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ARTICLE INFO ABSTRACT

Keywords: The interaction between climatic conditions and the ability of organisms to maintain homeostasis regulates the
Chiroptera distribution of species on the planet. However, its influence on macroevolutionary dynamics is not well un-
Phyllostomidae derstood. It has been suggested that diversification rates will be different in lineages with narrow thermal niches
;rel;gtlr‘;(;ecss (specialists) to diversification rates in generalist lineages, but the evidence for this is elusive. Here, we tested this
Macroevolution hypothesis by using the most diverse (in species richness and geographic range variation) tropical bat genus

within the Phyllostomidae family. We estimated the realized thermal niche breadth of Sturnira species from their
geographic range and categorized them as generalists, cold specialists, or warm specialists. We compared dy-
namic evolutionary models that differ in 1) niche breadth evolution, 2) parental niche breadth inheritance, and
3) whether niche breadth evolution is associated with shifts in diversification rates. Our best-performing model
indicates that most Sturnira species arose as specialists in warm climates and that over time, their niche breadth
broadens, and just a subset of those species becomes specialists in cold environments. We found that the evo-
lution of realized thermal niche breadth causes fluctuations in per-lineage rates of diversification, where warm
specialists boast the highest speciation rates. However, we found no evidence of these changes in niche neither
triggering nor being a result of speciation events themselves; this suggests that diversification events in Sturnira
could instead depend on allopatric speciation processes such as the development of geographic barriers.

1. Introduction

Ecological niche theory postulates that species occupy specific po-
sitions within ecosystems, and the boundaries of their positions are set
by abiotic and biotic factors (Hutchinson 1957, 1959). How species have
sorted out in this niche space results from ecological and evolutionary
drivers. Ecological niche theory has been used to understand species
coexistence, trophic position, geographic range, ecological specializa-
tion, and species diversification (Colwell and Futuyma, 1971; Devictor
et al., 2010; Johnson, 2010; Slatyer et al., 2013). The emergence and
popularization of computational models and phylogenetic and envi-
ronmental data availability have facilitated that niche is being analyzed
in an evolutionary phylogenetic context for different taxa (Lancaster and

Humphreys, 2020; Pie et al., 2021; Rice et al., 2003; Varzinczak et al.,
2019). In the first instance, reconstructing the ancestral states of the
ecological niche of species (Eaton et al., 2008; Rice et al., 2003), but
recently modeling the niche breadth evolution (Castro-Insua et al.,
2018; Gémez-Rodriguez et al., 2015; Rolland and Salamin, 2016). Niche
breadth could have multiple dimensions, one of them being the thermal
niche which is crucial to understand how biotic and abiotic factors
impact the geographic distribution, survival, and reproduction of or-
ganisms (Gvozdik 2018; Saldana-Vazquez et al., 2020; Sexton et al.,
2017). However, how the thermal niche of species influences the
chances of speciation/extinction has been scarcely explored (Garcia--
Porta et al.,, 2019; Lancaster and Humphreys, 2020; Rohde, 1992;
Rolland and Salamin, 2016), especially in species of the same genera,
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but with great thermal niche diversity.

How does the position of species within the niche space inform us
about underlying macroevolutionary dynamics? For example, a group of
closely related species occupying a specific region of ecological niche
space may indicate: 1) they may have escaped the density-dependent
dynamics of the entire clade and/or 2) they may have evolved into a
zone of adaptation. The position of a given species in the niche space can
change over time or occupy more than one position. Previous studies
have documented a variation in niche volume at the onset of species
divergence, which suggests a link between the niche breadth of species
and speciation events (Castro-Insua et al., 2018; Gomez-Rodriguez et al.,
2015; Pie et al., 2021; Rolland and Salamin, 2016). In the case of ther-
mal niche, changes in its breadth could impact the ability to maintain a
constant temperature, which is a fundamental physiological challenge:
the tolerance to high or low temperatures is a good predictor of
geographic range size or the ability to colonize various habitats (Young
et al., 1989; Zhaozhi et al., 2017). The current variability in the thermal
niche can result from rapid evolution during speciation events or
changes in the thermal niche occurring over the species’ evolutionary
time (Ortega-Garcia et al., 2017). At the same time, differences in the
frequency of warm/cold specialists and generalists can directly be linked
to differences in diversification rates (i.e., the frequency of
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diversification events per time unit; Pie et al., 2021; Rolland and Sala-
min, 2016). Changes in thermal niche breadth leading to specialization
could significantly shape diversification patterns (Castro-Insua et al.,
2018; Rolland and Salamin, 2016; see also studies reviewed in Sexton
etal., 2017), and literature suggests two routes for this. On the one hand,
niche specialization promotes population subdivision, increasing the
chances for allopatric speciation (e.g., Salisbury et al., 2012). On the
other hand, sympatric speciation could also result from niche speciali-
zation when niche partitioning allows the coexistence of a greater
number of species (Futuyma and Moreno, 1988).

Evidence of thermal niche shifts taking place is largely missing (but
see Hill et al., 2013; Burjan et al., 2021). Hence, we must use phyloge-
netic reconstructions and modeling to infer the frequency and timing of
the events, across a macroevolutionary scale. Branch lengths in a
phylogenetic reconstruction depict the time elapsed between species
divergences so that changes in diversification rate regimes (clade wide)
can be inferred from the distribution of nodes in a phylogenetic tree. The
detection of these changes, when linked to thermal niche or any other
relevant trait, calls for approaches that can handle the evolutionary
processes taking place along the tree branches and at the nodes (Gold-
berg and Igi¢, 2012) while being statistically robust (Beaulieu and
O’Meara, 2016; Herrera-Alsina et al., 2019).
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Fig. 1. Geographic distribution maps of Sturnira species (shaded and green-edged polygons) overlapped with an elevation layer. The square in the upper right corner
of each map indicates the thermal state of the species. All distribution layers were taken from Rojas et al., (2018), and the elevation layer from WorldClim (Fick and
Hijmans, 2017). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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The genus Sturnira is the result of fast radiation (24 species) occu-
pying 12 biomes, which makes this genus the most diverse and
geographically widespread in the Neotropical family Phyllostomidae
(Mosquera-Izquierdo et al., 2022; Velazco and Patterson, 2013). The
wide distribution of Sturnira is reflected in its large altitudinal variation,
which ranges from 0 to 3000 m. a.s.l. (Mantilla-Meluk et al., 2017;
Velazco and Patterson, 2013) and is associated with a wide range of
temperature conditions (Fig. 1). Because Sturnira species’ presence is
more influenced by temperature than food resource availability (Mello
et al., 2008), Sturnira is an excellent biological model to study the evo-
lution of the thermal niche and its role in its diversification. Do Sturnira
species change their thermal niche over evolutionary time? Alterna-
tively, could thermal diversity be the outcome of species formation if
speciation events are coupled with thermal niche divergence? Previous
studies have shown that widespread lineages with exposure to high
climatic variation could have diversification processes related to their
thermal niche breadth (Gomez-Rodriguez et al., 2015; Sexton et al.,
2017), but how this contributes to clade-wide patterns is unknown.

