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abstract: Both benign and harsh environments promote the evo-
lution of sociality. This paradox—societies occur in environments
of such contrasting quality—may be explained by the different
types of benefits that individuals receive from grouping: resource
defense benefits that derive from group-defended critical resources
versus collective action benefits that result from social cooperation
among group members. Here, we investigate cooperative behavior
in the burying beetle Nicrophorus nepalensis along an elevational
gradient where environmental quality (climate and competition)
varies with altitude. We show that climate (temperature) and com-
petition (both intra- and interspecific) independently and synergis-
tically influence sociality via different grouping benefits that vary
along the gradient. At low elevations where interspecific competi-
tion for resources is intense, groups gain from the collective action
benefit of increased interspecific competitive ability. In contrast,
pairs have higher fitness at intermediate elevations where intraspe-
cific competition for resources is greatest because resource defense
is the key grouping benefit. However, groups and pairs have similar
fitness at high elevations, suggesting that there is no grouping ben-
efit in such physiologically challenging environments. Our results
demonstrate that sociality is favored for different reasons under a
range of environmental conditions, perhaps explaining why animal
societies occur in environments of such contrasting quality.
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Introduction

A range of ecological (e.g., habitat, food, or nest site avail-
ability) and environmental factors (e.g., climatic varia-
tion) have been shown to influence the evolution of soci-
ality ( Jetz and Rubenstein 2011; Purcell 2011; Kocher
et al. 2014; Guevara and Avilés 2015; Sheehan et al. 2015;
Lukas and Clutton-Brock 2017; Lin et al. 2019). In gen-
eral, constrained resources or limited breeding territories
can lead to delayed dispersal and promote social living
through the retention of offspring, a scenario referred to
as habitat saturation or ecological constraints (Emlen 1982;
Kokko and Ekman 2002). Yet both harsh, fluctuating envi-
ronments, where resources are more variable and often
limiting (Jeanne 1991; Kaspari and Vargo 1995; Jetz and
Rubenstein 2011), as well as benign, stable environments,
where resources are more constant (Soucy and Danforth
2002; Avilés et al. 2007; Gonzalez et al. 2013), have been
found to promote the evolution of complex societies (Em-
len 1982). This dichotomy has been referred to as the par-
adox of environmental quality and sociality (Shen et al.
2017).
To understand why sociality has evolved in environ-

ments of such contrasting quality, we must examine both
the direct and the indirect benefits of grouping, something
that requires considering the inclusive fitness benefits of
not only current group members like parents (termed in-
siders) but also potential joiners like offspring (termed out-
siders), individuals whose interests are rarely aligned (Gi-
raldeau and Caraco 1993; Higashi and Yamamura 1993;
Shen et al. 2017). According to insider-outsider conflict
theory, social groups should be stable only when group
productivity is greater than the sum of the expected direct
fitnesses of each group member if they were to breed on
their own (Giraldeau andCaraco 1993; Higashi and Yama-
mura 1993; Shen et al. 2017). Accordingly, outsiders should
prefer to join a social group even when doing so lowers the
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Ecological Transitions in Grouping Benefits 819
per capita productivity of the group because an outsider’s
chance of obtaining the necessary resources to breed soli-
tarily is low (e.g., under strong ecological constraints; Em-
len 1982; Koenig et al. 1992). In other words, when the
chances of obtaining resources necessary for breeding sol-
itarily are low (e.g., because of high population density and
strong intraspecific competition in benign environments),
individuals are likely to either remain at home or join an-
other existing group and jointly defend resources, despite
the fact that their fitness payoff will be lower than when
obtaining their own resources and breeding independently.
This scenario represents a “best of a bad job” strategy be-
cause if resources become available, groups will often dis-
solve because subordinates prefer to breed on their own
(Emlen 1982; Koenig et al. 1992; Komdeur et al. 2013).
In contrast, insidersmay share critical resources with other
conspecifics and permit outsiders to join because of either
(1) the high costs of excluding others from the group (i.e., a
direct benefit) or (2) the benefits of providing mature off-
spring (i.e., an indirect benefit) a safe haven as a base to in-
crease their survival and explore critical breeding resource
outside of their natal territory (Kokko and Ekman 2002).
Insider-outsider conflict theory highlights the impor-

