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Predictions and test of multiple climate-
species richness hypotheses to explain 
the spatial distribution of tenebrionid 
beetles in mountain environments

RODOLFO CARRARA, DIEGO P. VÁZQUEZ, ANA M. SCOLLO & GUSTAVO E. FLORES

Abstract: Few studies have evaluated how climate is mechanistically related to species 
richness in mountain environments. We used path analysis to evaluate predictions 
of several mechanistic hypotheses based on their hypothesized mechanism relating 
climate with richness of darkling beetles (Coleoptera: Tenebrionidae). We modeled the 
influence of spatial covariation on climatic variables and tenebrionid richness. Results 
showed that richness peaks at mid elevations, chiefly influenced by precipitation and 
temperature, both directly and indirectly through geographic range sizes. The best fitting 
model explains 84% of the variance of tenebrionid richness. We suggest this pattern 
is induced by a water-energy balance along the altitudinal gradient. At low elevations, 
energy availability is high but water deficit may limit species richness; in contrast, at high 
elevations water availability is high, but energy deficit may limit species richness. These 
results suggest high susceptibility of the study region to future global climate change.

Key words: darkling beetles, species diversity, elevation, water-energy balance.

INTRODUCTION
Several hypotheses relate climatic variables 
with species richness. One that has received 
much attention is the “species–energy 
hypothesis” (Wright 1983, Ballesteros-Mejía 
et al. 2017). Derived from species–area theory, 
this hypothesis posits that energy availability 
generates and maintains species richness, 
resulting in a positive, saturating relationship 
between energy availability and species 
richness. Another widely accepted hypothesis 
is the so-called species–climate theory (Rohde 
1992), which posits that climatic conditions limit 
species richness because organisms can live 
only within a range of physiologically tolerable 
climatic conditions. The are three main versions 
of the species-climate hypothesis: (a) the 

“climate-variability hypothesis” (Janzen 1967), 
which asserts that a monotonic increase 
in climate variability leads to a negative 
relationship with species range sizes, which 
in turn may influence species richness (see 
Stevens 1989, Suggitt et al. 2015), (b) the “climate 
extreme hypothesis” (von Humboldt 1808), which 
asserts that the pool of species available for 
colonization declines with increasing harshness 
of environmental conditions (Moser et al. 2005), 
and (c) the “optimal-climate hypothesis” (Pither 
2003, Bozinovic & Naya 2015), which asserts that 
species may experience some optimum level 
of climatic conditions that lead to a positive 
relationship between range size and richness. 
Although these climate-based hypotheses share 
many similarities, they differ importantly in the 
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underlying mechanisms of climatic regulation of 
species richness. 

Unfortunately, most previous studies 
evaluating these hypotheses have rarely 
evaluated the underlying causal mechanisms 
responsible for them. In contrast, these analyses 
are based only on correlative procedures that 
merely suggest causal mechanisms among 
highly correlated variables (e.g., Currie 1991, 
Hawkins et al. 2003, Werenkraut & Ruggiero 
2014, Werenkraut et al. 2015, Yu et al. 2016). 
These multivariate procedures present two 
additional limitations: the collinearity between 
variables may hamper the identification of the 
effect of explanatory variables when ecological 
inferences are the target of study (i.e., different 
hypotheses; see, Legendre & Legendre 1998) 
and, most importantly, this methodology does 
not provide an explicit test of alternative 
explanations (Rahbek et al. 2007). Therefore, 
an accurate understanding of richness-
climate relationships implies the simultaneous 
evaluation of alternative models that explicitly 
represent hypothesized mechanisms (Currie 
et al. 2004). The simplest way to achieve this 
sort of evaluation is to represent mechanistic 
hypotheses as causal models. Causal models 
provide estimates of the magnitude and 
significance of hypothesized causal connections 
between sets of variables and allow the 
comparison of competing models.

When applying causal models, care must 
be taken to avoid falsely attributing causality 
to environmental variables, which may be in 
fact correlated because of a common spatial 
structure present in both the predictor and 
response data (Legendre 1993). Thus, an 
empirical test of these causal models requires 
the evaluation of the spatial structure in which 
they are embedded. Partial regression analysis 
allows the examination of the dependence of 
species richness on different groups of variables 

by decomposing total explained variance 
into environmental variance, spatial variance, 
variance shared by environment and space and 
unexplained variance (Legendre & Legendre 
1998).

Here, we compare multiple climate-based 
hypotheses to evaluate alternative mechanisms 
explaining spatial variation in darkling beetles 
(Coleoptera: Tenebrionidae) in montane 
environments in Argentina. Tenebrionids are the 
most representative group of insects in these 
environments. They are mostly wingless (low 
dispersal capability), and are characterized by 
narrow distributional ranges and high sensitivity 
to climatic variability (Carrara et al. 2011). Using 
data on geographic ranges and abundance, we 
pursue two objetives: (1) to evaluate mechanistic 
hypotheses relating environmental variables 
with darkling beetle richness throughout 
altitudinal environments, and (2) to assess the 
spatial structure of darkling beetle richness.

