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Elevational gradients constitute excellent systems for understanding the mechanisms that
generate and maintain global biodiversity patterns. The climatic gradient associated with
elevation produces a sequence of different habitat types that influences the distribution of
animal species. The study of the same habitat type along an elevation gradient is an ideal
scenario to compare alternatives to the energy hypotheses. Our aim was to investigate
how changes in climatic conditions along the elevational gradient drive a- and B-diversity
of four taxa in a mountain system located within a grassland biome. We sampled ants,
spiders, birds and plants, and measured climatic variables at six elevational bands (with 10
sampling sites each) established between 470 and 1000 masl on a mountain from the
Ventania Mountain System, Argentina. Species richness per site and B-diversity (turnover
and nestedness) between the lowest band and upper sites were estimated. To assess the
response of B-diversity to elevation and each climatic variable we used generalized linear
models (GLMs) and ranked climatic models following the Akaike information criterion. For
most taxa, species richness declined at high elevations and energy, through temperature,
was the major driver of species richness for ants and plants, and through productivity for
birds, prevailing over water availability. The major B-diversity component was turnover for
plants, spiders and birds, and nestedness for ants. The unique environmental conditions of
the upper bands favoured the occurrence of specialist and endemic species. In high-
elevation areas global climate warming may lead to biota homogenization through the loss
of specialists and to an increase in species richness.
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Abstract

Elevational gradients constitute excellent systems for understanding the mechanisms that
generate and maintain global biodiversity patterns. The climatic gradient associated with
elevation produces a sequence of different habitat types that influences the distribution of animal
species. The study of the same habitat type along an elevation gradient is an ideal scenario to
compare alternatives to the energy hypotheses. Our aim was to investigate how changes in
climatic conditions along the elevational gradient drive a- and B-diversity of four taxa in a
mountain system located within a grassland biome. We sampled ants, spiders, birds and plants,
and measured climatic variables at six elevational bands (with 10 sampling sites each)
established between 470 and 1000 masl on a mountain from the Ventania Mountain System,
Argentina. Species richness per site and B-diversity (turnover and nestedness) between the lowest
band and upper sites were estimated. To assess the response of B-diversity to elevation and each
climatic variable we used generalized linear models (GLMs) and ranked climatic models
following the Akaike information criterion. For most taxa, species richness declined at high
elevations and energy, through temperature, was the major driver of species richness for ants and
plants, and through productivity for birds, prevailing over water availability. The major -
diversity component was turnover for plants, spiders and birds, and nestedness for ants. The
unique environmental conditions of the upper bands favoured the occurrence of specialist and
endemic species. In high-elevation areas global climate warming may lead to biota

homogenization through the loss of specialists and to an increase in species richness.
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Introduction

Life is heterogeneously distributed on Earth and the attributes of biological communities most
often vary in space, giving rise to patterns. The study of the spatial or geographical processes
underlying these patterns is a topical issue in ecology (Hawkins et al., 2003). In this regard,
elevational gradients are considered valuable systems to better understand the mechanisms
involved in their generation and maintenance (Lomolino, 2001; McCain, 2009; Peters et al.,
2016; Ramos et al., 2021). Mountain gradients offer a variety of conditions useful to answer
particular questions about (JIESISENIEEEEE (M cCain, 2009; Sundqvist, Sanders & Wardle, 2013).
In mountain systems temperature decreases with elevation while water availability depends on
the context (McCain, 2009). In general, the climatic gradient associated with an increase in
elevation creates a sequence of habitat types (i.c. i SIEEEEEEED

