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Abstract

Biodiversity is threatened by both climate and land-use change. However, the
synergistic impacts of these stressors and the underlying mechanisms remain
poorly understood. This study seeks to bridge this knowledge gap by testing
two competing hypotheses regarding the concept of the realized thermal niche.
The Fixed Niche Breadth hypothesis suggests that a species’ thermal niche
remains constant despite fluctuations in population density resulting from
land-use changes. This hypothesis links habitat loss directly to a reduced avail-
ability of suitable climate. Conversely, the Habitat Loss-Allee Effect hypothesis
posits that land-use changes narrow the realized thermal niche by lowering
population densities, which impairs individual fitness in unfavorable tempera-
tures due to the Allee effect—the positive impact of higher population density
on individual fitness. To investigate these hypotheses, we developed an
individual-based model that integrates the Allee effect to examine how climate
and land-use changes affect population density and the thermal niche in social
organisms. We empirically tested our model predictions by studying the distri-
bution and cooperative behavior of burying beetles (Nicrophorus nepalensis),
which compete with blowflies for carrion resources, along two elevational gra-
dients in Taiwan. These gradients serve as temperature gradients, one in an
intact forest and the other in a human-altered landscape with substantial for-
est loss. Our results support the model predictions and show that landscape
forest loss reduces beetle population densities and disrupts their dispersal
dynamics, resulting in smaller cooperative groups. This, in turn, limits the bee-
tles’ ability to compete with blowflies in warmer environments, resulting in a
contraction of the realized thermal niche. Together, our findings support the
Habitat Loss-Allee Effect hypothesis while rejecting the Fixed Niche Breadth
hypothesis. By highlighting the effects of habitat loss and fragmentation on
both intra- and interspecific social interactions, our study improves under-
standing of species’ vulnerability to the combined threats of climate and
land-use change. Ultimately, our results underscore the importance of consid-
ering the demographic and behavioral consequences of land-use change when
assessing species’ vulnerability to climate-land-use synergies.
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INTRODUCTION A rarely considered alternative to the Fixed Niche

Ongoing global climate change is causing dramatic biodi-
versity loss and species redistribution across the globe
(Chen et al., 2011; Parmesan & Yohe, 2003; Pecl et al.,
2017). The direct effects of climate change, including
declines in local population abundance, local population
extinction, and large-scale polar or upward shifts in dis-
tributional ranges have been widely explored
(Parmesan, 2006). Furthermore, an increasing number of
studies have focused on the interactions between climate
and other biodiversity stressors (Brook et al., 2008), par-
ticularly anthropogenic land-use change, which also
extensively reshapes global species distributions and eco-
system functioning (Foley et al., 2005; Haddad et al.,
2015; Newbold et al., 2015). Accumulating evidence sug-
gests that land-use change reinforces the negative
impacts of climate change, resulting in deleterious
impacts greater than the sum of the individual contribu-
tions of these two threatening processes (Elsen et al.,
2020; Guo et al.,, 2018; Oliver et al.,, 2015; Oliver &
Morecroft, 2014; Peters et al., 2019). Yet, the mechanism
by which this interactive process works remains largely
unexplored (Schulte to Biihne et al., 2021).

Most theories explaining how climate and land-use
change synergistically affect organismal population abun-
dance have been largely based on the assumption that an
organism’s climatic niche is not affected by land-use
change. The idea for this comes from Hutchinson’s dis-
tinction between niche and biotope (Colwell Robert &
Rangel Thiago, 2009; Hutchinson, 1957). According to
Hutchinson, the niche represents the n-dimension envi-
ronmental attributes (e.g., temperature and humidity)
required for species’ positive population growth rate,
whereas the biotope represents the physical space, such
as the habitat in which organisms are distributed
(Colwell Robert & Rangel Thiago, 2009). Land-use
change reduces habitat (biotope) availability (Platts
et al.,, 2019) and connectivity (Hof et al., 2011; Senior
et al., 2019), and prevents organisms from tracking suit-
able climates (niche) to keep pace with temperature
change (Travis, 2003; Tucker et al., 2018). Based on this
niche theory, we propose the “Fixed Niche Breadth
hypothesis,” which posits that land-use change only
affects habitat availability, leaving the niche breadth—
determined by species’ physiological and behavioral
traits—unaffected, regardless of population density.

Breadth hypothesis is the Habitat Loss Allee Effect
hypothesis. This hypothesis suggests that land-use
change, after reducing available habitat and causing an
initial reduction in population density, causes negative
effects on social behaviors that are necessary for individ-
ual survival and reproduction, including mate searching
(Wells et al., 1998), group foraging (Griinbaum & Veit,
2003), or cooperation (Courchamp et al., 1999). This
inverse density-dependent relationship in which smaller
population densities are associated with lower average
individual fitness is often referred to as the Allee effect
(Allee, 1927, 1931; Courchamp et al., 1999; Stephens &
Sutherland, 1999), a hallmark of social species that form
groups. The Allee effect driven by land-use change may
thus reduce the realized thermal niche breadth by exacer-
bating the difficulty for organisms to find mates or coop-
erate in harsh environments (e.g., unfavorable
temperatures). Consequently, land-use change may not
only directly impact organisms by reducing the amount
of suitable available habitats, but also by reducing the fit-
ness of individuals living in the remaining pristine habi-
tats in the local area. Yet, to our knowledge, no study has
considered the possibility that in addition to affecting
population density, reducing habitat may also affect
niche breadth through Allee effects. Given the wide-
spread occurrence of Allee effects across diverse animal
species (Angulo et al., 2007, 2018; Courchamp et al.,
1999; Stephens & Sutherland, 1999), the impact of
land-use change on social organisms under climate
change is likely to be underestimated.

To test the Fixed Niche Breadth and Habitat
Loss-Allee Effect hypotheses, we first constructed a spa-
tially explicit, individual-based model (IBM) to investi-
gate how land-use change affects population density
along a temperature gradient, which then further impacts
the realized thermal niche in terms of distribution, popu-
lation density, and breeding performance, of social organ-
isms through the Allee effect. Complementing this
theoretical approach, we conducted an empirical study
centered on the Asian burying beetle (Nicrophorus
nepalensis) along two elevational gradients in Taiwan,
each characterized by varying degrees of land-use change
and possible variations in environmental temperature.
These beetles engage in intraspecific cooperation to
compete against blowflies for their critical reproductive
resources—vertebrate carcasses (Chen et al., 2020;
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Scott, 1994, 1998; Sun et al., 2014). Such intraspecific
cooperation typically involves multiple beetles working
together to remove blowfly eggs and maggots from a car-
cass, as well as burying the carcass. This behavior is piv-
otal for their reproductive success, especially in warmer
environments where the coexisting blowfly maggots are
able to more effectively consume the carcasses (Liu et al.,
2020; Sun et al.,, 2014; Tsai, Rubenstein, Chen, et al.,
2020). We aim to test the hypotheses by examining how
varying degrees of land-use change influence beetle pop-
ulation densities and cooperative behaviors along these
elevational gradients. According to the Habitat
Loss-Allee Effect hypothesis, we expect beetles in intact
forests to exhibit higher population densities and higher
levels of cooperation, potentially leading to a broader
niche breadth, in contrast with those in human-altered
landscapes where lower population densities and reduced
cooperation are anticipated. In contrast, according to the
Fixed Niche Breadth hypothesis, we predict similar