Here, we analyze whether the evolution of the realized thermal niche
(hereafter thermal niche) in Sturnira bats is related to macroevolu-
tionary dynamics. Using robust phylogenetic data, and high-resolution
climatic and geographic data, we fit phylogenetic-informed models
that make explicit and contrasting assumptions on thermal niche change
over time and its influence on 1) decrease/increase in speciation rates
and 2) events of species divergence.

2. Methods
2.1. Geographic range, thermal data, and phylogenetic tree

We obtained the geographic distribution of 20 Sturnira species from
the supplementary material of Rojas et al. (2018), which represents an
update to the distribution polygons available in IUCN (iucnredlist.org)
and considers recent reports of occurrence, as well as spatial and cli-
matic variables. The temperature data used to calculate the thermal
niche of each species (see below) was obtained from the WorldClim
database (Fick and Hijmans, 2017). We downloaded the monthly
geographic layers of minimum and maximum temperature, with a res-
olution of 5 min (0.083° or ~9 km?). We used the Sturnira phylogenetic
tree from Velazco and Patterson (2013), which was built using nuclear
and mitochondrial DNA sequences. This phylogenetic tree included 21
species. Sturnira giannae (see Velazco and Patterson, 2019) is the only
one without a geographic range polygon and therefore does not have an
estimate of its thermal niche.

2.2. Thermal niche breadth and thermal states of the genus sturnira

The geographic range of each species was transformed into a pres-
ence and absence matrix (PAM) with a cell resolution of 5 min (i.e.,
Spatial resolution of the WorldClim original data, equivalent to 0.083°
or ~9 km?), using the lets. presab function of the letsR package (Vilela
and Villalobos, 2015). We extracted the monthly temperature variation
from the minimum and maximum temperature layers using the PAM and
the lets. addvar function of the letsR package (Vilela and Villalobos,
2015) to a total of 12 minimum and 12 maximum temperature data
points for each cell, and repeat this procedure for every Sturnira species.
We selected the lowest among minimum temperatures and the lowest
among maximum temperatures, the rationale behind the latter is that
bats use shelters during the day, so they are not exposed to the maximum
temperatures (Ortega-Garcia et al., 2017). This aspect has not been
taken into account by previous studies on neotropical bats (Castro-Insua
et al., 2018; Pie et al., 2021).

To measure the thermal niche breadth of a given Sturnira species, we
used a boxplot of the temperature data of the sites where it is present.
The interquartile range (temperature range between the first and third
quartile) was taken as its thermal breadth. Next, we needed to classify
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the species (see below) into three thermal niche states: thermal gener-
alists, cold specialists, and warm specialists. Using the average of all
thermal breadth (10.25 °C) and the median of the thermal data for all
species (20.99 °C), we defined generalist species as those with a thermal
breadth greater than 10.25 °C. Specialist species are those whose ther-
mal breadth does not exceed 10.25 °C. We further categorized specialists
into cold specialists if the median of their thermal breadth (second
quartile) is below 20.99 °C or warm specialists if the median of their
thermal breadth is greater than 20.99 °C. In Fig. 2, we show boxplots for
Sturnira species’ thermal breadth and their respective thermal niche
state: generalists, cold specialists, and warm specialists.

2.3. Models of thermal breadth evolution and its impact on diversification
rates

We used Sturnira phylogenetic and thermal niche information to fit
and compare evolutionary models under a unified likelihood framework
(SecSSE; Herrera-Alsina et al., 2019). Although SecSSE requires the
transformation of continuous variables into categories (see niche
breadth computation above), its usage is recommended because of 1) its
statistical performance (i.e., low rates of Type I error) and 2) it enables
us to establish a relationship of causality between niche evolution and
diversification rates, unlike correlative approaches (e.g., non-parametric
methods based on simulations). The latter is accomplished in SecSSE
(and similar SSE models) by making rates of speciation and extinction
depend entirely on the trait state (i.e., niche width in this case) in a set of
equations that are solved to compute the likelihood of the model. We set
models that varied in assumptions on processes taking place between
speciation events (along the branches of a phylogenetic tree), during the
speciation events themselves (nodes in a tree, similar to ClaSSE model;
Goldberg and Igi¢, 2012), and diversification rate fluctuations. Below,
we elaborate on these three sources of variations.

We modeled thermal niche evolution as the change in thermal
preference that lineages undergo over time. Lineages shifted across the
three categories (Warm specialist, Cold specialist, Generalist) under
seven different sets of assumptions (Table 1, Fig. 2).

Because changes in the thermal niche could coincide with speciation
events (e.g., speciation triggered by a shift in the thermal niche), we
considered five modes of how the niche of the parental species (i.e., any
internal node in the phylogenetic tree) can be passed onto the daughter
species. Under the Thermal Conserved mode, there is no shift in thermal
niche during speciation, thus, both daughter species inherit the parental
state, i.e., the thermal breadth is phylogenetically conserved. When a
subpopulation adapts to different thermal regimes, speciation would
occur, causing only one daughter lineage inherits the parental niche
(Thermal Divergence mode). In the Thermal Displacement mode,
ecological or physiological constraints act upon the parental thermal
niche, which is lost during speciation. Therefore, daughter species do
not inherit the parental state (i.e., both have the same niche, which is
different from the parental one).

Similarly, in Thermal Displacement + Divergence mode, the parental
niche is lost, and daughter species drift apart in their thermal niche
during speciation: daughter lineages differ in niche from each other and
from the parent. Finally, in the Specialization-Triggered mode, both
Warm and Cold specialists speciate under Thermal Conserved, while
Generalist lineages do so under Thermal Displacement + Divergence,
with generalist species producing the two different types of specialists.

