
For instance, in ectothermic organisms like ants, the use of available
resources requires first of the physiological activation that comes
when temperatures reach a certain threshold (Willmer, 1983). Thus,
considering that productivity is available enough along the moun-
tain, it is expected that in warm environments, ants may reach higher
community's abundance because temperature promotes longer for-
aging time activity (Azcarate & Peco, 2007; Briihl et al., 1999) leading
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to a higher net energetic intake (Classen et al., 2015). Additionally,
higher temperatures hasten egg-to-worker development (Holldobler
& Wilson, 1990), enhancing both colony growth and survival. Those
series of benefits promote taxon's abundance, consequently, reduc-
ing the local extinction risk (Seoane et al., 2017; Storch et al., 2018).
This abundance-richness mechanism may convincingly explain why
the species are numerically constrained at the higher and colder
portion of the mountain than in the lowland. However, under this
mechanism, a monotonic decrease of richness should emerge, mir-
roring the linear decline of temperature along the gradient (McCain
& Grytnes, 2010; Szweczyk & McCain, 2016).

However, the decrease in species richness at the sea-level site
suggests that additional factors may be acting to create the hump-
shaped pattern observed in this study. A recent analysis considering
the elevational patterns of leaf-litter ants through Middle America
wet forests found a similar hump-shaped pattern where no environ-
mental variables could explain the decline in diversity at the lowest
elevations (Longino & Branstetter, 2019). The authors evoked the
lowland biotic attrition (Colwell et al., 2008) as one plausible expla-
nation. This phenomenon refers to the losses of species in the low-
lands, where higher species richness would be expected otherwise,
due to high rates of dispersion of lowland species to climatically
suitable areas found at higher elevations as a response of sudden
climate change. Given that a species pool from hotter areas is usually

not available to replace those species that dispersed upslope, such

Precipitation distance Geographic distance

distributional shift results in an overall reduction of species richness
at low elevations (Colwell et al., 2008). It has been proposed that
lowland attrition had already occurred as a result of lowland range
contractions during full glacial periods (Holloway et al.,1990) and that
current climate around 500 m of elevation may represent the ances-
tral optimal climate for ants (Longino & Branstetter, 2019; Longino &
Colwell, 2011). The fact that species richness peaked around the el-
evations where currently optimal conditions are expected suggests
that our sea-level site could have experienced species losses due to
lowland biotic attrition. However, further studies exploring the de-
tailed distribution of species ranges at low elevations should lend
insights about the consistency of lowland biotic attrition explaining
the decrease of richness at those elevations.

The lack of correlation of species richness with precipitation may
be explained by the absence of a strong precipitation gradient in this
mountain. Although there are some marked variations in the precip-
itation regime across our elevational gradient, available data show
there is plenty of water in our study sites (Table 1), potentially leading
to a consistent humid climate along the studied area. While the im-
portance of precipitation on ant physiology, such as reduction of des-
iccation risk (Kaspari & Weiser, 2000), or its indirect effect on habitat
productivity (McCain & Grytnes, 2010) is undisputed, the rather ho-
mogenous distributions of precipitation across the areas may explain
the insignificant effect of this factor. This result is straightforwardly

related to the prediction of the elevational climate model, which
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posits that on wet mountains where water is plentiful, temperature
remains as the single variable determining species richness (McCain
& Grytnes, 2010; Szewczyk & McCain, 2016).

Some studies have suggested that the MDE can account for most
of the variation in species richness across space in general and ele-
vation in particular (e.g. Kluge et al., 2006). But some other studies
have shown that the MDE accounts for very little or no variation in
species richness (e.g. Dunn et al., 2007; Sanders et al., 2007). In our
studied elevational gradient, we did not find an effect of MDE on
ant species richness. Instead, our findings showed a strong effect of
environmental variables, namely temperature, in explaining the ob-
served ant species richness pattern across our elevational gradient.

As found in other studies (e.g. Bishop et al., 2015), and according to
our expectations, we found that patterns of ant community dissimilarity
primarily reflected species replacement among local communities. This
indicates that highland assemblages are not subsets of lowland assem-
blages, but instead they are communities with different species com-
positions. Additionally, the prevalence of turnover over the nestedness
component for total dissimilarity suggests that a considerable portion of
ant species is restricted to certain elevations and does not colonize en-
tire gradients. Whereas previous studies have related high rates of turn-
over with an increase in geographical distance (e.g. Fontana et al., 2020),
we found strong support for habitat filtering, through temperature dif-
ferences, modulating ant species replacement. These findings provide
more support for the hypothesis that rather than geographical distance,
ant community composition is mainly modulated by temperature-based
processes in relation to environmental filtering (Fernandes et al., 2016;
Wepfer et al., 2016), which selects species from the regional pool in
terms of their physiological niche.

Understanding the drivers of both species richness and beta
diversity is crucial to unveil the mechanisms structuring biological
communities. As shown in this work, temperature emerged as the
main driver of litter ant biodiversity, which suggests that physio-
logical responses to the environment could be prevailing over geo-
graphical or dispersal constraints in our studied elevational gradient.
Yet, the fact that the hump-shaped alpha pattern did not mirror the
linear decrease in temperature suggests that additional factors, such
as evolutionary and historical factors, could be interplaying with
temperature to create the hump-shaped pattern observed in this
mountain. Future research assessing how evolutionary and current
environment interacts across elevational gradients will enhance our
understanding of the mechanisms that govern biodiversity patterns,

even from the most basic species-based approach.
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