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Abstract

The diversity of endotherms and ectotherms may be differently affected by ambient temperature and net primary productiv-
ity (NPP). Additionally, little is known about how these drivers affect the diversity of guilds of different trophic levels. We
assessed the relative role of temperature and NPP in multitrophic guilds of ectothermic (arthropods: ants, ground beetles,
spiders, and harvestmen) and endothermic (large mammals) animals along a tropical elevational gradient. We sampled arthro-
pods at eight elevation belts and large mammals at 14 elevation belts in Atlantic rainforest (ranging from 600 to 2450 m.a.s.l.)
of Itatiaia National Park, Southeast Brazil. Overall arthropod species richness was more associated with temperature than
overall large-mammal species richness, while the latter was more associated with NPP. When separated into trophic guilds,
we found that the species richness associated with NPP increased across arthropod trophic levels from herbivores to predators.
Conversely, although NPP influenced large-mammal herbivore species richness, its effects did not seem to accumulate across
large-mammal trophic levels since the species richness of large-mammal omnivores was more associated with temperature
and none of the variables we studied influenced large-mammal predators. We suggest that thermal physiological differences
between ectotherms and endotherms are responsible for the way in which arthropods and large mammals interact with or
are constrained by the environment. Furthermore, the inconsistency regarding the role of temperature and NPP on species
richness across multitrophic guilds of ectotherms and endotherms could indicate that thermal physiological differences might
also interfere with energy use and flux in the food web.
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Introduction

The evaluation of patterns of species diversity across eco-
logical gradients has been a core focus of ecology studies
(MacArthur 1972; Fine 2015). Several hypotheses have
been developed to explain how species diversity varies in
space based on the influence of historical and ecological
factors (Fine 2015). Among them, two main ecological fac-
tors, temperature, and net primary productivity (NPP), help
to explain how energy in an ecosystem may drive patterns
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of species richness (Wright 1983; Hawkins et al. 2003a;
Evans et al. 2005; Brown 2014). However, their effects are
complex: for instance, although both temperature and NPP
positively affect the species richness of both endotherms
and ectotherms (Hillebrand 2004; Brown 2014), differences
in the thermal physiology between these organisms lead to
different mechanisms regulating species diversity patterns
(Allen et al. 2002; Buckley et al. 2012). Additionally, as
both temperature and NPP are related to how energy enters
and flows through an ecosystem, their effects vary in rela-
tive importance when dealing with diversity patterns among
different trophic guilds (Voigt et al. 2003; Welti et al. 2020).

The high resource assimilation at high temperatures and
the less intense competition caused by the high availabil-
ity of resources (e.g., high NPP) increase the population
sizes of species, which in turn decreases extinction rates
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and allow more species to coexist (Evans et al. 2005; Brown
2014). Temperature affects animals through a positive influ-
ence on their metabolic rates, up to a point (Gillooly et al.
2001), which also increases speciation rates (Brown 2014).
Endotherms are usually bigger than ectotherms, and smaller
organisms typically lose too much heat (Buckley et al 2012).
This is especially true for ectotherms, such as arthropods,
since their body temperature is dependent on environmen-
tal temperature (Lessard et al. 2011; Brown 2014). Even in
environments with high resource availability, ectotherms are
unable to obtain and assimilate energy from the ecosystem at
low temperatures (Sanders et al. 2007; Buckley et al. 2012).
On the other hand, endotherms acquire resources more inde-
pendently of external temperatures than ectotherms because
they are able to control their body temperature. However,
endothermy comes at a high cost (10 times higher than those
of ectotherms for energetic maintenance), which results in
endotherms obtaining a greater amount of energy from food
resources (Buckley et al. 2012). Therefore, the higher con-
sumption of resources possibly brings endotherms faster
to the limit of ecosystem resources. Thus, we could expect
that physiological constraints caused by temperature would
be more strongly associated with diversity patterns of ecto-
therms than endotherms (Buckely et al. 2012). In contrast,
endotherms would be more constrained by NPP effects
(Buckely et al. 2012), leading to greater species richness
in more productive environments, as reported for large and
small mammals along elevational gradients (e.g., McCain
et al. 2018; Gebert et al. 2019).

Accordingly, both NPP and temperature may also affect
how energy flows across trophic guilds in an ecosystem
(Evans et al. 2005; Birkhofer and Wolters 2012) and oper-
ates among trophic levels (Voigt et al. 2003, 2007; Welti
et al. 2020). Through accelerated kinetics and increased
metabolic rates, temperature positively affects the assimila-
tion of resources for many trophic levels, from herbivores to
top predators (Moorthi et al. 2016; Binkenstein et al. 2018).
In more productive environments, the greater abundance of
animals in low trophic levels (e.g., herbivores) is caused by
the high energy input in the ecosystem; these abundant low
trophic level animals serve as resources for animals at higher
trophic levels (e.g., predators), resulting in an increase in
the abundance of these animals (Evans et al. 2005). In this
bottom-up effect, high animal abundance at all trophic levels
decreases extinction rates and allows for more diversity in
the whole food chain (Turney and Buddle 2016). Although
predators also control the abundance and diversity of lower
trophic levels (Terborgh 2015), they are more sensitive to the
energy input and flux in the food chain (Voigt et al. 2007,
Turney and Buddle 2016; Brose et al. 2017). The energy lost
from one trophic level to another results in the increase of
resource limits, in which predators are the ultimate energy
receptors in the ecosystem. Previous studies have reported
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that arthropods at higher trophic levels are more sensitive to
changes in NPP than species at lower trophic levels (Kaspari
2001; Haddad et al. 2009). Thus, even if temperature is the
major driver of the diversity of ectotherms, we expect an
increase in the influence of NPP across trophic levels not
only for endotherms but also for ectotherms.