Hypotheses, mechanisms, predictions and 
climatic variables

Species–energy hypothesis (SEH)

This hypothesis has also been called the “more 
individuals hypothesis” (Srivastava & Lawton 
1998). It proposes two different underlying 
causal mechanisms linking energy availability 
with species richness, depending on how energy 
availability is measured (Evans et al. 2005). 
First, solar energy metrics (i.e., temperature) 
influence species richness by enhancing 
organisms metabolic rates, especially in 
ectotherms, promoting large populations with 
low extinction vulnerability (Allen et al. 2002). 
Second, productive energy metrics (i.e., the 
amount of resources available for consumers 
to turn into biomass) influence species richness 
by allowing a greater number of individuals in 
more productive sites, again promoting large 
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populations with low extinction vulnerability 
(Wright 1983). We use the Enhanced Vegetation 
Index (EVI) as a measure of productive energy 
in an area, which is a satellite derived measure 
of the greenness of vegetation used in previous 
studies (see Waring et al. 2006, Qian et al. 2007). 
As tenebrionid beetles are mostly phytophagous 
insects, we assume that EVI will represent a 
reliable measure of plant productivity to detect 
relationships between tenebrionid population 
sizes and richness.

Under SEH we predict that solar-energy, 
measured as average annual temperature (TA), 
has a positive effect on population abundances 
(N), which in turn has a positive effect on species 
richness (S). Finally, we predict that productive 
energy in an area, measured as mean annual EVI 
(EA), has a positive effect on N, which in turn has 
a positive effect on S (Figure 1a).

Modified species–energy hypothesis (SEHM)

Recently, Carrara & Vázquez (2010) modified the 
original species–energy hypothesis to include 
energy variation. They argued that areas not 
only with low quantity of resources but also 
with high temporal variation in resources will 
have low species richness (see also Ruggiero & 
Kitzberger 2004). The mechanism proposed is 
that widely-fluctuating population abundance 
will result in high extinction risk. We will 
evaluate this modified version of SEH (hereafter 
SEHM), using measures of solar and productive 
energy corrected by their annual coefficient of 
variation.

Under SEHM we predict that solar-energy, 
measured as average annual temperature 
corrected by its annual coefficient of variation 
(TTV), has a positive effect on N, which in turn 
has a positive effect on S. Finally, we predict that 
productive energy in an area, measured as mean 
annual EVI corrected by its annual coefficient of 

variation (ETV), has a positive effect on N, which 
in turn has a positive effect on S (Figure 1b).

Climate variability hypothesis (CVH)

This hypothesis posits that climate variability 
influences species richness because relatively 
few species should be physiologically equipped 
to tolerate climatic variations (Moser et al. 
2005). Species that tolerate large magnitudes 
of climatic variability should occupy larger 
geographical areas than species with narrow 
climatic tolerances (Pither 2003). Conversely, 
low climatic variability promotes niche 
differentiation (i.e., evolutionary adaptation and 
speciation; Currie 1991), inducing higher species 
richness in stable sites.

According to CVH, we predict that large 
variability in temperature, measured as annual 
temperature range (TR), and in precipitation, 
measured as annual precipitation range (PR), 
will have a positive effect on species range size 
(i.e., areas of occupancy, hereafter RS), which in 
turn has a negative effect on S because not all 
species can tolerate climatic variability. We also 
predict that TR and PR will have a negative direct 
effect over species richness because variability 
retards evolutionary adaptation (Figure 1c).

Climatic extremes hypothesis (CEH)

This hypothesis suggests that the pool of 
species available for colonization declines with 
increasing climatic extremes (Moser et al. 2005). 
Thus, climatic extremes within the range of a 
species’ distribution may relate to its range 
size in a way analogous to that proposed by 
CVH: species that are able to tolerate extreme 
climatic conditions at any locality are climate-
generalist, which allows them to occupy larger 
geographical areas than species with narrower 
climatic tolerances (Pither 2003). Also, extreme 
climatic conditions promote the development 
of physiological adaptation to survive; thus, 
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because these adaptations are very costly, 
sites with strong climatic extremes have lower 
species richness than sites with weak climatic 
extremes (Turner et al. 1987).

Under CEH, we predict that extreme 
temperature,  measured as  minimum 
temperature of the coldest month (TM), and 
extreme precipitations, measured as minimum 
precipitations of the driest month (PM), have 
a negative effect on RS, which in turn has a 
negative effect on S, because not all species 
can tolerate climatic extremes. We also predict 
that TM and PM have a positive direct effect on 
species richness because climatic extremes 
retard physiological adaptation (Figure 1d).