Simulation starts

thermal niche breadth in both intact and human-altered
landscapes despite higher population densities in the for-
mer. By examining these competing hypotheses, we aim
to improve our understanding of how climate and
land-use change interact to shape species’ realized ther-
mal niches, contributing to a more comprehensive frame-
work for predicting biodiversity responses to global
change, and thereby informing conservation strategies.

MATERIALS AND METHODS

IBM to simulate the impact of land-use
change on realized thermal niches

We developed an individual-based model (IBM) to exam-
ine the impact of land-use changes on the realized ther-
mal niche of social organisms, as indicated by habitat
occupancy, population density, and reproductive success
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FIGURE 1 Flow chart of the individual-based model simulation process. At the start of each simulation, individuals located in

non-forested habitats died immediately. However, individuals located in forested habitats underwent three sequential steps: Reproduction,
dispersal, and survival. Individuals that dispersed to non-forested habitats also died. (a) The thermal performance curve used in the model.
(b) Variation in cooperative benefits along the temperature gradient. (c) Variation in individual productivity in small and large groups along
the temperature gradient. (d) Variation in group productivity in small and large groups along the temperature gradient. (e) The probability
of post-natal dispersal to each grid modeled by a Gaussian kernel density function. (f) The relationship between individual survival rate and
age. In (e), the blue dots indicate the birthplace of the focal individual. The higher the probability of dispersal to a location, the redder the

color of the corresponding grid. Beetle illustration by Shih-Fan Chan.

85UB017 SUOLUIOD 8A1TE.1D) 9(cedt|dde Uy Aq peuenob ae sejoie YO 8sn JO Sa|nJ 10} AIq1T aUIjUQ 4|1 UO (SUONIPUCO-PUE-SWBIALIOY A8 | AReq 1 pul|uo//:Sdiy) SUOHIPUOD pue SWLB | 8U1 89S *[6202/T0/T] Uo ARIgITauljuo AB|IM 'Ssousis YiesH AISIBAIUN ©IquwIn|oD AQ 8E9T WOS/Z00T 0T/I0p/uod"A8|im Ake.d 1 jpul|uo's feuinofess//sdny woly pepeojumoq ‘T 'S20z 'STOLLSST



40f18 |

CHAN ET AL.

along a temperature gradient, and thereby predict the
interactions between climate and land-use change. The
IBM simulates the processes of reproduction, dispersal,
and mortality within both an undisturbed intact forest
landscape and one altered by human activity (Figure 1).
Crucially, the model accounts for temperature-dependent
individual performance and the advantages of coopera-
tive behavior during reproduction. Additionally, it con-
siders the amplifying effect of local population density on
the likelihood of cooperation. To discern the impact of
social behavior, we also simulated nonsocial organisms
as a control group, enabling a comparison of the
outcomes.

We set a spatial range of 400 patches and randomly
selected suitable forest habitats according to habitat avail-
ability. For intact forest landscapes, the habitat availabil-
ity was set to 1, which means all 400 patches were
forests. For human-altered landscapes, the habitat avail-
ability was set to 0.7, which means that 280 patches were
randomly selected as forest habitat, and the rest of the
patches were non-forest. For each simulation, the starting
population size was set to 0.6 times the number of
patches (i.e., 240 individuals), and was randomly distrib-
uted throughout the space.

At the start of the simulation, individuals that fall
into the forest patches enter the step of reproduction. At
each time step of the simulation, the breeding resources
are presented randomly in 70% of the forest patches.
Notably, only those individuals in suitable habitats with
breeding resources have the opportunity to reproduce.
Specific to the social species, individuals in the same
patch produce group resources and reproduce when they
occur in suitable habitats. However, in unsuitable habi-
tats or habitats without breeding resources, individuals
simply die and cannot reproduce. Therefore, reproductive
output is set to zero in the simulation. For simplicity, we
consider asexual reproduction.

To model asexual reproduction, we first modeled the
effect of environmental temperature on the performance
(P), which is the reproductive productivity of a solitary
individual relative to its potential maximum productivity,
using the thermal performance curve (TPC):

exp( - ((T - Topt) /ZGP)Z) ;when T < Ty
1~ ((T = Topt) / (Topt — CTimax ) ), when T > Top

1)

where T is the environmental temperature, o, is the
shape parameter determining the steepness of the curve
at the lower end, T, is the optimum temperature of the
species, and CT,., is the critical thermal maximum of
the species (Deutsch et al., 2008; Vasseur et al., 2014). We

assume that breeding performance is determined by the
TPC when individuals reproduce solitarily (Figure 1a).

To incorporate the effect of group size on reproduc-
tion, we assume that cooperation enables individuals to
improve their breeding performance, and because bury-
ing beetles experience greater interspecific competition
from flies at higher temperatures (Liu et al., 2020; Sun
et al., 2014), the benefit of cooperation is greater at higher
temperatures (Figure 1b). To model this temperature--
dependent cooperative benefit, we determined the overall
increases in resource handling efficiency due to coopera-
tion (E,) by:

0,whenG=1

T —Topt
Gxb ot
mK* oK (CTmax - Topt

Ec= >,WhenG>1 > ()

where T > Top and (x denotes the proportion of energy
an individual invests in cooperation, G denotes group size
(number of individuals in each patch), and bx denotes an
increase in the resource handling efficiency of an individ-
ual by cooperation. Notably, for nonsocial species, fx =0
and hence E. =0.

As the group size grows too large, the cooperative
benefits of the social species will eventually saturate and
stop increasing (Figure 1b). To model this relationship,
we determined the reproductive increment rate by coop-
eration (I) using a saturating function of E:

(3)

where K is the half-saturation constant, which is the
value of E, at which the reproductive increment rate by
cooperation (I) is half of its maximum. The equation
determines an upper bound for the cooperative benefit.
For nonsocial species, I =1 as E. =0, which indicates no
increment by cooperation.