The structuring of animal communities is not only determined by climate but also by changes in
habitat type, either directly through resource provision, or indirectly by modifying environmental
conditions (i.e. soil temperature and humidity; (Werenkraut, Fergnani & Ruggiero, 2015).
However, it is still unclear how climatic drivers affect diversity along elevational gradients wiui

a single habitat type (e.g. grassland).
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Species richness has been the (S SIEERENEEEEND of diversity along elevational gradients
(McCain & Grytnes, 2010) and @ISR known to be the main drivers of the
geographical distribution and diversity patterns of species (Hawkins et al., 2003). An increase in
incident energy favours an increase in taxonomic richness by providing support to species that
otherwise would be limited by physiological constraints. On this basis, species richness in
mountains is expected to decrease with decreasing temperature (Sanders et al., 2007). In animal
communities, energy and water conditions may limit species richness by affecting the
availability of trophic resources given by the productivity of the systems (Mittelbach et al.,
2001). Temperature decreases monotonically with elevation, while water availability may
decrease or increase and their combined effect results in different patterns of primary
productivity (McCain, 2009). Changes in habitat type creates new niche opportunities for animal
species and contributes to diversify the forms of environmental resource exploitation, thus
increasing species diversity (Tews et al., 2004). Moreover, the fact that in most habitats plant
communities determine the structure of the environment has a strong influence on the
distribution of and interaction between animal species (Atauri, De Lucio & Lucio, 2001; Tews et
al., 2004; Fergnani, Sackmann & Ruggiero, 2010). There is little information on the combined
response of various taxa to environmental factors along an elevation gradient, and the few
available studies have included different habitat types in the analyses (Peters et al., 2016; Di
Nuzzo et al., 2.2.). An elevation gradient with a single habitat type is (Sl comparing
variants of the energy hypotheses, and whether diversity patterns respond to a single main driver

or depend on the taxon.
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Changes in the species composition of communities (B-diversity) are crucial for understanding
the causes of variation in spatial patterns of species distribution (Liira et al., 2008). It has been
found that changes in the taxonomic composition of species may be associated with changes in
environmental conditions or geographical distance (MacArthur, 1972; Hubbell, 2001).
Association with changes in environmental factors provide evidence that differences in species
composition are due to differences in the degree of species specialization for the different
dimensions of their ecological niche (MacArthur, 1972), while association with geographical
distance suggests species dispersal limitations (Condit et al., 2002). Therefore, the degree of
taxonomic similarity between communities separated by a short geographical distance and in the
absence of geographical barriers to dispersal will depend on the similarity of their environments
and the species capacity to (@il to the environment (Qian, Ricklefs & White, 2005; Steinitz et
al., 2006). Mountains are characterized by a high degree of environmental variation over a short
geographical distance, making them an ideal setting to investigate changes in dissimilarity of
species composition resulting from environmental changes (Jankowski et al., 2009; Tang et al.,
2012). However, the relative contribution of the components of B-diversity (i.e. turnover and
nestedness) to these changes remains unclear. In this regard, mountains with homogeneous
habitat types provide an opportunity to explore changes in species composition due to other
factors. A nested pattern is expected when a subset of generalist species found at lower
elevations can (il the environmental conditions at upper elevations, while a turnover pattern
is likely to occur if species are specialists that only persist at higher elevations. Therefore, the
analysis of the patterns of B-diversity components among assemblages allows us to delve deeper

into the causes underlying changes in a-diversity along elevational gradients.
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A multi-taxa approach is a promising method to elucidate complex community diversity patterns
along elevational gradients (Peters et al., 2016; Di Nuzzo et al., 2021). Since assemblages
composed of the same taxon tend to share many ecological niche characteristics, they are
expected to respond similarly to environmental changes, giving rise to idiosyncratic responses.
The multi-taxa approach involving phylogenetically distant taxa allows to reduce this effect.
Indeed, broadening the taxonomic scope may lead to changes in some diversity patterns and
reveals the importance of potential climate and environmental drivers of diversity (Di Nuzzo et
al., 2021). Our aim was to investigate the effect of changes in climatic conditions on the diversity
of four taxa (i.e. birds, ants, spiders, and plants) along an elevational gradient within a grassland

biome.