Although few studies have investigated the influence of
both temperature and NPP on multitrophic guilds of animals
(e.g., Xu et al. 2018; Welti et al. 2020), no studies to date
have evaluated whether the effects of temperature and NPP
across trophic guilds are consistent among ectothermic and
endothermic animals. Searching for similar patterns across
the trophic levels of both endothermic and ectothermic ani-
mals might be helpful in explaining the influence of environ-
mental drivers on biodiversity and energy flux and ultimately
on ecosystem functioning (Turney and Buddle 2016). In this
context, tropical elevational gradients are a great lab for test-
ing the differences in the influence of temperature and NPP
on biodiversity. Elevational gradients present a large vari-
ation in environmental factors on a relatively small spatial
scale, wherein animal diversity is constrained by this envi-
ronmental variation but not by dispersal limitations (Korner
2007; Sundqvist et al. 2013). Many ecological drivers are
directly linked to elevation besides temperature, such as
land area, atmospheric pressure, and clear-sky turbidity
(Korner 2007). However, temperature and NPP are known
as the main drivers for tropical elevational fauna (Peters et al
2016; Gebert et al. 2019). In addition, because tropical ani-
mals have evolved in a more climatically stable environment,
they typically have narrow thermal tolerances (Janzen 1967).
This results in a high species turnover in tropical mountains
due to ecological filters imposed by temperature variation
(Janzen 1967; Rahbek et al. 2019), which is advantageous
for disentangling temperature from any other effects of driv-
ers that are typically not strongly correlated to elevation,
such as NPP. Understanding how temperature and NPP con-
strain species richness in both ectotherms and endotherms as
well as across different trophic guilds is essential for predict-
ing how biodiversity and ecosystem functioning will respond
to a rapidly changing world.

Here, we aimed to assess the relative role of temperature
and NPP in multitrophic guilds of ectothermic (arthropods:
ants, ground beetles, spiders, and harvestmen) and endother-
mic (large mammals) animals along a tropical elevational
gradient. Although we expect that both temperature and NPP
will positively influence both endotherms and ectotherms,
we specifically tested whether the relative importance of
NPP concerning temperature is higher for endotherms than
for ectotherms. Additionally, regardless of the most impor-
tant environmental driver for these patterns, we also tested
whether there was an increase in the association of NPP with
species richness across trophic levels for both ectotherms
(arthropods) and endotherms (large mammals).
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Materials and methods
Study area

We conducted our sampling at Itatiaia National Park (INP)
in Southeast Brazil (between 22° 16'-22° 28’ S and 44°
34'-44° 42" W). INP was established in 1937 and is the
oldest national park in Brazil in the Atlantic rainforest
biome. The park is part of the Itatiaia Massif, which is
within the Mantiqueira Mountain Range. The protected
area starts at 600 m of elevation and peaks at 2878 m.
Several vegetation types occur along INP elevational
gradient varying from forests to grasslands, includ-
ing lower montane forest (at 0-500 m.a.s.l.), mon-
tane forest (500-1500 m.a.s.l.), and upper montane
forest (1500-2000 m.a.s.l.). High-altitude grasslands
(2000-2500 m.a.s.l.) and natural remnants of upper mon-
tane forest (Safford 1999) comprise the highest part of the
INP. As vegetation structure, in terms of forest or grass-
land, affects the observed diversity patterns along eleva-
tional gradients (Lasmar et al. 2020), we sampled both
arthropods and mammals only in forest habitats.

Sampling of arthropods and classification
into trophic guilds

We sampled four groups of arthropods to represent ecto-
thermic animals: ants (Insecta: Hymenoptera: Formici-
dae), ground beetles (Insecta: Coleoptera: Carabidae),
spiders (Arachnida: Araneae), and harvestmen (Arachnida:
Opiliones). All samplings took place during the rainy sea-
son between March and April 2015, and we chose eight
elevation belts (at 600, 848, 1134, 1515, 1810, 2000, 2200,
and 2457 m.a.s.l; Fig. 1a) spatially separated by at least
1.4 km. To sample arthropods, we set a 200 m transect in
each elevation belt containing ten sampling points each,
which were 20 m apart from each other. At each sampling
point, we set a 1.5 mx 1.5 m grid of four unbaited pitfall
traps composed of one trap at each grid vertex (Fig. 1b).
The pitfall traps consisted of recipients (11 cm in diameter
and 11 cm in depth) filled with a solution of water, salt,
and liquid soap. They operated for 48 h in the field, as this
period is known to be enough to sample the majority of
arthropod species on the ground (Engelbrecht 2013; Las-
mar et al. 2017). We started the samplings instantly after
pitfall installation, as we considered the digging-in effect
(i.e., high captures in the early periods of pitfall operation)
negligible (Lasmar et al. 2017). We also extracted 1 m?
of forest leaf litter leaf using Fisher’s (1998) “miniWin-
kler” (Fig. 1b). For the Winkler samples, arthropods were
extracted for 72 h in the miniWinkler sacks. Combining

both pitfall traps and Winkler samples allowed us to obtain
the best representation of arthropod diversity (Sabu et al.
2011).