Optimal climate hypothesis (OCH)

This hypothesis suggests that species richness 
tends to be greatest where the potential amount 
and duration of biological activity is greatest (i.e., 
optimum), decreasing as the climatic potential 
for biological activity decreases (Mourelle 
& Ezcurra 1996). Species that inhabit in this 
climatic optimum are unable to tolerate climatic 
conditions outside of this optimum, which allows 
them to occupy smaller geographical areas than 
species with broader climatic tolerances (Pither 
2003, Bozinovic & Naya 2015). However, optimal 
climatic conditions may influence species 
richness directly by physiological adaptations, 
because it is easier to adapt under optimal 
habitat conditions (Turner et al. 1987, Mourelle 
& Ezcurra 1996).

According to this hypothesis, we predict 
that TA, EA and annual precipitation (PA) will have 
a negative effect on RS, which in turn has a 
negative effect over S, because most of species 
that can tolerate climatic optimum have small 
range sizes. Also, we predict that TA, EA and PA 
have a direct positive effect over S (Figure 1e).

This hypothesis can also be represented 
by a quadratic function (O´Brien et al. 1998), 

where the optimum is modeled as a unimodal 
curve. Thus, we can modify OCH to incorporate 
these quadratic effects (OCHQ). Under OCHQ, 
we predict that values of TA, EA and PA have 
positive effects over RS and that TA

2, EA
2 and 

PA
2 have negative effects over RS, which in turn 

has a negative effect over S. Also, we predict a 
direct positive effect of TA, EA and PA on S and 
a direct negative effect of TA

2, EA
2 and PA

2 on S. 
Because quadratically transformed variables 
are functions of the original (untransformed) 
variables, we expect covariation between them 
(see, Scheiner et al. 2000; Figure 1f).

MATERIALS AND METHODS 
Study site
The study area covers both Andean and extra-
Andean mountain environments in central 
Argentina (32° to 35° S). The Andes is the 
highest mountain chain in the Americas, with 
elevations that surpass 6000 m. The extra-
Andean mountain ranges are physically 
separated from the Andes, but their uplift was 
influenced by the Andes orogeny. The climate 
in this region is arid-semiarid, changing from 
temperate to cold with increasing elevation, 
with mean minimum temperatures of -15 °C 
and mean maximum temperatures of 30 °C. We 
worked at 34 sampling locations spread over 
four altitudinal transects and covering the major 
biogeographic types. The geographic location of 
sample sites are represented in Figure 2, and the 
main characteristics of biogeographic types are 
described below:

Andean transects

Aconcagua Provincial Park. This transect rans 
through the Main Andean Range (Cordillera 
Principal), following the international road 
to Chile (national road 7). It included three 
sampling locations between 2400 m and 3500 
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m a.s.l, with xerophilous vegetation closely 
related to elevation and slope exposition. 
The lowest sampling location, Punta de Vacas 
(32.86 S, 69.76 W, 2400 m), lies at the first floor 
of High-Andean biogeographic province. The 
vegetation is dominated by Adesmia pinifolia, 
A. remyana and Mulinum spinosum (Ambrosetti 
et al. 1986). The second location, Morenas de 
Horcones (Aconcagua Provincial Park, 32.81 S, 
69.94 W, 2900 m), is at the second floor of High-
Andean biogeographic province. The vegetation 
is characterized by the presence of tall shrubs 

with Adesmia pinifolia, Chuquiraga oppositifolia 
and Tropelum polyphyllum (Martínez Carretero 
& Méndez 1992). The highest site, Las Cuevas 
(32.80 S, 70.07 W, 3500 m), encompasses the 
upper vegetation limit, with pulvinar vegetation 
dominated by Adesmia subterranea and A. 
hemisferica.

Laguna del Diamante Provincial Park. This 
transect also rans through the Main Andean 
Range following the provincial road 98, and 
included five sampling points at four elevations. 
At the lowest elevation, two sampling points 
were located on north and south slopes of 
one mountain (34.24 S, 69.38 W, 2400 m). The 
vegetation is characteristic of the first floor of 
the High-Andean biogeographic province, and 
is dominated by shrubs Adesmia pinifolia, 
A. scneiderii and A. ovata and the grass Poa 
halciformis. The third sampling point (34.23 S, 

Figure 1. Path diagrams representing the relationship 
expected by each climate-based hypothesis (a to 
f). Full arrows represent positive relationships, 
dotted arrows negative relationships, and double 
arrows covariance. S, species richness; N, individual 
abundance; RS, species range size; TA, average annual 
temperature; PA, average annual precipitation; EA, 
average annual normalized difference vegetation 
index; TTV, average annual temperature corrected 
by its annual coefficient of variation fitted to N; ETV, 
average annual EVI corrected by its annual coefficient 
of variation fitted to N; TR, annual temperature range; 
PR, standard deviation of annual precipitation; TM, 
annual minimum temperature; PM, annual minimum 
precipitation.