Methods

Study area

The Ventania Mountain range is located at the southwest of Buenos Aires province, Argentina,
in the Pampas plain. It is an isolated system characterized by steep slopes and a rugged terrain
with numerous ravines, and the landscape is dominated by grasslands without trees or shrubs.
This mountain system is ancient and dates back to 280-500 million years ago; it supports a rich
biodiversity and a high level of endemism for several taxa (Kristensen & Frangi, 1995). Some
examples of endemic vegetation are Senecio ventanensis (Asteraceae), Poa iridifolia (Poaceae),

Adiantum thalictroides (Adiantaceae) and Olsynium junceum (Iridaceae) (Cuevas & Zalba,
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2009). Moreover, a sun-spider species collected in the present study was described as a new

species, Gaucha casuhati (Botero-Trujillo, Ott & Carvalho, 2017).

This study was conducted in the Ernesto Tornquist Provincial Park (38° 03" 41" S, 61° 59’ 18"
W) located in the centre of the Ventania System, which is one of the few conservation areas in
the Pampean grasslands. Permission of Organismo Provincial para el Desarrollo Sostenible de la
Provincia de Buenos Aires (number: 057/11). The peaks range from about 450 to 1,200 masl.
The climate is temperate, with a mean annual temperature of 15°C and a mean annual rainfall of

700 mm (Kristensen & Frangi, 1995).

Study design

A series of six elevational bands were established covering the entire elevational gradient of the
Ventana Mountain, from the valley at the foot of the mountain to near the top, separated by
approximately 100 m of elevation (i.e. at average heights of 471, 517, 625, 723, 844 and 1001

masl). Fieldwork was carried out in spring and summer (mid-November to mid-January).

We used phylogenetically distant taxa: ants, spiders, birds and plants. These groups were
selected because they have proven to be sensitive to environmental changes along elevational
gradients, are very abundant and diverse, and provide (S EESEE:cosystem functions
(Sekercioglu, 2012; Peters et al., 2016). Ants tend to exhibit high local diversity, performing
numerous ecological functions in a wide variety of niches (Holldobler & Wilson, 1990). They
are thermophiles and their diversity tends to decrease at low temperatures (Holldobler & Wilson,

1990; Sanders et al., 2007). Spiders are a ubiquitous component of invertebrate assemblages and
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important generalist predators in ecosystems (Wise, 1995). Their richness is associated with prey
availability, which is often highly correlated with habitat structural complexity and primary
productivity (Aisen et al., 2017). Birds are sensitive to alterations in vegetation structure (Phifer
et al., 2017) and respond to changes in primary productivity along gradients (Harrower et al.,
2017). Plants are sensitive to changes in abiotic conditions and provide habitat for animals,
influencing their diversity and distribution (Nic Lughadha et al., 2005). Water and energy are
crucial for plant physiological processes, thus having direct effects on plant diversity (O’Brien,

2006).

Sampling of ants and spiders and taxonomic identification

At each elevational band, we established ten sampling sites spaced at least 50 m apart and
installed a pitfall trap at each sampling site, making up a total of 60 traps. Pitfall traps are widely
used to obtain representative samples of ant and spider assemblages (Agosti et al., 2000; Pinto et
al., 2018). These consisted of plastic containers (500 ml in volume and 85 mm in diameter)
partially filled with a solution 0.+ 50 ml of propylene glycol: water (1:2) Traps were inserted
flush with the ground surface and protected by a plastic cover to avoid flooding by rain. They
remained open for three one-week periods. Captured specimens were identified to species level
whenever possible or to morphospecies (hereafter referred to as species) based on diagnostic

characters of the genera or families, using taxonomic keys and specialist consultations.

Bird survey

Birds were surveyed using the point-count method with a fixed 50-m radius (Ralph et al., 1996).

At each elevational band, ten point-count sites were established systematically-150 m apart from
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each other. Surveys were conducted on clear and calm days, from dawn to the following 4 h. At
each point-count site, we recorded all birds seen or heard over 5 min, except for birds flying

overhead. The same two observers conducted all surveys.

Plant sampling and identification

Plant species were estimated using 1-m? and 12-m? quadrats for herbaceous plants and shrubs,
respectively (Kent, 2012). This procedure was repeated twice near the point-count sites for birds
(thus resulting in ten points per elevational band), and the species recorded in each subsample
were pooled to obtain a species list by site. Plant species that could not be identified in the field
were hetco.ized for further identification in the laboratory. Plant taxonomy follows the Catalogo

de Plantas Vasculares del Cono Sur and the online update (http://www.darwin.edu.ar).