We sorted the ants by genera following Baccaro et al.’s
(2015) auxiliary keys. The ants in each genus were then
sorted into morphospecies and identified at the species
level whenever possible by comparison with identified
species in the ant reference collection of the Laboratério
de Ecologia de Formigas at the Universidade Federal de
Lavras (UFLA), Lavras, Brazil. Ant species identification
was confirmed by taxonomists at the Universidade Federal
do Parana (UFPR) in Curitiba, Brazil (Dr. Alexandre Cas-
adei-Ferreira, Dr. Thiago R. da Silva, and Weslly Franco).
Voucher specimens were deposited at UFLA and at the
Entomological Collection Padre Jesus Santiago Moure of
UFPR (DZUP) in Curitiba, Brazil. Carabid ground beetles
were identified by auxiliary keys (Straneo and Ball 1989),
and the morphospecies were identified to the lowest level
possible. The specimens were deposited in the Entomo-
logical Collection of the Laboratério de Ecologia in the
Departamento de Ciéncias Florestais at UFLA. For har-
vestmen and spiders, we considered only adult individuals.
We sorted harvestmen based on the analysis of the speci-
men exomorphology using relevant taxonomic literature
(Pinto-da-Rocha and Giribet 2007) and by comparison
against specimen in the type material. The specimens were
deposited in the Collection of Arachnida, Myriapoda, and
Onychophora at Museu Nacional at Universidade Federal
do Rio de Janeiro (MNRIJ). Unfortunately, all the collected
harvestmen were lost in a fire in 2018 along with the bulk
of the arachnological collection of MNRJ (Kury et al.
2018). The spiders were identified and deposited at the
Arachnological Collection of the Laboratério de Cole¢des
Zoologicas at the Instituto Butantan. The spider specimens
were determined using the key of Brescovit et al. (2002)
and the auxiliary bibliography of the World Spider Catalog
(2021).

We classified arthropods into three trophic guilds
according to their ecological role in the ecosystem fol-
lowing previous studies (see Basset et al. 2012; Kitching
et al. 2020). Thus, arthropods were assigned to one of the
following trophic guilds: (1) arthropod herbivores, which
feed predominantly on plant resources or through symbio-
sis with fungi that grow in plant resources; (2) arthropod
omnivores, which feed on a wide range of substances, such
as plant resources, feces, and dead and living organisms;
and (3) arthropod predators, which feed predominantly
on other living animals. In short, herbivore and omnivore
arthropods consisted solely of ants and arthropod preda-
tors of ants, ground beetles, harvestmen and spiders. Each
arthropod species and its corresponding trophic guild are
shown in Table S1 of the Online Resource.
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Fig.1 a Elevational gradient sampled in Itatiaia National Park in
Southeast Brazil. Black stars represent the arthropod (ants, ground
beetles, harvestmen, and spiders) sampling sites while black circles
represent the large-mammal sampling sites. b Scheme of the arthro-

Sampling of large mammals and classification
into trophic guilds

We sampled large mammals in the rainy season between
January and April of 2014 and 2015. We chose 14
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pod sampling transects and sampling points using pitfall traps and
Winkler extractor. ¢ Scheme of the large mammals sampling with
camera traps

elevation belts (871, 889, 953, 1100, 1175, 1258, 1316,
1422, 1472, 1672, 1813, 1875, 2000, 2246 m.a.s.l.;
Fig. 1a), all in forest habitats that were spatially separated
by at least 730 m. In each elevation belt, we installed one
motion-activated camera trap (Bushnell HD, © Bushnell
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Outdoor Products, California, USA) that remained in
operation for 80 consecutive days with a total sample
effort of 1,120 trap/nights (Fig. 1c). We installed camera
traps in places commonly used by mammals based on
the presence of animal signs and trails (Srbek-Araujo and
Chiarello 2013). We used no bait to avoid artificial animal
attraction and to maintain the premise of equal catchabil-
ity. We programmed camera traps to take three photos in
30-s intervals when triggered by an animal. We identi-
fied large mammals through photographic records, and
we considered as independent observations the records
that presented a time lapse of > 1 h between them (Srbek-
Araujo and Chiarello 2013). We classified mammals into
three trophic guilds based on their role in the ecosystem
(see Srbek-Araujo and Kierulff 2016): (1) herbivores, (2)
omnivores, and (3) predators. Each large-mammal species
and its corresponding trophic guild are shown in Table S2
in Online Resource.