Figure 2. Distribution of sampling sites across Andean 
and extra-Andean mountain environments in central 
Argentina around parallel 32, 34 and 35.
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69.50 W, 3700 m), lies at the third floor of the 
High-Andean biogeographic province. The 
vegetation is characterized by grasses dominated 
by Poa halciformis, Junellia uniflora and Stipa 
chrysophylla (Martínez Carretero et al. 1999). 
The fourth site (34.19 S, 69.53 W, 3300 m), within 
the second floor of High-Andean biogeographic 
province, is characterized by dwarf shrubs 
and dominated by Adesmia subterranea and 
A. hemisferica. The last site, Vegas del Maipo 
(34.21 S, 69.70 W, 2700 m), is characterized by 
peat bogs and dominated by Festuca desvauxii, 
F. argentina, Eleocharis albibracteata, Oxychloe 
andina , Festuca argentina and Werneria 
pygmaea.

Extra-Andean transects

Villavicencio Nature Reserve. This transect 
followed provincial road 52 through Villavicencio 
Nature Reserve. The first site (32.62 S, 68.94 
W, 1100 m), within the Monte biogeographic 
province, is characterized by desert vegetation 
dominated by shrubs, particularly Larrea. 
The second site (32.51 S, 69.01 W, 1900 m), 
within Prepuna biogeographic province, is 
characterized by vegetation closely related to 
the Monte but differing from it by the absence 
of Larrea, the high abundance of characteristic 
cacti and bromeliads and the presence of ferns 
(Haumman 1947). The third site (32.49 S, 69.06 W, 
2800 m), within the Puna biogeographic province, 
is characterized by a tall grassland and shrub 
arid steppe dominated by Plazia daphnoides, 
Lycium decipiens, L. fuscum, Ephedra multiflora, 
Verbena diversifolia, Baccharis thymifolia, B. 
polifolia and B. tola (Roig-Juñent et al. 2003). 
The fourth site (32.72 S, 69.15 W, 3000 m), lies 
in a flat plain with a grassland dominated by 
Stipa tenuissima. The final site (32.37 S, 69.44 W, 
2400 m), within the High-Monte biogeographic 
province in Uspallata valley, is characterized by 

desert vegetation, dominated by shurbs of the 
genus Larrea.

Cerro Nevado. This transect rans through 
the extra-Andean mountain Cerro Nevado (3800 
m), and included four sampling points. The first 
point in this transect (35.62 S, 68.54 W, 2400 
m) falls within the Patagonian biogeographic 
province. It is characterized by a shrubby steppe 
on sandy and basaltic soils, dominated by 
Neosparton aphyllum and Sporobolus rigens. 
The second point (35.61 S, 68.52 W, 2600 m) lies at 
the first floor of the High-Andean biogeographic 
province. The vegetation is dominated by the 
shrubs Adesmia pinifolia, A. scneiderii and A. 
ovata and the grass Poa halciformis. The third 
point (35.60 S, 68.51 W, 2800 m) falls within the 
second floor of the High-Andean biogeographic 
province. It is characterized by dwarf shrubs 
and dominated by Adesmia pinifolia and 
Anarthrophyllum rigidum. Finally, the fourth 
point (35.59 S, 68.50 W, 3000 m), within the third 
floor of High-Andean biogeographic province, is 
characterized by low vegetation dominated by 
Panthacantha ameghinoi.

Sampling methods
Darkling beetles were sampled between 
December and February 2004-2005 and 2005-
2006. At each site we placed 32 pitfall traps for 
ten days, arranged in eight groups of four traps 
separated by 30 m from each other. Traps were 
cylindric plastic containers of 10 cm diameter, 
with 100 cm3 of a 30% ethylene glycol-water 
solution to preserve the material. Once traps 
had been collected, samples were washed and 
placed in 90% ethanol. Beetles were identified to 
species by using keys and revisions from Kulzer 
(1955, 1958, 1962, 1963), Flores (1999, 2004) and 
Flores & Chani-Posse (2005). Voucher specimens 
are deposited at the Entomological Collection 
of the Argentine Institute of Dryland Research 
(IADIZA, CCT CONICET Mendoza, Argentina).
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Climatic variables
Climatic data were extracted from the mean 
monthly climate database published by Hijmans 
et al. (2005), which was compiled at 1 × 1 km 
latitude-longitude resolution for the period of 
1961-1990. This source represents one of the most 
accurate published databases on contemporary 
climate. The productivity measure used was the 
enhanced vegetation index (EVI). This measure 
was extracted from satellite images at 1 × 1 km 
latitude-longitude resolution, freely available at 
the NASA web site (http://modis.gsfc.nasa.gov/
data). Monthly measures between January of 
2003 and January of 2006 were extracted and 
processed to obtain mean annual measures (EA) 
and measures of EA corrected by its variation 
(EV), as explained above. To evaluate the SEHM 
model derived in Carrara & Vázquez (2010), we 
first estimated parameters conducting non-
linear regression analyses by using maximum 
likelihood optimization with the mle2 function of 
the bbmle package (Bolker 2008) of R statistical 
software (R Development core team 2009).