Environmental gradient characterization

At each elevational band, an automatic sensor of temperature and relative humidity (HOBO
U23002) was placed 10 cm above the ground level and gathered data at 6-h intervals for one
month. Primary productivity was estimated at each level using a soil-adjusted vegetation index
(SAVI) (Huete, 1988). SAVI maps covered the entire length of the elevational gradient and the
average value for each elevational level was extracted. The maps were derived from Landsat-5

satellite images, taken in the springs of 2010 and 2011.
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Data analyses

The trend of each environmental variable along the elevational gradient was described by a
scatter plot as a function of elevation. Locally weighted regressions were fitted and trends were
overlapped on the plots to visually analyze the elevational pattern of each environmental variable
(Cleveland, Grosse & Shyu, 1993). These were fitted, by least squares with a span of 1.5, using
the loess function of R soitv ire (Ramos et al., 2021). Then, species iichness was calculated as
the number of species of each taxon per sampling site. The elevational trend of species richness
was analyzed using generalized linear models (GLMs) with this variable as a function of
elevation. The distributions used were Poisson for total richness, ants.<»iders and birds, and
negative binomial for plants to avoid overdispersion (R, packages stats, glmmTMB and visreg).
We used a model selection approach (Burnham & Anderson, 2002) to identify the main
environmental factors driving changes in species richness along the elevational gradient. For
each taxon, we ran GLMs with species richness as the response variable and each environmental
variable as the independent variable, and ranked them following the Akaike information criterion
(AIC) using the model.sel function of the R package MuMin (Barton et al., 2016). Models with a
difference in AIC values less than two were considered equivalent to the- minimum -AlC model
(Burnham & Anderson, 2002), and hence they were selected as the best set of models (Ramos et
al., 2018).

Changes in species composition along the elevational gradient were estinated as taxonomic
dissimilarity considering the turnover and nestedness components (Baselga, 2010). For each
taxon, all species recorded at the sampling sites of the lowest elevational band were pooled. The
change in species composition of the assemblages along the elevational gradient was estimated

by comparing the dissimilarity at the lowest band with that recorded at each sampling site of the

Peer] reviewing PDF | (2023:08:89456:0:0:NEW 11 Aug 2023)


Fanna
Sticky Note
see appropriate way to cite R

Fanna
Sticky Note
no attempt to calculate coverage?

Fanna
Sticky Note
no attempt to establish colinearity of predictors? - what about the variance inflation factor?

Fanna
Sticky Note
so no multiple regressions?

Fanna
Cross-Out

Fanna
Inserted Text
model with the lowest AIC

Fanna
Sticky Note
modelled


PeerJ

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

upper bands, based on species presence data (Santoandré et al., 2019). Finally, we compared
patterns of taxonomic dissimilarity between taxa along the elevation gradient using a GLM with
Beta distribution, since the dissimilarity values fell within the (0-1) interval (Ramos et al., 2018).
We only compared the trends of the B-diversity components because the magnitude of the effect

was influenced by data pooling.

Results

We identified a total of 176 plant species (1,417 presence records), 32 ant species (485), 48
spider species (206) and 31 bird species (236) collected and/or observed during samplings
(Supplementary material). The environmental variables showed different elevational patterns:
temperature (Fig. 1A) and SAVI (Fig. 1B) decreased with elevation, while relative humidity

increased with elevation (Fig. 1C).