Finally, we obtained the productivity of an individual
(F) at a given environmental temperature (T) by:

F(T) :% x P(T) x I (1— Cly), (4)

where o is the maximum productivity of a solitary indi-
vidual, and C denotes the rate of cost of cooperation. This
equation determines the relationship between the repro-
ductive performance of individuals with the cooperative
benefits at different environmental temperatures. When
the environmental temperature exceeds an individual’s
physiologically optimal temperature, the breeding perfor-
mance of individuals in a social group remains poor
(Figure 1c), even when the cooperative benefits are high
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(Figure 1b), and group productivity is higher in larger
social groups (Figure 1d). However, specific to nonsocial
species, productivity is solely governed by the TPC and the
negative density-dependent regulation (i.e., the larger the
group size, the lower the productivity) as )x =0 and I =1.
After an individual produces offspring, those offspring
randomly disperse into patches, which is modeled by a
Gaussian kernel density function (Figure 1e). Finally, we
determined the survival rate I of the individuals after dis-
persal by an exponential decay function (Figure 1f):

r=roe", (5)

where ry denotes the initial survival rate, t refers to the
number of survival steps experienced by an individual at
the given time step, and 7 is the exponential time constant
that determines the decay rate of survival rates across ages.

For simplicity, we begin with a population that is com-
posed entirely of either social or nonsocial individuals. As
the impacts of land-use change that we want to investigate
occur at ecological timescales, we do not consider the pos-
sibility that cooperative behavior can evolve. Instead, we
assume that the degree of individual cooperation is fixed.
Thus, the productivity of a group is mainly influenced by
the group size within a patch and environmental tempera-
ture. More individuals produce more group resources until
the size of the group is larger than the optimal size. We
assume that environmental resources are finite, and there-
fore, cooperative groups cannot produce more group
resources indefinitely. For simplicity, we only simulate the
warm distribution boundary (i.e., low elevation) with this
model, though we note that the results would be qualita-
tively similar if we simulate both the warm and cold
(i.e., high elevation) distribution boundaries together.
Thus, we only simulate a situation in which the ambient
temperature is higher than the optimum temperature of
the species (i.e., T > Top), adopting the TPC described in
Equation (1). We set Top to 16.7°C and CTp,y to 23.0°C,
based on the published data of N. nepalensis (Chan,
Rubenstein, Chen, et al., 2023). Although our model is
parametrized based on the biology of N. nepalensis, we
emphasize that it applies to any species (social or other-
wise) whose temperature-dependent fitness components
can be described by TPCs. Definitions and values for
all parameters in our model are summarized in
Appendix S1: Table S1.

The total time step of each simulation is 2000 to ensure
that the system reaches a steady state. We record the final
number of patches with individuals, the final population
size and population density (i.e., the final population size/
the number of patches suitable for reproduction), and the
number of offspring produced by an individual in each

patch. We also calculate the per capita offspring produc-
tion accordingly. We simulate the ambient temperature
range of 17-23°C at 0.2°C intervals. For each ambient tem-
perature, we repeat the simulation 200 times and calculate
the mean and SD of the 200 results.

Field study to examine the effect of
land-use change on the population density,
elevational range, and realized thermal
niche of burying beetles

Study area

We tested the key predictions of the two hypotheses by
examining the elevational distribution and breeding per-
formance of the Asian burying beetle (N. nepalensis)
along two elevational gradients on the eastern and west-
ern slopes of Mt. Hehuan, Taiwan (3422 m, main peak at
24°11’ N, 121°17' E; Figure 2). According to the Chelsa
database at ~1 km resolution (Karger et al., 2017), the
mean annual temperature is 6.15°C at the summit,
22.75°C at the base of the eastern slope and 22.05°C at
the western slope. The mean annual precipitation is
3045 mm at the summit, 3260 mm at the base of the east-
ern slope, and 2899 mm at the western slope. Below
1400 m above sea level (asl), pristine forests are domi-
nated by evergreen broadleaf trees from the Fagaceae,
Lauraceae, and Theaceae families. Above this elevation,
mixed forests occur, characterized by the coexistence of
conifers, including Chamaecyparis, Picea, and Tsuga
species, with broadleaf trees such as Beilschmiedia,
Castanopsis, Cinnamomum, and Cyclobalanopsis species.
At elevations above 2500 m asl, the forest composition
shifts predominantly to conifers such as Abies kawakamii
and Tsuga chinensis var. formosana (Li et al., 2013). The
eastern slope of the mountain is located within Taroko
National Park and is covered by well-protected intact for-
est landscapes. In contrast, the forest on the western
slope of Mt. Hehuan is highly fragmented and suffering
from severe land conversion from forests to farmlands for
agriculture and tourism, particularly at lower elevations
where human activities are more intensive. The
contrasting landscapes along the two slopes enable us to
test how land-use change modulates the thermal niche
and elevational distribution of the burying beetles.

Study species
Burying beetles rely exclusively on vertebrate carcasses

for reproduction (Scott, 1998). However, a carcass is also
a “bonanza resource” that is intensely competed for by
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FIGURE 2 Study area. The satellite image for the study area is obtained from Google Maps. The orange and light blue dots represent the

sampling sites along the western and eastern slopes of Mt. Hehuan, respectively. The semitransparent rectangular areas represent the regions

where we conducted the breeding experiments. The insets indicate the distribution of forest cover in the semitransparent rectangular areas.

various necrophagous species (Wilson, 1975). The repro-
ductive success of N. nepalensis is strongly limited by
interspecific competition for these resources, especially
from blowflies (Chan et al.,, 2019; Chen et al., 2020;
Scott, 1994; Sun et al., 2014). N. nepalensis overcomes the
challenge of interspecific competition with blowflies
through intraspecific cooperation, which allows the bee-
tles to successfully reproduce in warmer environments at
lower elevations characterized by stronger blowfly com-
petition (Liu et al, 2020; Sun et al., 2014; Tsai,
Rubenstein, Chen, et al., 2020). Intraspecific cooperation
thus helps the burying beetles to expand their thermal
niche from cooler environments at higher elevations
where blowflies are scarce or absent to warmer environ-
ments at lower elevations where blowflies are more
abundant. Furthermore, the reproductive success of
N. nepalensis is also limited by its ability to locate car-
casses, especially in colder environments at higher eleva-
tions where extended movement is costly (Chan
et al., 2019; Liu et al., 2020).

Field surveys and experiments with burying
beetles

Our field study consisted of three major parts: (1) field
surveys for beetle distribution and population density
covering the entire elevational gradients; (2) field breed-
ing experiments accessing the in situ reproductive success
of burying beetles; and (3) manipulative field experi-
ments examining the effect of beetle group size on their
reproductive success. We conducted both types of breed-
ing experiments within the elevational range of the

beetles observed in the density surveys. However, to
understand the dynamics across range boundaries, we
also conducted these experiments at sites slightly below
the lower range boundaries. Some of the data from these
surveys and experiments, conducted as part of our
long-term burying beetle research project, have already
been published (see later sections for specific references).
In addition, we also integrated new information extracted
from experimental videos and georeferenced databases to
address the research question presented in this study.