We set three different models to explain the branching pattern in the
Sturnira tree along with thermal niche evolution (hereafter diversifica-
tion dependence). In the Unique Rate model, we assume that all lineages
have the same rate of diversification, which does not fluctuate over time.
Compared to the simplistic Unique Rate model, the Variable Rate model
assumes variation in diversification regimes across lineages. When
comparing across models, the Variable Rate model will be best sup-
ported when Sturnira species have different rates of diversification due
to multiple (unknown) selective pressures. In the Thermal Dependent
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Fig. 2. Thermal states of Sturnira species and their phylogeny. Each box plot’s interquartile range represents its individual species’ thermal breadth. The red line is
the genus’ thermal median (i.e., 20.99 °C) which was used to classify the specialist species according to their thermal as a cold and warm specialist. Sturnira giannae is
a nameless species at the moment (Velazco and Patterson, 2013). The phylogenetic tree was based on Velazco and Patterson (2013). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

model, lineages differ in diversification rates according to their thermal
niches; in this model, the changes in thermal niches experienced by a
lineage are tightly linked to shifts in diversification. Note that this
process is independent of thermal niche shifts being coupled or not to
speciation events themselves (see previous paragraph).

The combination of all the types of thermal niche evolution, speci-
ation mode, and diversification dependence yielded 105 models. We
assumed equal rates of extinction across models. To minimize the
chances of finding a local optimum rather than a global one during the
likelihood optimization, we used three different starting points. Because
models differed in the number of free parameters (e.g., the Unique Rate
model has one speciation rate, whereas the Variable Rate and Thermal
Dependent model have three), we used AICweigths for comparison
across models.

2.4. Model validation

Tree size and other factors can impact the detectability of macro-
evolutionary processes during the analysis (Mynard et al., 2023). We
conducted a simulation-inference analysis to describe our results’ sta-
tistical robustness and limitations. We used the parameters that maxi-
mize the likelihood of the best-supported model to simulate the
evolution of 200 phylogenetic trees along with thermal niche evolution.
Therefore, the simulated datasets are structurally similar to our Sturnira
tree. Half of the simulations featured an underlying evolutionary model
of Variable Rate, whereas the other half was Thermal Dependent. We
then used SecSSE to fit Variable Rate and Thermal Dependent models (in
combination with Thermal Conserved and Specialization-Triggered

modes of speciation) to each simulated dataset and compared them
using AIC. The best statistically possible scenario in this analysis is when
1) the SecSSE inference selects Variable Rate (over Thermal Dependent)
in the 100 simulated datasets where Variable Rate was indeed the
generating model and 2) the SecSSE inference selects Thermal Depen-
dent in the 100 simulated datasets, where Thermal Dependent was the
generating model.

2.5. Ancestral states reconstruction

Due to the SecSSE framework generating a diversification-dependent
reconstruction of the ancestral states, we decided to build a
diversification-independent reconstruction for comparison. The
diversification-independent reconstruction was conducted using the
function ace of the phytools package (Revell, 2012), which based its
estimation on maximum likelihood. The function ace does not accept NA
values; therefore, we made three different ancestral reconstructions
assuming the three thermal states (i.e., thermal generalist, cold
specialist, and warm specialist) for Sturnira giannae, the only species
with unknown thermal state.

3. Results
3.1. Thermal niche evolution and diversification rates
We found that Sturnira shows significant heterogeneity in diversifi-

cation rates across time and lineages, so Unique Rate models of diver-
sification had lower statistical support than models including Variable
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Table 1

Thermal niche evolution models implemented in SecSSE. Lineages shifted across
the three categories (Warm specialist WS, Cold specialist CS, and Generalist G) at
different rates (i.e., the frequency of shifting events per time unit). Different
rates are shown using letters (a,b, c). See Fig. 3.

Model name Assumptions

Simple null model
(SNM)
Complex null model All change rates are different
(CNM)
Two-way specialist Adaptation to high temperature can be limited (Bennett
(TWS) et al., 2021); therefore, this model assumes the same rate of
change from CS or WS to G (a), but a different rate from G to
either specialist (b), and the rate from CS to WS, and vice
versa, will be zero.
Stay-cold (strict) The upper limit of the thermal niche is conserved in the
(SCs) species. In contrast, the lower limit is more flexible (Aratijo
et al., 2013), which means that for species, it is easier to
change to a cold climate, but it is difficult to change to a
warm climate. Therefore, strictly speaking, this model
assumes that the change rate from CS to G or WS will be zero,
while the other rates are different from zero but equal to
each other (a).
Stay-cold (flexible) This model is a more flexible version of the previous one
(SCF) [Stay-cold (strict)] and assumes that all change rates will be
different from zero, but there will be a difference between
the rates from WS to G or CS (a), and the other rates (b).
One-way generalist Bennett et al. (2021) indicates that tolerance to low
(OWG) temperatures evolves faster than tolerance to heat in
endotherms. Therefore, this model assumes two different
rates of change, one for the transition from G to CS (a) and
another for G to WS (b), and vice versa. Moreover, the rate of
change will be zero for WS to CS and vice versa.
Warm-restricted Physiological restrictions make tolerance to high
(WR) temperatures difficult to attain (Bozinovic et al., 2014), so
the change rate for CS to WS will be zero. Therefore, we
expect four different rates of change: G to WS (a), WS to G
(b), WS to CS (c), and G to WS, or vice versa (d).

All change rates are equal

Rates. Models, where heterogeneity in diversification is related to the
evolution of thermal niche breadth (Thermal Dependent), were statis-
tically preferred over models without this feature. In other words,
thermal niche breadth evolution drives diversification rates in Sturnira
(Table 2). According to our best model, macroevolutionary dynamics are
vastly dominated by the high speciation rates of warm specialists
(0.317). In contrast, cold specialists and generalists species have a far
lower probability of forming new species (<0.0001).

We found that generalism is an intermediate state between both
modes of specialization during thermal niche evolution. Generalism,
even though it is a transient condition, is not a short-duration stage as
the rate towards either specialization type is relatively low (see Fig. 4).
We find that warm specialist lineages in their evolutionary time adapt to

Table 2
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a generalist condition at a rate = 0.247 and, once this state is attained, it
is unlikely to return to a warm specialist state (rate = < 0.0001).
Moreover, generalist species can become cold specialists at a rate =
0.137. This rate is lower than changing from a cold specialist to a
generalist condition (rate = 0.247; Fig. 4a).