The regression analysis of changes in the species richness of ants, birds and plants along the
elevation gradient showed a decreasing trend at hight-elevations (ants: DF= 57, Chisq p-value=
2.822e-7; birds: DF= 58, Chisq p-value= 1.450e-7; plants: DF= 57, Chisq p-value= 1.312¢-6)
(Fig. 2). However, ants and plants richness showed a sharp decrease from the upper half of the
elevational gradient onwards. On the other hand, spiders richness did not change s.guificantly
along the altitudinal gradient (DF= 56, Chisq, p-value = 0.378) (Fig. 2). (D
indicated that temperature was the main driver for the species richness pattern of ants and plants,

and productivity for birds along the elevational gradient (Table 1).
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231  Species composition showed an increase in total dissimilarity with elevation for ants (DF=47,
232  Chisq p-value= 1.368e-8), spiders (DF= 47, Chisq p-value =9.001e-4), birds (DF=47, Chisq p-
233  value=5.910e-9) and plants (DF= 47, Chisq p-vaiuc = 1.890e-9) (Fig 3A). Species turnover
234 increased with elevation in spiders (DF= «u, Chisq p-value= 9.657e-4), birds (DF= 47, Chisq p-
235 value =0.027) and plants (DF= 47, Chisq p-value 1.382¢e-12) (Fig 3B), but no significant trends
236 were observed in ants (DF= 47, Chisq p-value = 0.554) (Fig 3). On the other hand, the

237 nestedness component increased with elevation in ants (DF=47, Chisq p-value = 1.977¢-9), but
238 decreased with elevation in spiders (DF= 46, Chisq p-value=3.479¢-4) and plants (DF=47,

239  Chisq p-value = 6.424¢-9), while it showed no significant trends for birds (DF= 47, Chisq p-

240 value= 0.801) (Fig 3C).

241 Discussion

242  Energy, primarily through temperature and productivity changes, were the major driver of

243  species richness for most taxa, prevailing over water av...ubility. The species richness of these
244  taxa decreased at hight elevations and changes in species composition (B-diversity) were taxon-
245 dependent. Thus, turnover was observed in plants, spiders and birds, and nestedness in ants.

246 Despite the fact that upper elevations harboured lower species richness for most taxa, they

247 provided suitable environmental conditions for species, includir.z ndemic ones, that were not
248 found at the lowest sites. These results emphasize the key role played by this isolated and ancient
249 mountain system in preserving regional biodiversity.

250

251 Temperature was the main environmental variable ¢x)laining the decreasing elevational richness

252 pattern for ants and plants. This is in agreement with several elevational richness studies
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involving a single taxon in different habitat types and mountain contexts (McCain & Grytnes,
2010; Marathe et al., 2020). However, energy acting indirectly, via productivity, explained the
decline in bird richness, as suggested by Harrower et al. (2017) for grassland songbird species. In
our study, the absence of maximum productivity at intermediate elevations suggests that the
Ventania System is composed of mountains with wet bases (McCain, 2007, 2009; Telleria,
2020). This may indicate that water availability was not a limiting factor, while energy had a
different effect on species richness along the elevational gradient, possibly due to the similar
responses across taxa to the thermal selection pressures and resources limitations that occur with
increasing elevation. In the absence of environmental changes induced by habitat type change,
energy availability overshadows the other factors (Harrower et al., 2017; Roeder, Roeder &

Bujan, 2021).

The comparison of the species composition between the lowest band and each sampling site of
the upper bands indicated that even though the taxonomic dissimilarity increased for all taxa, the
main component of B-diversity differed among them. Thus, species turnover was the most
important component for spiders, birds and plants, and spccies loss (nestedness) for ants. Species
turnover has been reported as the major driver of changes in species composition along
elevational gradients (Foord & Dippenaar-Schoeman, 2016; Gebrehiwot et al., 2019). Moreover,
this component has been generally associated with changes in habitat type (Foord & Dippenaar-
Schoeman, 2016; Aisen et al., 2017; lijima & Morimoto, 2021). Our results show that species
turnover may also occur within the same habitat type along an elevational gradient, probably due
to the combined effect of two processes. First, climatic changes during the last millennia could

have led to a latitudinal shift between the Patagonian (steppe), Espinal (xerophytic forest) and
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Pampas (grassland) ecoregions. As a result, species from different ecoregions would have
colonized the Ventania System at different historical times, and some of them could have
persisted due to the high environmental heterogeneity of these mountains (Frangi & Bottino,
1995). Second, the speciation events that occurred in these ancient mountains most likely
account for the presence of enucinic species at different elevations (Cuevas & Zalba, 2009). The
increase in nestedness of ant assemblages suggests that climatic factors at high elevations would
have prevented many ant species present at the base from inhabiting upper elevations, where the

extreme environmental conditions may not be compatible with their ecological niche. (i

CEEEOEESENNSISNENNNS 1his process may result in turnover in species

composition due to the presence of specialists (Marathe et al., 2021); or in nestedness when only
a few base-dwelling generalist species can withstand the environmental conditions at upper

elevations.