Data analyses

Species richness, range sizes and abundances

Because some pitfall traps were destroyed by 
introduced and native ungulates, we conducted 
sample-based rarefaction curves for all sites 
to obtain an accurate estimation of species 
richness. To construct these curves, we used the 
freely available software EstimateS V7.5.2 (Colwell 
2000). Rarefaction curves were rarefied to the 
lowest number of samples (14) recorded at a site 
to ensure valid comparisons of species richness 
(S) between different sites (Gotelli & Colwell 
2001). Although sample-based rarefaction 
curves are useful to compare species density 
(i.e., the number of species per unit area) and 
not species richness, we performed sample-
based and not individual-based rarefaction 

because the latter implies a loss of abundance 
information, which is necessary to evaluate the 
mechanisms proposed by SEH and SEHM.

We used the areas of occupancy of 
tenebrionid species in different trapping sites 
as a measure of species range size. To this end, 
we defined each sampling site in montane 
environments as a particular “habitat,” according 
to their biogeographic characteristics. Then, we 
recorded the presence of each species in each 
site, and estimated mean range size for each 
sampling site. Mean range size was defined by 
sample sites following Gaston & Chown (1999) 
as the sum of areas occupied by each species 
that occurred in a site divided by total number 
of species that occurred in the site. Abundance 
(N) was measured as total individuals in a site.

Statistical analyses
Path analysis, a type of structural equation 
modeling (SEM), was used to evaluate the fit of 
several climate-based hypotheses to the data. 
Path coefficients, variances and covariances 
and overall goodness of fit to the data were 
estimated using maximum likelihood from the 
variance-covariance matrix among the set of 
variables included in a particular model (for more 
specifications see Shipley 2000). These statistics 
allowed us to estimate the direct and indirect 
strengths of the effects of climatic variables on 
species richness and to compare and select 
between alternative models. The null hypothesis 
implicit in the model fitting procedure is that 
there are no differences between observed and 
predicted covariance matrices; thus χ2 p-values 
greater than 0.05 indicate that it is not possible 
to reject the model (see Shipley 2000). Because 
there is no consensus as to the appropriateness 
of χ2 as the best goodness-of-fit index, we 
also used other alternative indices to assess 
the fit between the models and the data: the 
comparative fit index (CFI), the non-normed fit 
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index (NNFI), and Schwartz-Bayes information 
criterion (BIC). CFI and NNFI are known to 
perform well, especially when sample sizes are 
small (Shipley 1997). BIC is based on the model’s 
χ2  value, degrees of freedom, number of free 
parameters and sample size. Two other goodness 
of fit indices, GFI (Goodness of Fit Index) and NFI 
(Normed Fit Index), were not appropriate because 
of non-normality of the data (GFI) and the small 
size (NFI). 

A basic assumption of path analysis is that 
data follow a multinormal distribution. This 
assumption was not met by the data used here, 
suggesting that ML χ² estimates are biased; 
to solve this problem we apply the Satorra-
Bentler χ² statistic using the package sem.
additions (Byrnes 2009) of R statistical software, 
which accounts for deviations from normality. 
To circumvent problems resulting from small 
sample size, we corrected goodness of fit 
statistics using the swain function (Boomsma 
& Herzog 2008) of R statistical software, which 
provides robust fit of NNFI and CFI when samples 
are small.

In SEM, the strength of the direct causal 
effect between two variables is represented 
by a path coefficient. Indirect effects are those 
of a given variable on another one through a 
third or more mediator variable, estimated by 
multiplying the path coefficients along the entire 
path. The coefficient of determination, calculated 
as 21 R− , represents the proportion of 
variance unexplained by predictor variables (de 
Lafontaine & Houle 2007). Once the best fitting 
model had been selected, we evaluated if the 
model could be improved by eliminating non-
significant paths and re-assessing fit. We used 
the Satorra-Bentler χ² difference (Satorra & 
Bentler 2001) to select between the original and 
the reduced models. Significant χ² values favor 
complex models, while non-significant χ² favor 
simple models.