Beetle population densities

We surveyed the population densities of burying beetles
by setting up hanging pitfall traps (n = 372; Appendix S1:
Table S2) at 71 sites, each sampled 1-16 times
(median = 4; Appendix S1: Figure Sla), along the two
elevational gradients: 124-3209 m asl on the eastern
slope (n = 224 at 43 sites), and 500-3275 m asl on the
western slope (n = 148 at 28 sites), with elevation inter-
vals c.a. 100 m (median = 75 m). The surveys on the
western slope descended to a minimum elevation of
500 m asl, as the terrain beneath this threshold levels out
and gives way to urban areas with prevalent human
activities. However, this survey range has sufficiently
encompassed the lower elevational range boundary of
the beetles. We conducted these surveys from June to
September 2014 to 2015. The dataset was also analyzed in
Chan et al. (2019) and Liu et al. (2020) previously for
other research purposes. The hanging pitfall trap consists
of a plastic bottle containing 100 g of rotten pork bait, a
landing platform for beetles, and a roof to prevent rainfall
(Chan et al., 2019; Liu et al., 2020; Tsai, Rubenstein, Fan,
et al.,, 2020). We hung each trap in a tree at 1-1.5m
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above the ground, retrieved it after four nights, and cal-
culated the number of burying beetles as our measure of
population density.

Beetle reproductive success

We conducted breeding experiments to test the breeding
performance of the beetles in pristine forests (n = 392;
Appendix S1: Table S2) at 53 sites, each sampled 1-25
times (median = 6; Appendix S1: Figure S1b), along the
two elevational gradients: 1166-2903 m asl on the west-
ern slope (n = 176 at 23 sites) and 1173-2838 m asl on
the eastern slope (n =216 at 30 sites), with elevation
intervals c.a. 100 m (median = 61 m). We conducted
these experiments from June to September 2012 to 2015.
Samples collected between June and September
2013-2015 (n =299) were gathered in a prior study
(Chan et al., 2019) and were also analyzed in Liu et al.
(2020) and Tsai, Rubenstein, Chen, et al. (2020).
However, for the purposes of this study, we took addi-
tional measurements from the video recordings and con-
sidered additional environmental variables measured in
the field. Each experimental set-up consisted of a plastic
pot filled with soil, covered by a 2 X 2 cm wire mesh cage
to exclude mammalian scavengers (Chan et al., 2019; Liu
et al., 2020; Tsai, Rubenstein, Chen, et al., 2020). We pro-
vided a 75 g carcass of a domesticated feeder rat as bait
(i.e., breeding resource) in the soil-filled pot. Such a
design allows burying beetles and blowflies in the envi-
ronment to freely access the carcass and reproduce. We
visited each trial daily until the carcass was buried by the
beetles, decomposed by microbial activity, or consumed
by blowfly maggots and other insects (Chan et al., 2019).
Once the carcass was buried by the beetles, we visited the
trial after a further 14 days to determine the beetles’
breeding success (i.e., the presence of third-instar larvae).

We also monitored each experiment with a surveil-
lance camera and a digital video recorder (DVR). We set
the camera on the wire mesh with the lens pointing down
and the field of view covering the entire soil surface inside
the pot to record burying beetle activity around and on the
surface of the carcass. We identified the burying beetles’
arrival day (i.e., the day of the first arrival) and group size
(i.e., the average number of beetles at 22:00, 01:00, and
04:00 on the first night that the beetles appeared on the
carcass; Liu et al., 2020). To estimate the potential inten-
sity of competition from blowflies, we also quantified the
abundance of blowflies on the carcasses (i.e., the average
number of blowflies counted per 2h on the first day;
Chan et al., 2019; Chen et al., 2020) from the videos.

To test the influence of beetle population density on
breeding performance, we also surveyed the population
density at each site before and after each breeding experi-
ment was carried out in 2014 and 2015 (n = 323). We

estimated the population density at the beginning of each
breeding experiment through linear interpolation by the
time between the densities observed before and after
the experiment. To prevent mutual interference, successive
surveys and experiments in the same location were tempo-
rally separated with a minimum of a 4-day interval.

Manipulative experiments for population density

As higher population densities potentially enable beetles
to form larger breeding groups, we tested whether increas-
ing the group size through manipulation in the field can
promote reproductive success in the human-altered land-
scape, specifically at low elevations on the western slope.
We conducted these experiments from June to September
2012 to 2015. We carried out the experiments in pristine
forests (n = 333; high-density treatment: n = 164; low-
density treatment: n = 169; Appendix S1: Table S2) at
44 sites, each sampled 1-11 times (median = 4;
Appendix S1: Figure Slc), along the two elevational gradi-
ents: 1164-3000 m asl on the western slope (n = 215 from
28 sites) and 900-3100 m asl on the eastern slope (n = 118
from 16 sites). Samples collected in 2012 and 2013
(n = 105) were previously analyzed in Liu et al. (2020)
and Sun et al. (2014). Additionally, the data collected in
2014 and 2015 (n = 228) were also analyzed in Tsai,
Rubenstein, Chen, et al. (2020). Our experimental appara-
tus comprized an inner plastic container (21 X 13 X 13 cm,
containing 10 cm depth of soil) placed within an outer
plastic container (41 X 31 X 21.5 cm container, containing
11 cm depth of soil) (Appendix S1: Figure S2). We pro-
vided several entrances on the side wall of the inner con-
tainer, which allow beetles to freely move between the two
containers. The cap of the box was lifted 10 cm above the
upper edge of the box to create entrances for blowflies.
However, these entrances were also covered by iron mesh
(2x 2cm cell sizes) to exclude mammalian scavengers.
We set up extended eaves around the edge of the cap of
the outer container to prevent wild beetles from flying into
the container. We also smeared Vaseline on the extended
eaves and the side wall of the outer container to prevent
wild beetles from climbing into the container. This appara-
tus allows us to manipulate group size in the container by
releasing a specific number of beetles into the container,
without being interfered with by wild beetles. Finally, we
also mounted a camera on the cap of the box, with the
lens pointing downwards and the field of view covering
the entire surface of the soil inside the inner plastic con-
tainer, to record the activity of burying beetles and blow-
flies around and on the surface of the carcass.