Measuring temperature and net primary
productivity

To extract net primary productivity (NPP) for each eleva-
tion belt for elevation gradients of both arthropods and
large mammals, we assessed the Land Processes Distrib-
uted Active Archive Center website from NASA (https://
Ipdaac.usgs.gov) to extract MODIS TERRA and AQUA
NPP (MOD17A3HGF and MYDI17A3HGF, https://
Ipdaac.usgs.gov/products/mod17a3hgfv006) at 500 m of
resolution. As NPP is an annual product and we collected
our samples in 2014 and 2015, we extracted NPP values
for the year that we collected the samples and for the cor-
responding previous year because we always sampled at
the beginning of the given year; therefore, our response
variable might also be influenced by the NPP of the pre-
vious year. We calculated the average values between
MODIS TERRA and AQUA NPP and for two years (i.e.,
the previous year and the year we collected the samples)
to obtain one value for each elevation belt. To extract
temperature data, we obtained the mean annual tempera-
ture from the CHELSA database (Karger et al. 2017) with
a 1 km resolution. CHELSA mean annual temperature
corresponds to average values from monthly temperature
for the years 1979-2013. Mean annual temperature was
highly correlated with elevation in both arthropod (Pear-
son r=— 0.99) and large-mammal gradients (Pearson
r=— 0.98). This is in accord with Barry (2008), who
states that it is well established that temperature decreases
0.6 °C per 100 m elevation gain. Both the NPP and tem-
perature data were extracted with ArcGIS 10.1 software,
and we ensured that all elevation belts were not in the
same grid cell.

Data analyses

We checked the sample coverage for each of our response
variables by estimating asymptotic species richness from
frequency data (i.e., frequency of occurrence in sampling
points per transect) using a nonparametric species richness
estimator (Chao 1; Colwell and Coddington 1994; Gotelli
and Colwell 2011). We estimated arthropod diversity
through frequency data because an ant worker, as a eusocial
organism, cannot be considered an individual (Gotelli et al.
2011), which led us to standardize this for all arthropods. We
also estimated large-mammal diversity through frequency
data since we only counted photographs that were regis-
tered on camera traps. We checked for correlation between
observed species richness and Chao 1-estimated diversity.
If we found high correlations (r>0.7), we only performed
the analyses with observed values of species richness. If
those parameters were not strongly correlated (r<0.7), we
performed analyses with both observed species richness and
Chao 1-estimated diversity.

We verified whether observed species richness followed a
linear or unimodal function in response to elevation for the
total species richness of arthropods (n=8) and large mam-
mals (n=14) as well as for each of the three trophic guilds of
arthropods and mammals separately. To do so, we performed
a theoretical approach following the second-order Akaike
information criterion corrected for small samples (AICc—
Burnham and Anderson 2002). To perform the model selec-
tion, we built, for each observed species richness (response
variables), three models that presented elevation as a linear
function, elevation?, to represent a unimodal function and
the null model as explanatory variables. We used the func-
tion ‘aictab’ from the AICcmodavg package in R (Mazerolle
2020) to test which function best explained our response
variables. The explanatory variables with the lowest AICc
indicated the function (linear or unimodal) that best fit our
response variable pattern along the elevational gradient.

To test the influence of temperature and NPP on the spe-
cies richness of ectotherms (all arthropods) and endotherms
(all large mammals) as well as on the different trophic guilds,
we first verified the correlation between our explanatory var-
iables, NPP and temperature. For both gradients, NPP and
temperature were not strongly correlated (arthropod gradi-
ent, Spearman r=0.63; large-mammal gradient, Spearman
r=0.68). Thus, to test whether temperature was more impor-
tant than NPP in driving the species richness of ectotherms
and whether NPP was more important than temperature in
driving the species richness of endotherms, we compared
the responses of overall arthropod species richness (n=8)
and overall species richness of large mammals (n=14) by
constructing generalized linear models (GLMs) with tem-
perature and NPP as explanatory variables. We simplified
both models by performing a backward approach, consisting
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of removing nonsignificant explanatory variables from the
models until only the significant variables were present in
the model. To verify that the collinearity between tempera-
ture and NPP was not a problem for fitting and interpreting
our model, we calculated the variance inflation factor (VIF)
for each model using the vif function in the ‘car’ package in
R (Fox and Weisberg 2019). If the VIF values were lower
than 5, the collinearity did not require attention, but it did
require attention for VIF values greater than 5. We used the
“Quasipoisson” family for all our models, and we verified
which of those significant variables better explained our
response variables by assessing the 95% confidence inter-
vals of their proportion of variation explained (R?) in the
regression models through a resample from 1000 bootstrap
samples using the ‘boot.ci()’ function from the ‘boot’ pack-
age (Canty and Ripley 2012).