Spatial analysis
The variation in a given variable (e.g., richness) 
may result from spatial autocorrelation of the 
variable itself, from relationships between 
the variable of interest and another variable 
that is spatially structured or from the space-
independent relationships between the two 
variables (Legendre & Legendre 1998). To evaluate 
the influence of spatial structure on the SEM 
models, we conducted a trend surface analysis, 
widely used in ecology to account for spatial 
autocorrelation among continuous variables 
(van Rensburg et al. 2002). Trend surface analysis 
was applied to determine the best combination 
of spatial variables that explained variation in 
response variable. The spatial component of the 
variation in tenebrionid beetles was modeled 
using a third-order polynomial that extracts linear 
and more complex spatial features from data: 

(eq. 1)

where x and y are longitude and latitude, 
respectively (Legendre 1993). As in Legendre 
& Legendre (1998), after standardizing the 
variables we performed ordinary least square 
regression (OLS) with the x and y third degree 
polynomial term of eq. 1 fitted on tenebrionid 
richness. Nonsignificant terms were removed 
from the model, after which fit of the simplified 
model was assessed again. The resulting trend 
surface equation was highly significant (R2 = 
0.59, p < 0.001).

Thereafter, the trend surface was introduced 
into modeling to interpret the influence of spatial 
heterogeneity on climatic variables and species 
richness. To this end, we used partial regression 
analyses to partition the variation of tenebrionid 
beetles into four components: (a) the non-
environmental spatial fraction (the component 
of the spatial variation in species richness that is 
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not shared with the environmental variables); (b) 
the spatially structured environmental fraction 
(the spatial structuring in the species richness 
data that is shared with the environmental 
variable data); (c) the non-spatial environmental 
fraction (the component of the spatial variation 
in species richness that can be explained by 
the environmental variables independent of 
any spatial structure); and (d) the unexplained 
(residual) variation (Legendre & Legendre 
1998). Notice that the richness coefficient of 
determination in causal models and the trend 
suface analysis are both obtained by multiple 
regression analyses. Thus, variance partition using 
multiple regressions allowed me to disentangle 
the real contribution of the climatic variables and 
spatial components on species richness. These 
analyses were performed with the freely available 
statistical software SAM (http://www.ecoevol.ufg.
br/sam; Rangel et al. 2010).

RESULTS
A total of 34 darkling beetle species and 2307 
individuals were collected during the two 
years of study (taxonomic position and species 
abundance are listed in Table I). The fitted causal 
models for each climate-based hypothesis are 
shown in Figure 3. SEM results indicate that 
three models fit the data reasonably well (CEH, 
OCH and OCHQ; Table II), indicating that the 
covariance structure of the data did not deviate 
significantly from the covariance structure of 
the model. Model selection identified OCHQ 
as the best fitting model: OCHQ shows the 
highest values of CFI and NNFI and the lowest 
value of BIC. OCHQ was also the causal model 
explaining the greatest proportion of total 
variance in geographic range size (R2 = 61 %) 
and species richness (R2 = 62 %). Removal of 
two non significant paths from OCHQ, EA and EA

2, 

improved model fit significantly (Satorra-Bentler 
χ² difference p>0.05; Figure 4).

When spatial autocorrelation is taken into 
account, the variance explained by environmental 
variables decreases substantially. This change 
in the explanatory power of models stems 
from the spatial structure of environmental 
variables (Table II). In the majority of models 
the percentage of variance explained by spatial 
structure of environmental variables was always 
less than half of total variance. However, pure 

Figure 3. Path analysis results showing standardized 
path coefficients (letters a to f refer to the same 
hypotheses specified in Figure 1). Solid arrows 
represent positive relationships and hatched arrows 
negative relationships, double arrows covariance 
and vertical arrows unexplained variance. S, species 
richness; N, individual abundance; RS, species range 
size; TA, average annual temperature; PA, average 
annual precipitation; EA, average annual normalized 
difference vegetation index; TVN, average annual 
temperature corrected by its annual coefficient of 
variation fitted to N; TVS, average annual temperature 
corrected by its annual coefficient of variation 
fitted to S; EVN, average annual EVI corrected by its 
annual coefficient of variation fitted to N; TR, annual 
temperature range; PR, standard deviation of annual 
precipitation; TM, annual minimum temperature; PM, 
annual minimum precipitation.
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spatial variance explained a high proportion 
of the total variance while pure environmental 
variance accounts only for a small proportion 
of tenebrionid richness. The sole exception 

to these findings was the OCHQ model (see 
below). As in path analysis, the OCHQ spatially 
structured model shows the best fit to the data 
(see AIC values in Table II). As a whole, this model 

Table I. Taxonomic position of total species recorded in study sites: Abundance represents total number of 
individuals collected throughout sampling.