Models that assumed the Thermal Conserved mode of speciation had
the highest support, which means that both daughter lineages inherit the
same thermal niche state as the parental one. This suggests that there is
no evidence of speciation events being triggered or linked to transition
events (i.e., switching from one niche state to another), albeit warm
specialists have a far higher rate of speciation than species with other
thermal preferences.

Our simulation-inference analysis shows that in all datasets simu-
lated under the Thermal Dependent Model, SecSSE correctly pointed to
the Thermal Dependent model as the best supported. However, in 23%
of the datasets other than the Thermal Dependent Model were used to
simulate, Thermal Dependent was incorrectly selected. In other words,
the signal of thermal dependency in phylogenetic trees with similar
characteristics to the Sturnira tree is strong enough to be recovered by
our SecSSE analysis with reasonable rates of Type I error.

3.2. Ancestral states reconstruction

The diversification-independent (i.e., Variable Rates model) ancestor
states reconstruction assigns the most basal nodes in Sturnira phyloge-
netic tree equal probability for warm specialists, cold specialists, and
generalists. However, when the two main subclades that group most
contemporary species arose (Fig. 5), the status assigned to the Sturnira
giannae influences the estimation of ancestral status. When this species is
assumed to be a warm specialist, the various ancestors of the luisi-lilium
clade are inferred to have been warm specialists. (Fig. 5a).

The ancestral reconstruction in Fig. 5 considers niche breadth evo-
lution independently of diversification events. When reconstructing the
ancestral history under the Thermal Dependent model, we find that both
reconstructions differ significantly. Consistently with our finding that
only warm specialists speciate, all ancestral nodes are reconstructed to
be warm specialist lineages, as shown in Fig. 4b.

4. Discussion

We found support for thermal niche evolution driving diversification
dynamics in Sturnira species. This relationship is likely associated with
Sturnira’s broad geographic range and mountain origin, which results in
significant variation in altitude and temperature range. Previous studies
have shown that lineages with a broad niche (generalists) might have
higher chances of speciating through peripatric speciation processes. In
contrast, Sexton et al. (2017) proposed that narrow-niched species

Dynamic models differ in assumptions on how thermal niche breadth evolves (second column; see Table 1 for further details) over time and impacts diversification
events (first and third columns). Unlike thermal-dependent models, where diversification rates increase and decrease as lineages shift across generalist and cold/warm-
specialist states, variable rate models assume that lineages differ in diversification rates, but this is unrelated to the thermal niche. We also considered that during
speciation, the inheritance of the parental niche breadth to daughter lineages could be perfect (Thermal Conserved, third column) or be associated with simultaneous
changes in thermal preference, as explained in methods. This table shows the ten best-performing models according to the AIC weight value (AICw). The rest can be

found in Table S1.

Variation in Speciation Transition mode Speciation mode Loglik Free parameters AICw
Thermal dependent TWS Thermal Conserved —66.66 7 0.194
Thermal dependent TWS Specialization-Triggered —66.83 7 0.164
Thermal dependent SCF Thermal Divergence —68.45 6 0.089
Thermal dependent WR Thermal Conserved —66.76 8 0.065
Thermal dependent TWS Thermal Divergence —67.97 7 0.053
Thermal dependent WR Specialization-Triggered —67.00 8 0.051
Variable rate WR Thermal Displacement —67.18 8 0.043
Thermal dependent SCF Thermal Conserved —69.34 6 0.036
Thermal dependent SCF Specialization-Triggered —69.49 6 0.031
Variable rate SCF Thermal Displacement + Divergence —69.81 6 0.023
Thermal dependent WR Thermal Divergence —67.86 8 0.022
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Fig. 3. Thermal niche models implemented in SecSSE framework as the function of their thermal state change rates (i.e., Generalist, Warm Specialist, and Cold
Specialist), represented in a transition table. Each model is represented by an acronym (e.g., SNN, CNM, and TWS; see Table 1 for the full list of acronyms). The
transition events are represented by the inner boxes in the figure (i.e., six inner boxes, excluding the diagonal), and the color of the model boxes indicate a change
rate value. For example, the simple null model (SNM), is present in all the transition events (6) but its boxes have the same color which means that SNM has a change
rate value for every transition event but all the rates are the same (i.e, same color; grey). In other words, the change rate values in SNM are independent of the
thermal state and the transition direction (i.e., constant rate value for all transitions). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

(specialists) could undergo speciation at high rates when passing
through adaptive peaks that promote diversification. Our results support
the latter hypothesis, as we found strong statistical support for warm
specialists changing to generalist conditions more often than the reverse
across the evolution of the genera. In the following sections, we discuss
the implications of these results in light of the role of thermal niche
breadth on the diversification process.

4.1. Why is being a generalist advantageous?

Generalist Sturnira species, in contrast to specialist species, are
characterized by a more extensive geographic range (Slatyer et al.,
2013), except for S. nana, which in its small distribution covers a great
variety of temperatures (see Fig. 1). We found that specialized lineages
(cold specialist and warm specialist) change to a generalist condition at
a higher pace than they do in the opposite direction (Fig. 4), which
yields a high proportion of generalist species. In previous studies, with
non-chiropterans organism, it have been found that generalist species
also have greater tolerance to variations in environmental conditions
and phenotypic plasticity (Griffith and Sultan, 2012; Spitze and Sadler,

1996), and greater ability to compete for resources (e.g., intercepting
sunlight; Denelle et al., 2020). Sturnira bats and their thermal special-
ization’s degree (generalist, cold specialist or warm specialist) might be
an example of that. Previous studies show how Sturnira species, classi-
fied as thermal generalists in our study, have adapted to various envi-
ronmental conditions and resources. For example, S. tildae, S. lilium, and
S. parvidens, all of them thermal generalist species, have a wide trophic
niche breadth and occupy a great number of different ecosystems
(Mosquera-Izquierdo et al., 2022; Saldana-Vazquez et al., 2015), which
is not observed in specialists species (cold specialist and warm specialist)
such as S. aratathomasi, S. perla, and S. bakeri. In addition, Castano et al.
(2018) find that species such as S. bogotensis, S. erythromos, and
S. hondurensis, classified as a generalists in our current study, are capable
of feeding on a large variety of plant species (over ten plant families)
which is not observed in S. aratathomasi, classified as a cold specialist,
with only one plant species in its diet.