To test whether the influence of NPP on species richness
increases across trophic levels in both ectotherms (arthro-
pods) and endotherms (large mammals), we constructed
GLMs for each trophic guild as a response variable and
performed a backward approach with elevation and NPP
as explanatory variables. We extracted the variance inflator
factor (VIF) for each model. We also compared the 1000
bootstrapped R? values from significant explanatory vari-
ables from GLMs of trophic guilds of arthropods and large
mammals. When performing the GLMs, we assessed the
residual to obtain the adequacy of the error distribution
(Crawley 2002).

We also performed variance partitioning analyses for all
models (i.e., overall arthropods and large mammals, as well
as for all trophic guilds), to verify the unique and shared pro-
portion of variance explained by temperature and NPP. We
performed this using the ‘var.part’ function in the ‘vegan’
package in R (Oksanen et al. 2020).

We confirmed the adequacy of the error distribution fam-
ily for each model as well as VIF values lower than 5 (see
Table S5 in the Online Resource). We performed all analyses
in R version 4.0.3 (R Development Core Team 2020).

Results

In the arthropod elevational gradient, we identified a total
of 286 species from 969 ant occurrences, 322 ground bee-
tles, 179 harvestmen (145 adults and 34 juveniles), and 1229
spiders (686 adults and 543 juveniles). Per trophic guild, we
identified seven species of herbivores (seven ant species), 96
species of omnivores (96 ant species), and 183 predators (72
ant species, 16 harvestmen species, 23 ground beetle spe-
cies, and 72 spider species). In the large-mammal gradient,
we recorded 21 species from 383 occurrences. One of these
species was Sus scrofa, a nonnative animal of the Ameri-
can continent that was introduced in the highest part of the
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Mantiqueira Mountain Range; therefore, we removed S.
scrofa from the analyses since all diversity patterns changed
when including this introduced species (See Table S3 and
S4 in Online Resource). We recorded five species of large-
mammal herbivores, six large-mammal omnivores and eight
large-mammal predators. The list of all recorded species as
well as their trophic guilds can be found in Table S1 and S2
in Online Resource. We found strong correlations between
observed species richness and Chao 1-estimated diversity
for all arthropods combined (r=0.99), arthropod herbivores
(r=0.99), arthropod omnivores (r=0.98), and arthropod
predators (r=0.99). We also found strong correlations
between observed species richness and Chao 1-estimated
diversity for total large mammals (r=0.96), large-mammal
herbivores (r=1), large-mammal omnivores (»=0.96) and
large-mammal predators (r=0.99). Therefore, we used only
observed species richness for both arthropods and large-
mammal parameters for all analyses.

Elevational gradient patterns

Overall, arthropods, arthropod omnivores, and arthropod
predators better followed a unimodal pattern along elevation,
while arthropod herbivores linearly declined with elevation
(Fig. 2a—d and Table S3 in Online Resource). We found that
the unimodal function best explained the elevational gradi-
ent for species richness of overall large mammals, large-
mammal herbivores and omnivores (Fig. 2e—h and Table S3
in Online Resource). However, neither the linear nor uni-
modal function explained the elevational gradient for large-
mammal predators.

Effects of temperature and net primary productivity
on all arthropods and all large mammals

We found that overall arthropod species richness was
positively related to temperature and to NPP (Table 1 and
Fig. 3a, b). On the other hand, overall species richness of
large mammals was positively related to NPP but not to
temperature (Table 1, Fig. 3c, d). As expected, our boot-
strap R? analyses shows that temperature had the greatest
explanatory power for overall arthropod species richness,
while NPP was the major ecological driver influencing
the species richness of all large mammals (Fig. 4a). The
variance partitioning showed that the majority of the
overall explained variance was shared between tempera-
ture and NPP (Fig. Sla and b in the Online Resource).
However, we also observed that the unique explained
variance of temperature was higher for overall arthro-
pods species richness (42% of the overall explained vari-
ance) in comparison to large mammals (31% of the over-
all explained variance). On the other hand, the shared
contribution, which also accounts for NPP effects, was
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Fig. 2 Elevational species richness patterns in Itatiaia National Park,
Southeast Brazil. Graphs show the linear or unimodal relationship
of elevation and the observed species richness for a all arthropods, b
arthropod herbivores, ¢ arthropod omnivores, d arthropod predators,
e all large mammals, f large-mammal herbivores, g large-mammal
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omnivores, and h large-mammal predators. Points show the observed
species richness according to elevation, and the lines are model
predictions of the lowest AICc function (i.e., linear or unimodal).
In graph h, the null model best represents the relationship between
large-mammal predators and elevation

Table 1 Generalized linear models (GLMs) for two elevational gradients of arthropods and large mammals in Itatiaia National Park in Southeast