Subfamily Tribe Species Abundance
Alleculinae Alleculini Lobopoda breyeri 1
Lagriinae Gen. sp. undetermined 1

Pimeliinae Caenocrypticini Caenocrypticoides triplehorni 26
Edrotini Arthroconus sp. 1 31

Arthroconus sp. 2 19
Hylithus kovacsi 4

Hylithus tentyroides tentyroides 33
Epitragini Epitragus sp. 3

Nyctopetus sp. 3
Nyctopetus tenebrioides aconcaguensis 88

Omopheres sp. 3
Nycteliini Epipedonota cristallisata 543

Epipedonota senex 138
Mitragenius araneiformis 27

Nyctelia laevis 148
Nyctelia nevadoensis 367
Nyctelia plicatipennis 80
Nyctelia setipennis 12

Psectracelis semistrigosa 14
Psectrascelis mamillionea 29

Scelidospecta lobata 1
Physogasterini Gen. sp. undetermined 2

Praocini Calymmophorus cucullatus 2
Falsopraocis australis 336

Platyholmus uspallatensis 5
Praocis concinna 13
Praocis rotundata 27

Praocis sp. 1 91
Stenosini Discopleurus sp. 2

Ecnomoderes bruchi 1
Tenebrioninae Opatrini Blapstinus punctulatus 35

Scotobiini Scotobius andrassy 114
Scotobius wittmeri 14

Scotobius punctatus 94
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explains 84% of tenebrionid richness, while the 
spatially structured environmental variables 
explain 34% of variance and pure spatial and 
environmental components each explain 25%. 
These findings indicate that climatic variables 
have great predictive explanatory power for 
species richness, even after accounting for 
spatial structure.

DISCUSSION
Our study shows an approximation of how 
climate is mechanistically related to tenebrionid 
richness in mountain environments. From the 
results showed in this work it was possible 
to recognize whether the predictions of 
different hypotheses that relate climate with 
richness through some biological mechanisms 
were supported by data. These findings are 
particularly interesting given that most of 
previous researches on beetles diversity (e.g., 
Botes et al. 2007, González-Megías et al. 2008, 
Yu et al. 2013, Corcos et al. 2018, Şenyüz et al. 
2019) were limited to assess the role of multiple 

climatic variables directly on richness without 
testing the hypothesized causal relationships 
between population abundances or species 
range sizes with species richness (but see 
Gebert et al. 2020, Njovu et al. 2021). Therefore, 
the possibility to recognize the underlying 
mechanism that operate behind different 
climate-species richness relationships offer 
a better understanding of the ways in which 
climate structures species richness.

Tenebrionid richness showed a striking 
unimodal relationship with elevation and 
was strongly influenced by climate (OCHQ 
model). Thus, species richness exhibits a 
unimodal relationship with both increasing 
temperature and precipitation, reaching a peak 
at intermediate levels of both climatic variables. 
Overall, quadratic temperature and precipitation 
accounted for nearly 59% of explained variance 
of total richness. Previous studies have found 
that species richness increases with increasing 
temperature (i.e., a linear, positive relationship; 
McIntyre 2000, de los Santos et al. 2002, Fattorini 
2006), although weak unimodal relationships 
were found by Botes et al. (2007). In contrast, 
the relationship between precipitation and 
tenebrionid richness is contradictory, with 
studies that reported no relationship (Cepeda-
Pizarro et al. 2005), or positive (Yu et al. 2016) and 
negative covariation between them (McIntyre 
2000). Our results help clarify this relationship 
between tenebrionid richness and precipitation.

The quadratic relationship found between 
richness and climate suggests a balance 
between temperature and precipitation (i.e., 
water-energy dynamics; sensu O’Brien 1998), 
driving tenebrionid richness across altitudinal 
environments. Thus, tenebrionid richness 
appears to be greatest where the potential 
amount and duration of biological activity is 
greatest, decreasing as the climatic potential 
for biological activity decreases. Interestingly, 

Figure 4. Best fitting model (OCHQ, Figure 1f) after 
elimination of non-significant paths. Arrows and 
variables as in Figure 1.
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O’Brien (1993) found that species richness could 
be described by the relationship S= W + (E - E2), 
where S is species richness, W a measure of water 
availability (e.g., precipitation), and E a measure 
of energy availability (e.g., temperature), with a 
peak of richness at intermediate levels of water 
and energy availability. Similarly, we found 
that tenebrionid richness is best described 
by the OCHQ model, which indicates that the 
greatest potential for biological activity is found 
at intermediate elevations, with intermediate 
levels of precipitation and temperature. However, 
contrary to O’Brien’s assumptions, in our model 
species richness is not a positive linear function 
of water; instead, tenebrionid richness is a 
quadratic function of water, with tenebrionid 
richness peaking at intermediate precipitation 
levels. In fact, tenebrionid beetles appear to be 
rare or absent in areas at the lower and upper 
extremes of the precipitation gradient (G. Flores, 
unpublished results).