4.2. Why do warm specialists have consistently high rates of speciation?

The estimated transition rates indicate a higher probability of change
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Fig. 4. A) Thermal state change rates of the Sturnira species in their evolutionary time, being a WS Warm specialist, G Generalist, and CS Cold specialist. b)
Diversification-dependent ancestral states reconstruction of the thermal states of the Sturnira species.

from a warm specialist to a generalist and from this state to a cold
specialization, with most of those transitions taking place in the recent
history of Sturnira. There is a tendency to change from warm specialist to
cold specialist eventually. This pattern is consistent with what Bennett
et al. (2021) found on a global scale in endotherms and ectotherms:
increases in thermal niche breadth have shown a trend of significant
change in the lower limits, while in the upper limits of thermal toler-
ance, there has been slower and more constant change during evolution.
The absence of variability in the upper limit of thermal tolerance has
been reported for several groups of endothermic vertebrates (Aratijo
et al., 2013; Bennett et al., 2021), possibly associated with a physio-
logical restriction of thermal stress in membranes, proteins, and cell
function (Aradjo et al., 2013). However, more significant variability has
been found in the lower limits of the thermal niche. Endothermic ver-
tebrates have developed numerous adaptation strategies in regions with
low temperatures. This pattern has been documented in nectar-feeding
bats, in which there is a wide variation in the amplitude of thermal
niches. However, the upper limits of these species (32.5 + 1.6C) tend to
have less variation than the lower thermal limits (5.5 + 5.3C; Ortega--
Garcia et al., 2017). This pattern of variation was also found in our data
(Fig. 3).

The common ancestor of Sturnira arose in the mid-Miocene (14.2 Ma)
in the Central or Northern Andes, while the first lineages of the genus
appeared in the late Miocene (approximately 7 Ma) in the Northern
Andes and Choco region (Velazco and Patterson, 2013). The subsequent
radiation of the genus is estimated to have occurred in the Quaternary
period in the context of glacial and interglacial periods. Interglacial
periods of high temperatures and glacial periods with low temperatures

and forest refugia set the stage for geographical isolation (Torres-Mor-
ales et al., 2019) for Sturnira and many other taxa. The warm specialist
ancestors, with a low but significant probability, would transition to
generalists and eventually to cold specialists, but not in the opposite
direction. This would explain the current variation observed in the
width of the thermal niche of extant species.

4.3. Speciation and niche breadth

Although our results suggest that speciation rate heterogeneity
across Sturnira lineages depends on variation in thermal niche breadth,
the speciation events themselves are not triggered by niche evolution (i.
e., they do not take place simultaneously); the insights of this finding is
twofold. On the one hand, if species’ ecology is linked to niche breadth,
ecological speciation might not be a driving force in Sturnira’s evolution.
Speciation in Sturnira might be geographically mediated where barriers
(e.g., Andes) could separate populations which would diverge but
maintain a similar thermal niche. Even if divergence rates are uncoupled
from population isolation (Singhal et al., 2022), the dynamic topog-
raphy of the region can still create the stage for species formation by
providing a wide array of microhabitats (Badgley, 2010) and, therefore,
opportunities for specialization. On the other hand, the duration of the
transition of a lineage from one thermal niche state to another might be
brief. This suggests that all the populations of a given lineage evolve
their thermal preference at the same time and in the same direction,
which decreases the chances of intraspecific variation in the thermal
niche and precludes divergence across populations.

Our analysis differs from previous efforts to test the nature of the



J.D. Carballo-Morales et al.

Thermal states

Warm specialists
. Generalist
. Cold specialists

1T
iilil

il

f

]
1T

r’ K

n
| |

ﬁ
i

P

ill;

.

[T
’:T\

:

Journal of Thermal Biology 117 (2023) 103697

Sturnira magna
Sturnira bogotensis
Sturnira erythromos

Sturnira perla
Sturnira tildae
Sturnira mordax

-

— 1

Sturnira koopmanhilli

]

Sturnira oporaphilum
Sturnira ludovici
Sturnira burtonlimi

Sturnira hondurensis

-
I

Sturnira luisi

Sturnira paulsoni
Sturnira angeli

7
:

Sturnira giannae

!

Sturnira parvidens

> ]
Sturnira bakeri

Sturnira lilium

—

Sturnira aratathomasi

I I

Sturnira nana

T

d

1L

Sturnira bidens

ik,

Fig. 5. Ancestral state reconstruction, where diversification is independent of thermal niche evolution for the Sturnira. Panels differ in assumptions on possible
thermal states for Sturnira giannae: a) Warm specialist, b) Generalist, and c) Cold specialist. The red line indicates where the change in probability of the node’s
thermal states occurs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

relationship between niche and diversification rates in bats. We found at
least two differences in our study compared with Pie et al. (2021) and
Castro-Insua et al. (2018). The first one is the data used for modeling
thermal niche, both used the bioclimatic variables without considering
that Neotropical bats are nocturnal. They used the climatic information
BIO1 (annual mean temperature), BIO5 (maximum temperature of the
warmest month), and BIO6 (minimum temperature of the coldest
month) among others. These variables little reflect about how Sturnira
and the environment interact because they are weakly related to the
time of the day when bats are active. In comparison, we model the
Sturnira thermal niche using the lowest among minimum temperatures
and the lowest among maximum temperatures, the rationale behind the
latter is that bats use shelters during the day, so they are not exposed to
the maximum temperatures (Ortega-Garcia et al., 2017).

The second difference comes from the statistical method for evalu-
ating the relationship between niche and diversification rates. Pie et al.
(2021) used a non-parametric approach, which aims to find a correla-
tional link between diversification rates and niche breadth. Because the
evolution of niche breadth and changes in diversification rates are not
jointly modeled in Pie et al. it cannot be claimed that those variables
have been associated across the entire evolutionary history of the clade
but only in recent times. Such a non-parametric approach could also
suffer from issues of phylogenetic non-independence (van Els et al.,
2021). In contrast, our SSE modeling, by coupling niche evolution and
branching pattern in the phylogenetic tree, tests whether diversification
rate variation has entirely depended on changes in niche breadth (i.e.,
causality relationship) since the clade’s origin (14.2 Ma; Velazco and
Patterson, 2013) to the present.

Finally, we acknowledge that similar to other studies, our research
has limitations regarding the use of geographic data (i.e., the geographic
range of the species and temperature layers) as an indirect measure of
the realized thermal niche. This approach relies on the assumption that
climate temperature data correlates with body temperature. While

temperature undoubtedly influences species distributions, other factors
such as the geographic variation of microhabitat use, thermoregulatory
effectiveness, resource availability, competition, and habitat suitability
also play significant roles (Gvozdik, 2018). However, the categorization
strategy we employed may mitigate an overestimation of the thermal
niche’s breadth. Therefore, we believe that our work represents a
reasonably accurate modeling of the realized thermal niche of Sturnira
species, despite the inherent limitations of our study.