The taxa present in this ancient and isolated mountain system are expected to be differentially
affected under the current global warming scenario (Barros et al., 2015). In this line of reasoning,
ant richness would increase as a response to the relaxation of environmental filters that limit base
species to dispersetg upper elevations, while the diversity of plants, spiders, and birds would
decrease due to the loss of species only found at upper elevations. The latter alternative could be
due not only to the new unfavorable environmental conditions, but also to the competitive
exclusion of lower elevation species (SNSIIBBEIEIED ([ rcecman, Strimas-Mackey & Miller,
2022). Mountain ecosystems are biodiversity hotspots especially threatened by global change

(Loffler et al., 2011; Rahbek et al., 2019), because of the presence of species with small
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distribution areas and high levels of specialization (Viterbi et al., 2020). Finally, global warming
may lead to biota homogenization in the Ventania Mc 1n ain System because it may promote a

decrease in B-diversity and endemism but, at the same time, an increase in species richness.
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Table 1: Models that included temperature (temp) or productivity (SAVI) as the variable that
best explained species richness for ants (ra), birds (rb) and plants (rp) along the elevation
gradient of the Ventana Mountain, Buenos Aires province, Argentina. Species richness was
explored using Generalized Linear Models (GLMs) with In-link function. Only models with the

lowest Akaike information criterion value are shown.

Figure 1. Elevational patterns of each environmental variable. The line was fitted to a local

regression model with 95% confidence interval. Figure generated in R software (2023).

Figure 2: Species richness of the studied taxa (i.e. ants, spiders, birds and plants) along the

elevational gradient of the Ventana Mountain, Buenos Aires province, Argentina. Lines indicate
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the generalized linear model (GLM) for each taxon, with 95% confidence interval. Dots indicate

the species richness at each sampling site. Points were jittered to avoid overlap.

Figure 3: Taxonomic dissimilarity and its components between the lowest altitudinal band and
each sampling site of the upper bands. Lines indicate the generalized linear model (GLM) for
each taxon, using Beta distribution with 95% confidence interval. The x-axis indicates the

elevation (masl) of each upper band.
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Table 1

Models that included temperature (temp) or productivity (SAVI) as the variable that best
explained species richness for ants (ra), birds (rb) and plants (rp) along the elevation
gradient of the Ventana Mountain, Buenos Aires province, Argentina. Species richness was
explored using Generalized Linear Models (GLMs) with In-link function. Only models with the

lowest Akaike information criterion value are shown.
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Model AIC w(AIC)
ra = e"(0.208 * temp - 2.342) 284 0.76
rb =e"(5.409 * SAVI-0.113) 215 0.99
434 1.00

rp =e™(0.207 * temp — 1.254)

AIC: Akaike information criterion; rounded Akaike weight: w(AIC).
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Figure 1

Elevational patterns of each environmental variable. The line was fitted to a local regression

model with 95% confidence interval. Figure generated in R software (2023).
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Figure 2

Figure 2

Species richness of the studied taxa (i.e. ants, spiders, birds and plants) along the elevational
gradient of the Ventana Mountain, Buenos Aires province, Argentina. Lines indicate the
generalized linear model (GLM) for each taxon, with 95% confidence interval. Dots indicate

the species richness at each sampling site. Points were jittered to avoid overlap.
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Figure 3

Figure 3

Taxonomic dissimilarity and its components between the lowest altitudinal band and each
sampling site of the upper bands. Lines indicate the generalized linear model (GLM) for each
taxon, using Beta distribution with 95% confidence interval. The x-axis indicates the

elevation (masl) of each upper band.
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