Brazil
Dependent Independent df Pseudo R*>  Standardizedrc  25%CI  975%CI F P
All arthropods Net primary productivity 5 0.88 0.326 0.086  0.581 25.83  0.004
Temperature 0.325 0.143  0.506 12.17  0.017
Arthropod herbivores Net primary productivity 6 0.77 Excluded - - 321  0.132
Temperature 1.393 0.733  2.230 20.65  0.003
Arthropod omnivores Net primary productivity 5 0.84 0.409 —-0.025 0923 14.12  0.013
Temperature 0.532 0.238  0.829 1249 0.016
Arthropod predators Net primary productivity 6 0.75 0.411 0.208  0.637 17.46  0.005
Temperature Excluded - - 520 0.071
All large mammals Net primary productivity 12 0.30 0.449 0.061 1.015 551  0.036
Temperature Excluded - - 1.96  0.188
Large-mammal herbivores ~ Net primary productivity 11 0.53 0.295 —-0.578 1.645 9.57  0.010
Temperature 0.631 0.095 1.245 545  0.039
Large-mammal omnivores ~ Net primary productivity 12 0.36 Excluded - - 3.01 0.111
Temperature 0.367 0.114 0.634 831 0.013
Large-mammal predators Net primary productivity — — - Excluded - - 2.84 0.117
Temperature Excluded - - <0.01  0.930

The GLMs were separately built for the observed species richness of all arthropods, large mammals and their trophic guilds as the dependent
variables, and we used temperature and NPP as independent variables. We simplified all the GLMs by performing a backward approach. We
reported the GLM degrees of freedom (d.f.) and Pseudo R for the final models and the standardized regression coefficients (rc) and their confi-
dence intervals (CI) only for independent variables that were present in the final models. We also reported statistical test values (F) and p values
for the excluded independent variables from the final (excluded) model and for the remaining independent variables in the final model. Bold val-
ues indicate significant relationships (p <0.05)
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Fig. 3 Relationship between temperature and net primary productiv-
ity with arthropods and large mammals along a tropical elevational
gradient at Itatiaia National Park, Southeast Brazil. Graphs show the
comparison of the relationship of temperature and net primary pro-
ductivity with the observed species richness of all arthropods (a, b),
all large mammals (c, d), arthropod herbivores (e, f), large-mammal
herbivores (g, h), arthropod omnivores (i, j), large-mammal omni-

higher for species richness of large mammals (69% of the
overall explained variance) than for arthropods (57% of
the overall explained variance). This was in accordance
with our bootstraps R? analyses and indicated that the

@ Springer

vores (k, 1), arthropod predators (m, n), and large-mammal predators
(0, p). Note that in ¢, d, Kk, and 1, we only presented graphs without
the nonnative species S. scrofa. Points show the observed species
richness according to a given value of temperature or net primary
productivity, and the lines are model predictions of significant rela-
tionships (e.g., p <0.05)

effect of temperature is strongly associated with arthro-
pods while the NPP effect was more strongly associated
with large mammals.
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Fig.4 Comparison of the pro-
portion of variance explained
(R?) by the significant effects

|:| Temperature effect

. Net primary productivity effect

of temperature and net primary
productivity (NPP) from the
GLM regressions. Compari-
sons of temperature and NPP
effects on observed species
richness were made for a all
arthropods and for all large-
mammal species richness and R2?
for b arthropods and large
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while blue boxplots represent
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Effects of temperature and net primary productivity
on multitrophic guilds of arthropods and large
mammals

When verifying the influence of temperature and NPP
across trophic guilds, we found that the species richness
of arthropod herbivores was positively related to tempera-
ture, but we detected no relationship with NPP (Table 1,
Fig. 3e, f). For the species richness of arthropod omni-
vores, we found a positive relationship with both tempera-
ture and NPP (Table 1, Fig. 3i, j). For the species richness
of arthropod predators, we found a positive relationship
with NPP, but we detected no relationship with tempera-
ture (Table 1, Fig. 3m, n).

For large-mammal herbivores, we found a positive rela-
tionship with both temperature and NPP, while for large-
mammal omnivores, we found a positive relationship with
temperature, but we detected no relationship with NPP
(Table 1, Fig. 3g, h, k, 1). We found that large-mammal

predators herbivores herbivores omnivores

predators were not related to temperature or NPP (Table 1,
Fig. 30, p).

Comparing the bootstrap R? values from the GLMs, we
found an increase in NPP associated with an increase in the
trophic guild level of arthropods, as we expected (Fig. 4b).
However, distinctly from what we expected, NPP associa-
tion with species richness did not increase across large-
mammal trophic guilds, which indicated a more complex
pattern (Fig. 4b). The variance partitioning analysis also
showed that increasing arthropods trophic levels increased
NPP association (Fig Slc, e, g in Online Resource). From
arthropod herbivores to predators, the shared explained vari-
ance increased from 0 to 65% while the unique explained
variance of NPP increased from 8 to 24% in relation to
the overall explained variance. However, we observed no
evidence that increasing trophic levels also increased NPP
association for large-mammal trophic guilds (Fig. S1d, f,
h in Online Resource). Therefore, bootstrap analysis was
also in accordance with variance partition analysis, showing
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that increasing trophic levels of ectotherms (arthropods) also
increased NPP association while endotherms (large mam-
mals) presented complex patterns about NPP association
across trophic levels.