5. Conclusion

We explore whether the evolution of the thermal niche in Sturnira
bats is related to macroevolutionary dynamics. Our results show that
Sturnira species arise as warm specialists, their niche breadth broadens
throughout their evolutionary time, and just a subset of those species
becomes cold specialists. These transition patterns may be related to an
upper thermal limit associated with a physiological restriction of ther-
mal stress. We found that the evolution of thermal niche breadth causes
fluctuations in per-lineage rates of diversification, where warm spe-
cialists boast the highest speciation rates. However, we found no evi-
dence of these changes in the niche, neither triggering nor resulting from
speciation events.

Author contribution
RASV, FV, and LHA: Conceptualization, Supervision; JDCM, RASV,
FV, and LHA; Methodology, Writing — Original Draft, Writing — Review

& Editing; JDCM and LHA: Formal analysis; JDCM and FV: Investiga-
tion, Visualization; JCDM: Data Curation.

Funding source

There were no funding sources for this research.



J.D. Carballo-Morales et al.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Other (please explain: e.g. ‘I have shared the link to my data as an
attachment”).

Acknowledgements

The authors thank Sofia Flores Aguilar for her help in the search for
data, and preparation of these to make this study possible.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jtherbio.2023.103697.

References

Aradjo, M.B., Ferri-Yanez, F., Bozinovic, F., Marquet, P.A., Valladares, F., Chown, S.L.,
2013. Heat freezes niche evolution. Ecol. Lett. 16, 1206-1219. https://doi.org/
10.1111/ele.12155.

Badgley, C., 2010. Tectonics, topography, and mammalian diversity. Ecography 33 (2),
220-231. https://doi.org/10.1111/j.1600-0587.2010.06282.x.

Beaulieu, J.M., O’Meara, B.C., 2016. Detecting hidden diversification shifts in models of
trait-dependent speciation and extinction. Syst. Biol. 65, 583-601. https://doi.org/
10.1093/sysbio/syw022.

Bennett, J.M., Sunday, J., Calosi, P., Villalobos, F., Martinez, B., Molina-Venegas, R.,
Aratijo, M.B., Algar, A.C., Clusella-Trullas, S., Hawkins, B.A., Keith, S.A., Kiihn, I,
Rahbek, C., Rodriguez, L., Singer, A., Morales-Castilla, I., Olalla-Tarraga, M.A., 2021.
The evolution of critical thermal limits of life on Earth. Nat. Commun. 12, 1198.
https://doi.org/10.1038/541467-021-21263-8.

Bozinovic, F., Orellana, M.J.M., Martel, S.I., Bogdanovich, J.M., 2014. Testing the heat-
invariant and cold-variability tolerance hypotheses across geographic gradients.
Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 178, 46-50. https://doi.org/
10.1016/j.cbpa.2014.08.009.

Bujan, J., Charavel, E., Bates, O.K., Gippet, J.M., Darras, H., Lebas, C., Bertelsmeier, C.,
2021. Increased acclimation ability accompanies a thermal niche shift of a recent
invasion. J. Anim. Ecol. 90 (2), 483-491. https://doi.org/10.1111/1365-
2656.13381.

Castano, J.H., Carranza, J.A., Pérez-Torres, J., 2018. Diet and trophic structure in
assemblages of montane frugivorous phyllostomid bats. Acta Oecol. 91, 81-90.
https://doi.org/10.1016/j.actao.2018.06.005.

Castro-Insua, A., Gomez-Rodriguez, C., Wiens, J.J., Baselga, A., 2018. Climatic niche
divergence drives patterns of diversification and richness among mammal families.
Sci. Rep. 8 (1), 1-12. https://doi.org/10.1038/541598-018-27068-y.

Colwell, R.K., Futuyma, D.J., 1971. On the measurement of niche breadth and overlap.
Ecology 52, 567-576. https://doi.org/10.2307/1934144.

Denelle, P., Violle, C., Consortium, D., Munoz, F., 2020. Generalist plants are more
competitive and more functionally similar to each other than specialist plants:
insights from network analyses. J. Biogeogr. 47, 1922-1933. https://doi.org/
10.1111/jbi.13848.

Devictor, V., Clavel, J., Julliard, R., et al., 2010. Defining and measuring ecological
specialization. J. Appl. Ecol. 47, 15-25. https://doi.org/10.1111/j.1365-
2664.2009.01744.x.

Eaton, M.D., Soberon, J., Peterson, A.T., 2008. Phylogenetic perspective on ecological
niche evolution in american blackbirds (Family Icteridae). Biol. J. Linn. Soc. 94,
869-878.

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37, 4302-4315. https://doi.org/
10.1002/joc.5086.

Futuyma, D.J., Moreno, G., 1988. The evolution of ecological specialization. Annu. Rev.
Ecol. Systemat. 207-233.

Garcia-Porta, J., Irisarri, L., Kirchner, M., et al., 2019. Environmental temperatures shape
thermal physiology as well as diversification and genome-wide substitution rates in
lizards. Nat. Commun. 10 (1), 4077. https://doi.org/10.1038/s41467-019-11943-x.

Goldberg, E.E., Igi¢, B., 2012. Tempo and mode in plant breeding system evolution.
Evolution 66 (12), 3701-3709. https://doi.org/10.1111/j.1558-5646.2012.01730.x.

Gomez-Rodriguez, C., Baselga, A., Wiens, J.J., 2015. Is diversification rate related to
climatic niche width? Global Ecol. Biogeogr. 24 (4), 383-395. https://doi.org/
10.1111/geb.12229.

Griffith, T., Sultan, S.E., 2012. Field-based insights to the evolution of specialization:
plasticity and fitness across habitats in a specialist/generalist species pair. Ecol. Evol.
2, 778-791. https://doi.org/10.1002/ece3.202.

Journal of Thermal Biology 117 (2023) 103697

Gvozdik, L., 2018. Just what is the thermal niche? Oikos 127, 1701-1710. https://doi.
org/10.1111/0ik.05563.

Herrera-Alsina, L., Van Els, P., Etienne, R.S., 2019. Detecting the dependence of
diversification on multiple traits from phylogenetic trees and trait data. Syst. Biol. 68
https://doi.org/10.1093/sysbio/syy057.