Consideration of regional climatic dynamics 
is useful to understand the climatic basis of our 
results. The study region includes some of the 
highest peaks of the Andes, which prevent moist 
air masses from the west (Pacific winds) from 
reaching eastern (Argentine) slopes. Highlands 

receive a greater amount of precipitation, 
mostly from the west as snow during winter, 
while lowlands receive precipitation from 
eastern winds during the summer. So, in this 
case total precipitation is positively correlated 
with elevation. In contrast, because air is less 
dense at high elevations, temperature decreases 
with increasing elevation (Brown & Lomolino 
1998). Lowlands are thus characterized by low 
precipitation and high temperatures, highlands 
by high precipitation and low temperatures, and 
middle elevations by moderate temperatures 
and precipitation (Figure 5).

Water and energy regimes have been 
demonstrated to be essential to the physiology 
of plants and directly influence distribution 
and species richness (O´Brien 1993, McCain 
2007); however, for animal richness patterns the 
effects of water and temperature may be direct 
(physiological) or indirect (via resources; see 
Hawkins et al. 2003). Results of path analyses 
suggest that the water-energy balance has a 
direct effect rather than an indirect effect on 
tenebrionid richness. This direct effect of climate 
on tenebrionid species is likely determined by 
their drought, cold and freezing tolerances (see 
Cloudsley-Thompson 2001). In contrast, path 

Table II. Goodnes of fit used for model selection and analysis of the spatial structure of causal models; SEH, 
species-energy hypothesis; SEHM, species energy hypothesis modified; CVH, climatic variability hypothesis; CEH, 
climatic extreme hypothesis; OCH, climatic optimal hypothesis; and OCHQ, quadratic version of the climatic optimal 
hypothesis. SB-χ², Satorra-Bentler-χ²; NNFI, Non-Normed Fit Index (high values indicate good fit); CFI, Comparative 
Fit Index (high values indicate good fit); BIC, Schwartz-Bayes Information Criterion (low values indicate good fit); R2, 
proportion of variance explained (high values indicate good fit); a, variance explained by nonenvironmental spatial 
fraction; b, variance explained by spatially structured environmental fraction; c, variance explained by nonspatial 
environmental fraction; and d, unexplained variation. AIC, Akaike’s Information Criterion used for spatially structured 
model selection; dAIC, relative model fit (the best fitting model has dAIC = 0). 

Model SB-χ² NNFI CFI BIC R2 a b c d AIC dAIC
SEH 0.01 -0.18 0.41 0.04 <0.01 0.56 0.03 0.02 0.39 7.78 14.50
SEHM <0.01 -0.89 0.06 40.79 <0.01 0.56 0.03 0.02 0.39 7.78 14.50
CVH <0.01 -3.33 0.28 16.13 0.24 0.38 0.21 0.02 0.39 11.04 17.76
CEH 0.05 0.64 0.94 0.18 0.32 0.37 0.22 0.09 0.32 7.87 14.59
OCH 0.12 -0.13 0.66 -4.89 0.21 0.53 0.06 0.15 0.26 4.77 11.49

OCHQ 0.99 0.95 0.98 -42.28 0.62 0.25 0.34 0.25 0.16 -6.72 0.00
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analysis results indicate that the effect of water-
energy balance on tenebrionid richness does 
not operate indirectly through resources.

The analysis including spatial structure 
demonstrated that the pure climatic component 
was high (25%), giving strong support to climatic 
models. Nonetheless, the spatially structured 
component of the variation in the environmental 
variables accounted for greater proportion of 
variation in species richness (34%), indicating 
similar patterns of spatial autocorrelation 
between richness and climatic variables (van 
Rensburg et al. 2002). Thus, spatial structure 
of climatic variables is closely related to 
complex spatial heterogeneity of mountainous 
environments. The pure spatial component (25%) 
indicates that tenebrionid richness is spatially 
autocorrelated, independently of the spatial 
structure of the explanatory variables analyzed. 
This spatial component could reflect other 
environmental variables not considered in this 
study (e.g., population- and community-level 
processes, interaction with other parts of the 
biotic community, historic processes; Legendre 
1993). Finally, the low proportion of unexplained 

variance (16%) indicates high predictability of 
tenebrionid richness (He et al. 1996). 

Overall, these findings have important 
implications to efforts to predict the effect of 
future climate change on species richness. As 
is widely known, global climate change poses 
a number of potential risks to biodiversity by 
inducing transformation of habitats, which 
in turn may induce changes in geographic 
distributions of species (Walther et al. 2005). 
Here, tenebrionids showed a strong relationship 
with water-energy balance, and because it is 
predicted that global warming influences both 
water and energy regimes, tenebrionids should 
be strongly affected by anthropogenic climate 
change. Thus, more research is needed to 
predict the response of tenebrionids to global 
change. Also, because tenebrionid richness is 
highly predictable based on environmental and 
spatial variables, they could be good candidates 
as bio-indicators of climate change.
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