For each set of the paired high- and low-density treat-
ments, we set up two apparatuses as described above,
each containing a 75 g carcass of a domesticated feeder
rat for the beetles. We then released beetles into the
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containers. One contained one male and one female
(i.e., the low-density treatment), and the other contained
three males and three females (i.e., the high-density treat-
ment). We captured the beetles for each set of the paired
trials from nearby sites using the same pitfall traps as for
our density surveys. However, at low elevations on the
western slope, where there were no beetle populations,
we used beetles captured from the lowest elevation where
beetles occurred. We marked all of the beetles on the ely-
tron, the modified, hardened forewing that forms a protec-
tive cover over the hindwings, with a marker pen to ensure
that we could identify any invading free-ranging
(i.e., unmarked) beetles in the videos. To mimic arrival pat-
terns at different elevations, we released the beetles into
the experimental apparatus 1, 2, and 3 days after the begin-
ning of each trial (i.e., placement of the rat carcass) at ele-
vations of 1700-2000 m (low), 2000-2400 m (intermediate)
and 2400-2800 m (high), respectively (Liu et al., 2020; Sun
et al., 2014; Tsai, Rubenstein, Chen, et al., 2020). We also
visited each trial daily, following the same protocols as the
natural breeding experiments described above.

Forest cover

We obtained forest cover data from published global for-
est cover maps with a spatial resolution of 30 m (Hansen
et al., 2013). We created a buffer of 1000 m radius around
each sampling point (for both surveys and experiments;
n = 71) and calculated the mean forest cover within the
buffer.

Environmental temperature monitoring

To assess the impact of temperature on beetle density
and reproductive success, we measured ambient tempera-
ture every 30 min during each survey and experimental
trial. We used an iButton data logger (Maxim Integrated
Products, Sunnyvale, CA, USA), positioned at a height of
1.25-1.5 m, which is the recommended level for weather
stations to measure surface air temperatures (Jarraud,
2008), adjacent to the experimental setup. To avoid direct
exposure to sunlight in the field, we shielded the loggers
with PVC pipe (Jang et al.,, 2022). We determined the
mean daily temperature by averaging the temperatures
recorded during each survey period (4 full days each),
natural experiment (ranging from 1 to 16 full days,
depending on the length of the experiment), and manipu-
lative experiment (ranging from 2 to 7 full days,
depending on the length of the experiment).

To further investigate the effects of forest cover and
elevation on mean daily temperature, we selected

multiple study sites at different slopes and elevations dur-
ing the 2014 and 2015 field seasons and recorded temper-
atures throughout the season. In 2014, we selected
24 sites (13 on the eastern slope and 11 on the western
slope) and recorded daily temperatures from June to
September; in 2015, we selected 32 sites (16 on the east-
ern slope and 16 on the western slope) and recorded tem-
peratures from July to September. A total of 37 sites were
sampled over the two years (19 on the eastern slope and
18 on the western slope), with 19 sites providing data for
both years (10 on the eastern slope and 9 on the western
slope). Sampling elevations ranged from 1033 to 3209 m
asl on the eastern slope and from 1018 to 3096 m asl on
the western slope. Following the same protocol described
previously, we installed temperature loggers in each
study site and recorded daily temperatures within the
time periods (Appendix S1: Figure S3). We then calcu-
lated the mean daily temperature for each day and site to
prepare for further analysis.

Data analysis

We conducted two complementary analytical approaches
to analyze the relationships among variables. Initially,
we applied regression-based analyses, including linear
models (LM), linear mixed models (LMM), and general-
ized linear mixed models (GLMM), to analyze individual
relationships. Subsequently, we utilized piecewise
structural equation modeling (pSEM) (Lefcheck, 2016;
Shipley, 2009) to construct and analyze the overall causal
framework. This sequential approach allowed us to first
determine the significance and strength of pairwise asso-
ciations before integrating them into a comprehensive
model of the system’s dynamics.

First, we applied various regression-based analyses to
account for different data structures. We utilized an LM
to assess the impact of elevation on forest cover across
different slopes. In addition, we used LMMs to assess
how elevation and forest cover influence ambient tem-
perature along the two gradients. We also used negative
binomial GLMMs to examine the effects of elevation,
temperature, and forest cover on burying beetle popula-
tion densities. Furthermore, we implemented binomial
GLMMs to determine the influence of population density,
environmental factors (in the natural breeding experi-
ments), and experimental treatments (in the manipula-
tive experiments) on beetle breeding success. Finally, we
also used LMMs to analyze how beetle population den-
sity influence group size and arrival day at carcasses. To
meet the normality assumption, we utilized a square root
function to transform forest cover, beetle group size, and
beetle arrival day in the L(M)Ms. We carried out the LM
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using the R package Stats (R Core Team, 2022), and the
LMMs and GLMMs using the R package Ime4 (Bates
et al., 2015).

For all the models, we included the main effects of all
independent variables of interest simultaneously.
However, for complex models involving interactions or
quadratic terms of independent variables (e.g., elevation
and temperature), we started with a full model and then
sequentially eliminated non-significant (p > 0.05) qua-
dratic terms and interactions to arrive at a parsimonious
model. We used a dummy variable called “Region” to
compare the slopes of the west (coded as 1) and east
(coded as 0). To account for temporal variation, we
included Julian date (defined as the continuous day
count starting from January 1 as day 0) as a covariate in
all LMMs and GLMMs. We included “sampling site” as a
random factor in LMMs and GLMMs to account for
repeated sampling at sites. For manipulative breeding
experiments conducted in matched pairs, we nested a dis-
tinct serial number within the sampling site as a random
effect to represent the paired design (coded as 1|sampling
site/serial number, in the language of the R package
Ime4). To account for potential among-year variation, we
also considered year as a crossed random factor.
However, we considered year as a fixed factor for the
models involving beetle population densities, which were
collected from only two years. In all of the above models,
we standardized non-categorical independent variables
(i.e., elevation, temperature, forest cover, population den-
sity, beetle group size, blowfly abundance, Julian date,
and year when considered in the fixed effect) to facilitate
model convergence. We determined statistical signifi-
cance using type II and type III sums of squares for
non-interactive and interactive models, respectively, with
the R package car (Fox & Weisberg, 2011). We calculated
the R? for the LM using the R package Stats (R Core
Team, 2022), and the marginal and conditional R* (R,
and R for the LMMs and GLMMs via the method
described by Nakagawa & Schielzeth (Nakagawa &
Schielzeth, 2013) using the R package MuMIn
(Barton, 2020). We also informed the relative quality of
the models by calculating the corrected Akaike informa-
tion criterion (AIC.) using the R package MuMIn
(Barton, 2020).