Hill, M.P., Chown, S.L., Hoffmann, A.A., 2013. A predicted niche shift corresponds with
increased thermal resistance in an invasive mite, Halotydeus destructor. Global Ecol.
Biogeogr. 22 (8), 942-951. https://doi.org/10.1111/geb.12059.

Hutchinson, G.E., 1957. Concluding remarks. Cold Spring Harbor Symp. Quant. Biol. 22,
415-427. https://doi.org/10.1101/SQB.1957.022.01.039.

Hutchinson, G.E., 1959. Homage to Santa Rosalia or why are there so many kinds of
animals? Am. Nat. 93 (870), 145-159. https://doi.org/10.1086,/282070.

Johnson, S.D., 2010. The pollination niche and its role in the diversification and
maintenance of the southern African flora. Philos. Trans. R. Soc. Lond. B Biol. Sci.
365 (1539), 499-516. https://doi.org/10.1098/1rstb.2009.0243.

Lancaster, L.T., Humphreys, A.M., 2020. Global variation in the thermal tolerances of
plants. Proc. Natl. Acad. Sci. USA 117 (24), 13580-13587. https://doi.org/10.1073/
pnas.1918162117.

Mantilla-Meluk, H., Jiménez-Ortega, A.M., Baker, R.J., 2017. Phyllostomid Bats of
Colombia : Annotated Checklist, Distribution, and Biogeography. Museum of Texas
Tech University. https://doi.org/10.5962/bhl.title.142854.

Mello, M.A., Kalko, E.K., Silva, W.R., 2008. Diet and abundance of the bat Sturnira lilium
(chiroptera) in a Brazilian montane atlantic forest. J. Mammal. 89 (2), 485-492.
https://doi.org/10.1644/06-MAMM-A-411R.1.

Mosquera-Izquierdo, E., Saldana-Vazquez, R.A., Sanchez, M.S., Villalobos, F., Castano, J.
H., 2022. Life zone and habitat disturbance do not explain the coexistence in Sturnira
bat species. Res. Square 1-17. https://doi.org/10.21203/rs.3.15-1766444/v1.

Mynard, P., Algar, A.C., Lancaster, L.T., Bocedi, G., Fahri, F., Gubry-Rangin, C.,
Lupiyaningdyah, P., Nangoy, M., Osborne, O.G., Papadopulos, A.S., Sudiana, I.M.,
2023. Impact of phylogenetic tree completeness and mis-specification of sampling
fractions on trait dependent diversification models. Syst. Biol. 72 (1), 106-119.

Ortega-Garcia, S., Guevara, L., Arroyo-Cabrales, J., Lindig-Cisneros, R., Martinez-
Meyer, E., Vega, E., Schondube, J.E., 2017. The thermal niche of Neotropical nectar-
feeding bats: its evolution and application to predict responses to global warming.
Ecol. Evol. 7, 6691-6701. https://doi.org/10.1002/ece3.3171.

Pie, M.R., Divieso, R., Caron, F.S., 2021. The evolution of climatic niche breadth in
terrestrial vertebrates. J. Zool. Syst. Evol. Res. 59 (6), 1155-1166. https://doi.org/
10.1111/jzs.12508.

Revell, L.J., 2012. phytools: an R package for phylogenetic comparative biology (and
other things). Methods Ecol. Evol. 3, 217-223. https://doi.org/10.1111/j.2041-
210X.2011.00169.x.

Rice, N.H., Martinez-Meyer, E., Peterson, A.T., 2003. Ecological niche differentiation in
the Aphelocoma jays: a phylogenetic perspective. Biol. J. Linn. Soc. 80, 369-383.

Rohde, K., 1992. Latitudinal gradients in species diversity: the search for the primary
cause. Oikos 514-527. https://doi.org/10.2307/3545569.

Rojas, D., Moreira, M., Ramos Pereira, M.J., Fonseca, C., Davalos, L.M., 2018. Updated
distribution maps for neotropical bats in the superfamily Noctilionoidea. Ecology 99.
https://doi.org/10.1002/ecy.2404, 2131-2131.

Rolland, J., Salamin, N., 2016. Niche width impacts vertebrate diversification. Global
Ecol. Biogeogr. 25, 1252-1263. https://doi.org/10.1111/geb.12482.

Saldana-Vazquez, R.A., Ortega, J., Guerrero, J.A., Aiza-Reynoso, M.1., MacSwiney, G.M.
C., Aguilar-Rodriguez, P.A., Ayala-Berdon, J., Zamora-Gutierrez, V., Carraway, L.,
2020. Ambient temperature drives sex ratio and presence of pregnant females of
Anoura geoffroyi (Phyllostomidae) bats living in temperate forests. J. Mammal. 101
https://doi.org/10.1093/jmammal/gyz186.

Saldana-Véazquez, R.A., Ruiz-Sanchez, E., Herrera-Alsina, L., Schondube, J.E., 2015.
Digestive capacity predicts diet diversity in Neotropical frugivorous bats. J. Anim.
Ecol. 84, 1396-1404. https://doi.org/10.1111/1365-2656.12383.

Salisbury, C.L., Seddon, N., Cooney, C.R., Tobias, J.A., 2012. The latitudinal gradient in
dispersal constraints: ecological specialisation drives diversification in tropical birds.
Ecol. Lett. 15 (8), 847-855. https://doi.org/10.1111/j.1461-0248.2012.01806.x.

Sexton, J.P., Montiel, J., Shay, J.E., Stephens, M.R., Slatyer, R.A., 2017. Evolution of
ecological niche breadth. Annu. Rev. Ecol. Evol. Syst. 48, 183-206. https://doi.org/
10.1146/annurev-ecolsys-110316-023003.

Singhal, S., Colli, G.R., Grundler, M.R., Costa, G.C., Prates, 1., Rabosky, D.L., 2022. No
link between population isolation and speciation rate in squamate reptiles. Proc.
Natl. Acad. Sci. USA 119. https://doi.org/10.1073/pnas.2113388119.

Slatyer, R.A., Hirst, M., Sexton, J.P., 2013. Niche breadth predicts geographical range
size: a general ecological pattern. Ecol. Lett. 16, 1104-1114. https://doi.org/
10.1111/ele.12140.

Spitze, K., Sadler, T.D., 1996. Evolution of a generalist genotype: multivariate analysis of
the adaptiveness of phenotypic plasticity. Am. Nat. 148, S108-5123.