Discussion

As expected, temperature was strongly associated with
arthropod diversity, while NPP was associated with large-
mammal diversity. However, distinctly from the expected
results, we found no consistency of stronger NPP associa-
tion with species richness of higher trophic levels between
arthropods and large mammals. The importance of NPP
association increased across trophic levels of arthropods,
while for large-mammal trophic guilds, we did not observe
clear patterns. Our results indicate that differences in animal
thermal physiology might affect the way diversity is con-
strained by environmental temperature and NPP, as reviewed
in Buckley et al. (2012). In addition, our findings also indi-
cate that thermal physiology probably affects the energy flux
in the food web, which we think is a step forward in under-
standing the differences in the responses of ectotherms and
endotherms to the environment.

Effects of temperature and net primary productivity
on all arthropods and all large mammals

Our results are in accordance with studies that have shown a
decline in arthropod species richness with increasing eleva-
tion due to temperature decrease (e.g., Peters et al. 2016)
and those that have reported a positive association of NPP
with large mammals in an African elevational gradient (e.g.,
Gebert et al. 2019). NPP was also positively associated with
arthropods, indicating that resource availability is important
for increasing arthropod species richness, possibly by reduc-
ing species competition and local extinction (Evans et al.
2005). However, as arthropod diversity was more strongly
associated with temperature, we suggest that temperature
limits arthropod species richness through physiological
constraints and that it seems to impose greater constraints
on species richness of arthropods than NPP. As arthropods
are dependent on external temperatures, low temperatures
decrease their foraging activity (Cerda et al. 1998; Lasmar
et al. 2021), which influences their population sizes at high
elevations, resulting in a decrease in arthropod species rich-
ness (Sanders et al. 2007; Lasmar et al. 2020). On the other
hand, endotherms are able to harvest food resources even in
cold temperatures at the expense of a high amount of food
resources to maintain their vital functions (Buckley et al.
2012). Therefore, resource availability is a key driver that
limits the number of coexisting species of large mammals
in the tropics (Gebert et al. 2019). Considering our limited
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sample size (arthropods n=8; large mammals n=14), we
should be cautious about generalizing our results, and more
studies in other tropical regions could be helpful in con-
solidating our findings and inferences. This is especially
true when considering that we evaluated only one group of
endotherms (i.e., only large mammals), and, therefore, the
causes of the stronger positive association of NPP on large
mammals could be due to both their endothermy and to other
specific traits of large mammals. However, the stronger asso-
ciation between NPP concerning temperature on other endo-
therms was also supported by Buckley et al. (2012) as well
as in other case studies (e.g., birds, Hawkins et al. 2003b;
Acharya et al. 2011; bats and rodents, Owen 1990; McCain
et al. 2018). In this sense, differences in thermal physiology
between ectotherms and endotherms may be responsible for
the way arthropods and large mammals interact with or are
constrained by the environmental temperature and NPP.

Effects of temperature and net primary productivity
on multitrophic guilds of arthropods and large
mammals

For arthropod trophic guilds, temperature is strongly associ-
ated with the diversity of lower trophic levels, while NPP
is strongly associated with the diversity of higher trophic
levels. In addition to the fact that accelerated metabolic rates
at high temperatures increase arthropod foraging activity
(Cerda et al. 1998; Lasmar et al. 2021) and, consequently,
energy use from the ecosystem (Twomey et al. 2012), pri-
mary consumers are extremely sensitive to changes in plant
phenology, which are temperature dependent (Thackeray
et al. 2016). However, the greater association of arthropod
herbivores with temperature in this study could also occur
because most of the species are represented by fungus-gar-
den ants, which are extremely influenced by temperature
(Bollazzi and Roces 2002). Thus, because the species rich-
ness of arthropod herbivores is underrepresented in our data,
the generalization of our results to other important arthropod
herbivores (e.g., Hemiptera, Lepidoptera, Orthoptera) needs
to be tested. Nevertheless, we consider our representation of
arthropod omnivores and predators to be highly satisfactory
and enough to confirm our prediction that the association
of NPP with species richness increases across arthropod
trophic levels. This is in accordance with previous studies
that found that the abundance and species richness of arthro-
pod predators are more constrained by resource availability
than primary consumers (e.g., Kaspari 2001; Xu et al. 2018).
Abundance across trophic levels accumulates along the NPP
gradient (Oksanen et al. 1981; Kaspari 2001), which makes
predators more sensitive to the energy input in the ecosystem
than organisms at lower trophic levels (Turney and Buddle
2016; Brose et al. 2017). The higher the trophic level, the
more energy is needed to maintain viable population sizes
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and then high species richness (Turney and Buddle 2016).
Our results are partially following Mayr et al. (2020), who
found that Hymenoptera at the low trophic level are mainly
influenced by temperature while higher trophic levels are
influenced by both temperature and resource availability.
Our limited sampling size may have caused the lack of statis-
tical support for the influence of temperature on the species
richness of predators in this study, even though it is clear
that the association of species richness with NPP increases
from lower to higher trophic levels. Therefore, even though
temperature is one of the major constraints on arthropod
diversity (Gillooly et al. 2001; Lessard et al. 2011), we sug-
gest that the sensitivity to energy input in the ecosystem
increases across arthropod trophic levels, which positively
affects species richness. However, this seems not to be the
rule among ectotherms and endotherms since the trophic
guilds of large mammals followed distinct patterns.