In addition, we conducted pSEM to examine the
potential causal relations among variables. The analysis
compiles the above regression-based analyses through
three major steps: (1) creating a hypothetical causal frame-
work; (2) testing the goodness-of-fit of the hypothetical
framework by d-sep tests (Shipley, 2009); and (3) testing
the relationships among variables under the hypothetical
framework (Lefcheck, 2016; Shipley, 2009). We also
included the effect of blowfly abundance (log-transformed

to meet the normality assumption) which potentially mod-
ulates cooperation and reproductive success of beetles in
the analysis. Furthermore, we also controlled for the
influences of year and Julian date for the potential causal
relations. For the parts of the pSEM involving beetle pop-
ulation density as a dependent variable, we also used
log-transformed density and an LMM, instead of a nega-
tive binomial GLMM, to perform the analysis in order to
obtain standardized coefficients for the potential causal
relationships. We applied the same link function settings
to all other parts of the pSEM as were used in the
regression-based analyses. For any relationship involving
a binary response (i.e., breeding success), the standard-
ized coefficient was estimated manually following the
approach proposed by Menard (Menard, 2004).

Sample sizes varied among analyses for reasons such
as missing data due to lack of temperature monitoring,
corresponding population density surveys, or lack of
video recording in some experiments, as detailed in
Appendix S1: Table S2. We used pairwise deletion for the
LMM and GLMM models, excluding only samples with
missing values for variables within each specific model.
This approach aimed to maximize the sample size avail-
able for each analysis. However, to ensure uniformity
across all components of the pSEM analysis—particularly
regarding sample size—we applied listwise deletion,
excluding all samples with any missing values. By com-
paring the outcomes of these two approaches, we can also
evaluate the robustness of our statistical findings. We car-
ried out all the above analyses using R version 4.2.1
(R Core Team, 2022).

Research permits

Permits for the field study were issued by Taiwan’s
Forestry Bureau (1014107656, 1024103748, 1034102881,
and 1044105071 by Nantou Forest District Office;
1018106554, 1028101879, and 1038102225 by Hualien
Forest District Office; 1013106573, 1023240523,
1033102695, and 1043103919 by Tungshih Forest District
Office), and Taroko National Parks (201207310237,
201304120275, 201404090315, 201506020389) from 2012
to 2015.

RESULTS

IBM to simulate the impact of land-use
change on realized thermal niches

Our IBM found that land-use change remarkably reduced
the occupancy rate and population densities in the
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populations. (a) A pair of example landscapes (with different habitat availability) for the simulations, with a set of simulated results at the
temperature of 20°C. Simulation results for patch occupation rate (b), population density (c), and probability of breeding successfully

(d) along the temperature gradient in continuous and fragmented habitats in social species. Simulation results for patch occupation rate (e),
population density (f), and probability of breeding successfully (g) along the temperature gradient in continuous and fragmented habitats in
nonsocial species. In (a), each grid represents a habitat patch. In (b)—(g), points and error bars represent means and SDs obtained from

200 simulation runs.

remaining forest patches (Figure 3). Taking social organ-
isms at 20°C as an example, a 30% loss of forest habitat
led to a decrease in habitat occupancy from 97.5% to
32.0%, and population density dropped from 4.1 to 0.5
individuals (Figure 3a). In contrast, nonsocial organisms
faced direct extinction from an initial 41.5% habitat
occupancy and 0.6 individuals in population density
(Figure 3a). Integrating simulation results across various
temperatures, we found that the optimal temperature for
social species in an intact landscape (forest habitat
availability = 100%) was 18°C, with an upper tempera-
ture limit of 20.8°C. In a human-altered landscape (forest
habitat availability = 70%), the optimal temperature was
18.2°C, with an upper limit of 20.2°C, indicating a ther-
mal niche contraction. This was determined based on the
number of occupied patches (Figure 3b), population den-
sity (Figure 3c), and the breeding performance of social
species (Figure 3d). We also found that social species had
larger cooperative group sizes in an intact forest land-
scape (Appendix S1: Figure S4). This phenomenon
resulted in increased reproductive success due to higher
population densities in intact forest compared with
human-altered landscapes (see Appendix S1: Figure S5).
For nonsocial species, the optimal temperature in both

intact and human-altered landscapes was below 17°C.
However, the upper temperature limit was 20.2°C in
intact forest and 19.4°C in human-altered landscapes,
also suggesting a thermal niche contraction
(Figure 3e-g).

Field study to examine the effect of
land-use change on the population density,
elevational range, and realized thermal
niche of burying beetles

Forest cover and environmental temperature

Forest cover was significantly lower below 2500 m on the
western slope compared with the eastern slope (LM;
interaction Region X Elevation, Region x Elevation?,
and main effect of Region, all p <0.001, n=72;
Appendix S1: Figure S6a, Table S3). Additionally, our
analysis indicated that the mean daily temperature pri-
marily decreased with increasing elevation, displaying a
nearly consistent trend on both slopes (LMM; interaction
Region X Elevation, p = 0.09; main effect of Region,
p = 0.29, n = 4849; Appendix S1: Figure S6b, Table S4).
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Notably, while a decrease in forest cover slightly intensi-
fied the elevational gradient of mean daily temperatures
under the canopy (LMM; interaction Forest
cover X Elevation, p = 0.02; main effect of Forest cover,
p = 0.88, n = 4849; Appendix S1: Table S5a), the effect
size of interaction between forest cover and elevation was
small and did not contribute to either the R,,*> or R.Z
(Appendix S1: Table S5a,b), suggesting that forest cover
had little influence on mean daily temperature.

Beetle population densities

To test the key predictions of the Habitat Loss-Allee
Effect and Fixed Niche Breadth hypotheses, we compared
the distribution and reproduction of N. nepalensis along
the two elevational gradients. First, we investigated the
difference in burying beetle population densities between
the two slopes. At lower elevations, we noted signifi-
cantly lower beetle densities on the western slope
(GLMM; interaction Elevation X Region, p = 0.03,
n = 372; Elevation equal to or below mean: Region,
p < 0.001, n = 192; Appendix S1: Figure S7, Table S6a,b),
which has undergone more extensive land-use change
than the eastern slope. Conversely, at higher elevations
with cooler temperatures, beetle densities were compara-
ble between slopes (GLMM; Elevation above mean:
Region, p =0.16, n =180; Appendix S1: Figure S7,
Table S6c). Subsequently, the population densities
between slopes also responded differently to temperature,
with significantly lower densities on the western slope
compared with the eastern slope at warmer temperatures
(GLMM,; interaction Temperature X Region, p = 0.09,
n = 372; Temperature above mean: Region, p = 0.01,
n = 187; Figure 4a; Appendix S1: Table S7).