Torres-Morales, L., Guillén, A., Ruiz-Sanchez, E., 2019. Distinct patterns of genetic
connectivity found for two frugivorous bat species in mesoamerica. Acta Chiropterol.
21, 35. https://doi.org/10.3161/15081109ACC2019.21.1.003.

Varzinczak, L.H., Moura, M.O., Passos, F.C., 2019. Shifts to multiple optima underlie
climatic niche evolution in New World phyllostomid bats. Biol. J. Linn. Soc. Lond.
128, 1008-1020. https://doi.org/10.1093/biolinnean/blz123.

van Els, P., Herrera-Alsina, L., Pigot, A.L., Etienne, R.S., 2021. Evolutionary dynamics of
the elevational diversity gradient in passerine birds. Nat. Ecol. Evol. 5, 1259-1265.
https://doi.org/10.1038/541559-021-01515-y.

Velazco, P.M., Patterson, B.D., 2013. Diversification of the yellow-shouldered bats, genus
Sturnira (chiroptera, Phyllostomidae), in the new world tropics. Mol. Phylogenet.
Evol. 68, 683-698. https://doi.org/10.1016/j.ympev.2013.04.016.


https://doi.org/10.1016/j.jtherbio.2023.103697
https://doi.org/10.1016/j.jtherbio.2023.103697
https://doi.org/10.1111/ele.12155
https://doi.org/10.1111/ele.12155
https://doi.org/10.1111/j.1600-0587.2010.06282.x
https://doi.org/10.1093/sysbio/syw022
https://doi.org/10.1093/sysbio/syw022
https://doi.org/10.1038/s41467-021-21263-8
https://doi.org/10.1016/j.cbpa.2014.08.009
https://doi.org/10.1016/j.cbpa.2014.08.009
https://doi.org/10.1111/1365-2656.13381
https://doi.org/10.1111/1365-2656.13381
https://doi.org/10.1016/j.actao.2018.06.005
https://doi.org/10.1038/s41598-018-27068-y
https://doi.org/10.2307/1934144
https://doi.org/10.1111/jbi.13848
https://doi.org/10.1111/jbi.13848
https://doi.org/10.1111/j.1365-2664.2009.01744.x
https://doi.org/10.1111/j.1365-2664.2009.01744.x
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref12
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref12
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref12
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref14
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref14
https://doi.org/10.1038/s41467-019-11943-x
https://doi.org/10.1111/j.1558-5646.2012.01730.x
https://doi.org/10.1111/geb.12229
https://doi.org/10.1111/geb.12229
https://doi.org/10.1002/ece3.202
https://doi.org/10.1111/oik.05563
https://doi.org/10.1111/oik.05563
https://doi.org/10.1093/sysbio/syy057
https://doi.org/10.1111/geb.12059
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1086/282070
https://doi.org/10.1098/rstb.2009.0243
https://doi.org/10.1073/pnas.1918162117
https://doi.org/10.1073/pnas.1918162117
https://doi.org/10.5962/bhl.title.142854
https://doi.org/10.1644/06-MAMM-A-411R.1
https://doi.org/10.21203/rs.3.rs-1766444/v1
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref29
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref29
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref29
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref29
https://doi.org/10.1002/ece3.3171
https://doi.org/10.1111/jzs.12508
https://doi.org/10.1111/jzs.12508
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref33
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref33
https://doi.org/10.2307/3545569
https://doi.org/10.1002/ecy.2404
https://doi.org/10.1111/geb.12482
https://doi.org/10.1093/jmammal/gyz186
https://doi.org/10.1111/1365-2656.12383
https://doi.org/10.1111/j.1461-0248.2012.01806.x
https://doi.org/10.1146/annurev-ecolsys-110316-023003
https://doi.org/10.1146/annurev-ecolsys-110316-023003
https://doi.org/10.1073/pnas.2113388119
https://doi.org/10.1111/ele.12140
https://doi.org/10.1111/ele.12140
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref43
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref43
https://doi.org/10.3161/15081109ACC2019.21.1.003
https://doi.org/10.1093/biolinnean/blz123
https://doi.org/10.1038/s41559-021-01515-y
https://doi.org/10.1016/j.ympev.2013.04.016

J.D. Carballo-Morales et al. Journal of Thermal Biology 117 (2023) 103697

Velazco, P.M., Patterson, B.D., 2019. Small mammals of the mayo river basin in northern Young, B.A., Walker, B., Dixon, A.E., Walker, V.A., 1989. Physiological adaptation to the
Peru, with the description of a new species of Sturnira (chiroptera: Phyllostomidae). environment. J. Anim. Sci. 67 (9), 2426-2432.
Bull. Am. Mus. Nat. Hist. 1-70. https://doi.org/10.1206/0003-0090.429.1.1, 2019. Zhaozhi, L., Likai, F., Guizhen, G., Ling-Ling, G., Han, P., Sharma, S., Zalucki, M.P., 2017.
Vilela, B., Villalobos, F., 2015. letsR: a new R package for data handling and analysis in Differences in the high-temperature tolerance of Aphis craccivora (Hemiptera:
macroecology. Methods Ecol. Evol. 6, 1229-1234. https://doi.org/10.1111/2041- aphididae) on cotton and soybean: implications for ecological niche switching
210X.12401. among hosts. Appl. Entomol. Zool. 52, 9-18. https://doi.org/10.1007/513355-016-
0446-z.

10


https://doi.org/10.1206/0003-0090.429.1.1
https://doi.org/10.1111/2041-210X.12401
https://doi.org/10.1111/2041-210X.12401
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref50
http://refhub.elsevier.com/S0306-4565(23)00238-3/sref50
https://doi.org/10.1007/s13355-016-0446-z
https://doi.org/10.1007/s13355-016-0446-z

	Thermal niche breadth and their relationship with sturnira bat species diversification
	1 Introduction
	2 Methods
	2.1 Geographic range, thermal data, and phylogenetic tree
	2.2 Thermal niche breadth and thermal states of the genus sturnira
	2.3 Models of thermal breadth evolution and its impact on diversification rates
	2.4 Model validation
	2.5 Ancestral states reconstruction

	3 Results
	3.1 Thermal niche evolution and diversification rates
	3.2 Ancestral states reconstruction

	4 Discussion
	4.1 Why is being a generalist advantageous?
	4.2 Why do warm specialists have consistently high rates of speciation?
	4.3 Speciation and niche breadth

	5 Conclusion
	Author contribution
	Funding source
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