The species richness of large-mammal trophic guilds
presented a complex pattern concerning temperature and
NPP. NPP was only associated with the species richness
of large-mammal herbivores. As endotherms may use the
energy from the ecosystem more independently of climate
than ectotherms (Buckley et al. 2012), the availability of
resources could constrain primary consumers’ diversity of
large mammals (Beck 2006). However, this effect of the
energy input in the ecosystem on species richness seems
not to be strong when trophic levels increase. This is because
although NPP influenced large-mammal herbivores, the
effect of temperature seemed to be stronger and the diver-
sity of large-mammal omnivores was only associated with
temperature, while no variables were associated with large-
mammal predators. NPP may present stronger effects on
communities with more phylogenetic diversity than on com-
munities with narrowly defined clades, because the latter
typically use a smaller fraction of NPP in comparison to a
phylogenetically broader community (Peters et al. 2020).
Considering that we had a narrower number of clades dis-
tributed among large-mammal trophic guilds, the correlation
of NPP with their true food resources might be less strong.
This may explain why we found an effect of NPP on overall
large mammals (i.e., a more broad phylogenetic community),
a weak effect of NPP for large-mammal herbivores and no
effect of NPP for other trophic groups. On the other hand,
temperature is known to also increase trophic interactions
and resource assimilation (Fine 2015; Peters et al. 2020).
For large-mammal omnivores, we should consider that these
animals feed on plant resources, such as fruits and seeds, and
on other animals, including many arthropods (e.g., Pineda-
Munoz and Alroy 2014; Galetti et al. 2015), all extremely
influenced by temperature (Peters et al. 2016). Therefore,
we suggest resource availability as an important driver of
omnivore species richness. However, this may be not sim-
ply dependent on the energy input provided by producers

but also on other factors that influence the food resources
obtained from both producers and other prey at lower trophic
levels. In conclusion, it is possible that trophic interactions,
which are positively influenced by temperature (Fine 2015)
could outweigh the effects of environmental NPP on spe-
cies richness at low and intermediate trophic levels (e.g.,
large-mammal herbivores and omnivores). The depend-
ence of trophic interactions could also explain the lack of
association of large-mammal predators with environmental
temperature and NPP.

Due to the lack of a relationship between large-mammal
predators and our variables, we have two not mutually exclu-
sive hypotheses. First, large-mammal predators occur natu-
rally at low densities in the environment and forage for large
distances (Smith et al. 2017); in addition, human-related
actions reduce or dislocate individuals from their original
areas (Rogala et al. 2011). Despite our study area being a
protected area, it historically suffered from deforestation,
poaching and criminal fires. Therefore, human-related vari-
ables that influence carnivores may not have been considered
in this study, and we may need biogeographical scales to
better understand patterns of large-mammal predators. Sec-
ond, the prey of predator animals could also obscure their
association with temperature and NPP. This is because large-
mammal predators are strongly influenced by their prey
abundance (Smith et al. 2017), in which at least their species
richness in this study was associated with both temperature
and NPP. In addition, Sus scrofa is known to influence both
the spatial and temporal patterns of native mammals (Hegel
et al. 2019; Galetti et al. 2015), such as the prey of predators,
and may also be a new source of prey (Hegel et al. 2018).
Both could affect the presence of large mammals along the
elevational gradient.

Conclusion

We report here that the species richness of ectothermic
arthropods is more associated with temperature, while that
of endothermic large mammals is associated with produc-
tivity (NPP) along a tropical elevational gradient. Most of
the comparisons reporting that the relative importance of
temperature and NPP varies between ectotherms and endo-
therms were assessed between vertebrates (reviewed in
Buckley et al. 2012). Here, we provide evidence that those
differences in the role of NPP and temperature in driving
species richness also apply when comparing ectothermic
invertebrates with endothermic vertebrates. Additionally,
we found no consistency regarding the role of temperature
and NPP on the species richness structure across multi-
trophic guilds of ectotherms and endotherms. The associa-
tion of species richness with NPP increased across trophic
levels for arthropods; however, although NPP is important
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for large-mammal herbivores, its influence does not seem
to accumulate across trophic levels. Large-mammal trophic
guilds seem to be more indirectly dependent on temperature
via other trophic interactions than simply on environmental
NPP. Based on that, it is possible that besides global tem-
perature change might strongly affect arthropods, it might
also affect large-mammal trophic guilds in the tropics. Here,
we also suggest that thermal physiological differences might
also interfere with energy use and flux in food webs, which
differently reflect species richness across trophic levels
between ectotherms and endotherms. Several studies pro-
pose several mechanisms explaining how species abundance,
biomass and richness are distributed across trophic levels in
the food web (e.g., Oksanen et al. 1981; Turney and Buddle
2016; Wang and Brose 2018). Therefore, it would be useful
for future studies to consider thermal physiological differ-
ences in animals when assessing the distinct facets of trophic
guilds, such as the pyramid shape of abundance, biomass,
and species richness.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-021-05011-9.
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