We also tested whether the loss of forest cover is
responsible for the lower beetle population density at
lower elevations on the western slope. In regions with
greater forest cover, we documented higher beetle densi-
ties (GLMM; Forest cover, p < 0.001, n = 372; Figure 4b;
Appendix S1: Table S8a). However, the lower forest cover
primarily contributed to the decreased population density
at lower elevation (GLMM; interaction Elevation X
Forest cover, p = 0.001, n = 372; Elevation equal to or
below mean: GLMM; Forest cover, p < 0.001, n = 192;
Appendix S1: Table S8a,b), but not at higher elevation
(Elevation above mean: GLMM; Forest cover, p = 0.74,
n = 180; Appendix S1: Table S8c). Notably, by statisti-
cally controlling for elevation, the effect of forest cover
on beetle densities was similar on both the eastern and
western slopes (GLMM; interaction Forest
cover X Region, p =0.68; Appendix S1: Table S9).
Furthermore, by statistically accounting for the effect of

forest cover, we found that the difference in beetle densi-
ties between slopes became non-significant (GLMM;
interaction Elevation X Region, p = 0.89; main effect
Region, p =043, n =372; Appendix S1: Table S9),
suggesting that the variation in beetle population densi-
ties between slopes is primarily driven by forest cover.

We also compared the realized thermal niche of bury-
ing beetles, in terms of their distribution, on the two
slopes with different degrees of land-use change. We
found that the lower boundary of beetles on the western
slope (1531 m, 20.0°C) was much higher than that on the
eastern slope (1219 m, 22.8°C; Figure 4c). However,
the upper boundary of the burying beetle distribution
was similar on the two slopes (western: 2802 m, 12.5°C;
eastern: 2873 m, 11.8°C; Figure 4c).

Beetle reproductive success

We conducted a set of field breeding experiments along
the two elevational gradients to investigate how differ-
ences in population density caused by land-use change
affect the reproductive thermal niche of burying beetles.
We found that the higher beetle population density
driven by a greater percentage of forest cover further
improved beetle breeding performance at different tem-
peratures (i.e., reproductive thermal niche). Thus, the
reproductive success of burying beetles increased with
increasing population density (GLMM; Population den-
sity, p=0.01, n=322; Figure 5a; Appendix SI:
Table S10). In other words, high-density burying beetle
populations had a higher probability of breeding success-
fully than low-density populations at the same tempera-
ture (Figure 5b; Appendix S1: Table S10). We further
analyzed the behavioral mechanism of how population
density affects the reproductive success of burying beetles
and found that higher population densities resulted in
larger cooperative groups than populations with lower
densities at low elevations with higher temperatures
(GLMM; interaction Population density X Temperature,
p = 0.001; main effect of Population density, p < 0.001,
n = 199; Figure 5c¢; Appendix S1: Table S11). In addition,
higher beetle population densities also resulted in earlier
carcass discoveries by the beetles (GLMM; interaction
Population density X Temperature, p = 0.07; main effect
of Population density, p < 0.001, n = 210; Figure 5d;
Appendix S1: Table S12).

Finally, the pSEM analysis revealed the causal links
between reduced forest cover and the reproductive success
of burying beetles (Figure 5e, Appendix S1: Table S13). We
identified four drivers of reduction in beetles’ reproductive
success: increased temperatures (pSEM; Temperature,
p <0.001, Appendix S1: Table S13), higher blowfly
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Population densities and elevational range boundaries of burying beetles. (a) The relationship between temperature and
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abundances (pSEM; Blowfly abundance, p < 0.01,
Appendix S1: Table S13), reduced beetle group sizes
(pSEM; Beetle group size, p <0.01, Appendix SI:
Table S13), and prolonged periods to discover carcasses
(pSEM; Beetle arrival day, p <0.001, Appendix SI:
Table S13). Of these, only the latter two were conse-
quences of reduced population densities (pSEM; both
p < 0.001, Appendix S1: Table S13).

Manipulative experiments for population
density

We experimentally manipulated burying beetle group
sizes to simulate the effect of changing beetle population
densities to determine if population density impacts the
beetles’ reproductive thermal niche. We found that
the probability of breeding successfully for larger groups
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arrival day of beetles, representing the day the beetles arrived at the carcass, at high and low densities. (e) Piecewise structural equation

modeling (pSEM) for factors affecting breeding success of beetles. In (b)-(d), we considered a cutoff between high and low density at

11 individuals (the rounded mean value of all samples) for a better illustration of the results. All trends and 95% CIs (shaded areas) are

estimated from generalized linear mixed models. In (a), (b), and (d), points are jittered along the vertical axes to avoid overplotting and

improve readability. In (e), relationships of interest are highlighted with arrows in black (positive) and dark red (negative), whereas other

potential relationships are shown with semitransparent arrows. Unidirectional arrows represent causal relationships, and bidirectional

arrows represent correlational relationships. Numbers next to the arrows represent standardized coefficients. Arrows with solid lines are

significant (p < 0.05), but those with dashed lines are not. The thickness of lines is proportional to the associated standardized coefficients.

The influences of year and Julian date were statistically controlled in all causal relationships and were not shown in the figure. See

Appendix S1: Table S9 for the summary of the pSEM.

(simulating group size at high population density) peaked
at lower elevations (western: 2244 m; eastern: 2247 m;
Figure 6a) and higher temperatures (western: 15.74°C;
eastern: 15.24°C; Figure 6b,c), whereas the probability of
breeding successfully for smaller groups (simulating
group size at low population density) peaked at higher ele-
vations (western: 2757 m; eastern: 2628 m; Figure 6a) and
lower temperatures (western: 14.34°C; eastern: 13.64°C;
Figure 6b,c). We also found that on both slopes, larger
groups had higher reproductive success at low elevations
(GLMV,; interaction Elevation X Region X Treatment in
the full model, p = 0.37; interaction Elevation X Treatment
in the best model, p < 0.01, n = 333; Elevation equal to or
below mean: Treatment, p < 0.001, n = 185; Figure 6a;
Appendix S1: Table S14) and high temperatures (GLMM,;
interaction Temperature X Region X Treatment in the full
model, p = 0.99; interaction Temperature X Treatment in

the best model, p < 0.01, n = 333; Temperature equal to or
above mean: Treatment, p = 0.02, n = 180; Figure 6b,c;
Appendix S1: Table S15).

DISCUSSION

Climate and land-use change drive the
Allee effect and thermal niche contraction

Our combined theoretical and empirical results provide
compelling evidence that land-use change significantly
reshapes species’ realized thermal niches through com-
plex demographic processes, particularly the Allee effect.
On the western slope of Mt. Hehuan, which has experi-
enced greater land-use change, N. nepalensis exhibited
lower reproductive success in the remnant pristine forest
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success of beetles between treatments (high and low densities) and slopes (western and eastern). (b) The difference in thermal performances
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estimated from GLMM. Vertical dashed lines indicate optimal temperatures, and points were jittered along the vertical axes to avoid
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compared with the eastern slope with intact forest, even
at identical temperatures. Extensive exploitation of the
western slope has driven a reduction in burying beetle
population densities, leading to a contraction of the real-
ized thermal niche. Consequently, the lower elevation
limit of N. nepalensis has shifted approximately 300 m
upward relative to the undisturbed eastern slope. In the
context of land-use change, previous studies have primar-
ily focused on comparing thermal tolerances between
species in human-altered and natural habitats, often

assuming fixed, species-specific niches (Barnagaud
et al.,, 2013; Frishkoff et al., 2015, 2019; Nowakowski
et al, 2018; Piano et al, 2017; Willilams &
Newbold, 2020). Recent work has also identified varia-
tions in fundamental thermal niches due to local adapta-
tions in urban environments, such as in Puerto Rican
crested anoles (Campbell-Staton et al., 2020) and
leaf-cutter ants (Angilletta et al.,, 2007). Furthermore,
accumulating evidence suggests that realized thermal
niches are dynamic and influenced by interspecific
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interactions (Davis et al., 1998; Luhring & DeLong, 2016;
Tsai, Rubenstein, Chen, et al., 2020). However, our study
uniquely demonstrates how the Allee effect driven by
land-use change, particularly in the context of coopera-
tive group formation, influences a species’ realized ther-
mal niche. Taken together, our results support the
Habitat Loss-Allee Effect hypothesis and reject the Fixed
Niche Breadth hypothesis, highlighting the critical need
to incorporate demographic effects when predicting spe-
cies responses to climate and land-use change.

IBM predicts thermal niche contraction
due to Allee effect

Our IBM demonstrates that land-use change contracts a
species’ realized thermal niche through the Allee effect.
Despite a growing body of theoretical work on the impact
of the Allee effect on ecological niches (Holt, 2009; Koffel
et al., 2021), its specific role in shaping thermal niches has
been overlooked. Previous models on the climate-driven
Allee effect only incorporate temperature-dependent
parameters such as growth rate, carrying capacity, attack
rate, and handling time (Berec, 2019), life-history traits
(Wittmann et al., 2011), and sex ratio (Berec et al., 2001),
without considering the interactions between climate and
land-use change. Our IBM addresses this gap by integrat-
ing frameworks from studies on environmental variation
and cooperation (Chen et al., 2022; Lin et al., 2023), along
with temperature-dependent parameters. The modeling
results also extend recent theoretical findings that
warming-induced resource reductions can reshape con-
sumers’ TPCs (Vinton & Vasseur, 2022), further demon-
strating the joint effects of climate and land-use change
leading to a contraction of the realized thermal niche.
Notably, our model of the social species demonstrated
the loss of merely 30% of forest habitat at the relatively
high temperature of 20°C resulted in a significant reduc-
tion in their elevational distribution and population den-
sity, as well as a substantial decrease in reproductive
success (Figure 3a). This suggests that the impact of
minor land-use changes will become substantial as tem-
peratures rise. Such positive feedback mechanisms may
further lead to extinction vortices (Fagan & Holmes,
2006; Soule, 1986), exacerbating species’ vulnerability to
global climate change. Interestingly, our IBM also
showed a thermal niche contraction in nonsocial species.
This suggests that land-use change can induce Allee
effects in nonsocial species simply by reducing habitat
and resource accessibility, such as that plants in lower
population densities may experience reduced reproduc-
tive success due to their inability to attract sufficient pol-
linators (Groom, 1998). Overall, our modeling results

highlight the complex interactions between climate and
land-use change in shaping thermal niche dynamics,
which further amplify climate impacts on species.

Behavioral modulation of Allee effect in
burying beetles

In line with the IBM predictions, our field study shows
that land-use change significantly affects N. nepalensis,
leading to lower population densities and a contraction
of its realized thermal niche. Further investigations have
revealed the behavioral mechanisms underlying the
suboptimal performance of N. nepalensis in warmer envi-
ronments at low population densities. These include
challenges in more quickly locating carcasses and
forming larger cooperative groups, aligning with our IBM
predictions that land-use change affects thermal niches
through both resource accessibility and social behavior.
While quickly locating carcasses helps to begin carcass
processing earlier (Chan et al., 2019), forming large coop-
erative groups is critical for effectively removing maggots
and burying carcasses (Chen et al., 2020; Liu et al., 2020;
Sun et al., 2014; Tsai, Rubenstein, Chen, et al., 2020),
both of which allow N. nepalensis to outcompete blow-
flies. These results bridge a critical knowledge gap,
revealing that land-use change impacts thermal niches by
affecting both thermal physiology and behaviors critical
for reproduction. Consequently, our findings underscore
the need to integrate physiological and behavioral
approaches when predicting species’ resilience to climate
and land-use change.

Incorporating behavioral and demographic
effects in addressing land-use and climate
impacts on species resilience

In conclusion, our integrated approach combining theo-
retical modeling and field studies shows that land-use
change can significantly reduce the breadth of realized
thermal niches of species through complex mechanisms.
These include reduced population densities and altered
behaviors critical to reproduction, such as social interac-
tions and resource location efficiency. Our results show
that these effects are particularly pronounced in social
species, although nonsocial species are also affected.
These findings underscore the complex interactions
between climate and land-use change, which may further
exacerbate climate impacts by affecting species’ popula-
tion processes. To accurately assess species’ vulnerability
to these combined stressors, we propose a comprehensive
framework that incorporates population dynamics,

85UB017 SUOLUIOD 8A1TE.1D) 9(cedt|dde Uy Aq peuenob ae sejoie YO 8sn JO Sa|nJ 10} AIq1T aUIjUQ 4|1 UO (SUONIPUCO-PUE-SWBIALIOY A8 | AReq 1 pul|uo//:Sdiy) SUOHIPUOD pue SWLB | 8U1 89S *[6202/T0/T] Uo ARIgITauljuo AB|IM 'Ssousis YiesH AISIBAIUN ©IquwIn|oD AQ 8E9T WOS/Z00T 0T/I0p/uod"A8|im Ake.d 1 jpul|uo's feuinofess//sdny woly pepeojumoq ‘T 'S20z 'STOLLSST



16 of 18 |

demographic processes, and species-specific behaviors.
This framework should assess: (1) how habitat affects pop-
ulation density; (2) how population density affects species
fitness under different environmental conditions; and (3)
whether and how conservation efforts can maintain popu-
lation functioning under unfavorable climatic conditions.
Practical measures should include the maintenance of
abundant and well-connected habitats to support high
population densities and improve accessibility to habitats
and resources. For species with limited dispersal abilities,
demographic restoration through artificial translocation
(DeFilippo et al., 2022) can also promote resilience.
Ultimately, integrating an understanding of species-
specific behaviors and their population-level consequences
with habitat conservation and the development of climate
resilience measures is essential for conserving biodiversity
in our rapidly changing world.
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