tance of shared resources in the evolution of animal soci-
eties. The sharing and group defense of common resources
against intraspecific competitors—referred to as a resource
defense benefit—facilitates the evolution of grouping of
both related and unrelated individuals, particularly in sta-
ble (i.e., benign) environments where resources are more
constant (Allee 1938; Alexander 1974; Shen et al. 2014,
2017). Additionally, stable environmentsmay enable groups
to persist for longer so that solitary pairs can produce off-
spring as workers to form social groups in subsequent
breeding events (Field et al. 2010; Kocher et al. 2014). In
contrast to these resource defense benefits that may be
higher in benign environments, both related and unrelated
animals in fluctuating (i.e., harsh) environments can de-
rive a variety of collective action benefits from grouping
and jointly working to enhance fitness (Shen et al. 2017)
by increasing foraging (Yip et al. 2008) or nesting efficiency
(Wcislo 1997; Michener 2000), by increasing competitive
ability against interspecific competitors (Korb and Foster
2010), or by reducing predation risk (Lin and Michener
1972; Jeanne 1991). Although collective action benefits
can also be related to resources, a key difference with re-
source defense benefits is that collective action benefits
are more about obtaining resources rather than defending
them from conspecifics.
Resolving the paradox of environmental quality and

sociality and testing the hypothesis that sociality can be
favored in different environments for very different rea-
sons (i.e., because of different grouping benefits) requires
studying a species whose social behavior varies predict-
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All use subject to University of Chicago Press Terms 
ably across an environmental gradient. Burying beetles
(Silphidae, Nicrophorus) are ideal systems for testing the
hypothesis that the benefits derived from living in groups
differ in environments of contrasting quality because many
species exhibit intraspecific variation in social behavior
along environmental gradients (Scott 1998). All burying
beetles use small vertebrate carcasses as the sole food source
for their young, and in a number of species, parents provide
care for young (Pukowski 1933; Trumbo 1992; Scott 1998;
Rozen et al. 2008; Cotter and Kilner 2010; Capodeanu-
Nägler et al. 2016). In extreme cases, a male and a female—
and sometimes multiple individuals of each sex—cooper-
atively participate in carcass preparations (Scott 1998; Sun
et al. 2014). Carcass preparation involves a variety of be-
haviors (e.g., cleaning, depilation, dragging, shaping, and
burial of carcasses, removal ofmaggots, prevention of fungi
or bacteria) that are likely to be important for eliminating
both inter- and intraspecific competitors from utilizing the
food resources (Scott 1998; Rozen et al. 2008; Shukla et al.
2018).
It has long been assumed that cooperative breeding by

multiple male and female burying beetles occurs because
vertebrate carcasses are rare bonanza resources, where
the cost to insiders of excluding conspecific potential join-
ing outsiders from sharing resources is too high (Wilson
1975). This mutual tolerance hypothesis—a type of re-
source defense grouping benefit—predicts that per capita
reproductive output in groups will be consistently lower
than that in pairs (Eggert and Müller 1992, 1997; Robert-
son et al. 1998; Komdeur et al. 2013). Additionally, group-
ing is more likely to occur when beetle densities are high,
and higher-value resources are predicted to attract more
individuals, resulting in larger groups. Empirical studies
have also shown that although breeding success (i.e., total
group productivity) was higher in groups than in solitary
pairs (Sun et al. 2014), per capita productivity in groups
was lower than in pairs (Trumbo 1992, 1995). However,
recent work has shown that carcass sharing in group-
living burying beetles may also make them better able to
compete against natural enemies (e.g., blowflies or other in-
terspecific intruders at carcasses) and achieve higher breed-
ing success (Sun et al. 2014). This common enemy hypoth-
esis—a type of collective action grouping benefit—predicts
that both total and per capita productivity will be higher in
groups than in pairs (Sun et al. 2014). Importantly, these
studies suggest that, in addition to climatic conditions, in-
terspecific competition against blowflies is also a crucial
factor in determining resource availability and thus the
quality of the environment for burying beetles (fig. S1;
figs. S1–S7 are available online).
To test these alternative hypotheses for group forma-

tion (mutual tolerance vs. common enemy) and to deter-
mine how environmental quality—the interacting effects
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of climate and intra- and interspecific competition—in-
fluences the evolution of sociality in the Asian burying
beetle Nicrophorus nepalensis, we performed a series of
observational and experimental studies in the laboratory
and along an ecological gradient in the field where tem-
perature, population density (which influences competi-
tion), and the pressure of interspecific competition with
blowflies vary with elevation (Sun et al. 2014; Chan et al.
2019; figs. 1a, S2). First, we determined how temperature
and interspecific competition influence resource avail-
ability and rates of breeding success. Next, we quantified
the distribution of natural group sizes and the differences
in total and per capita productivity along the elevational
gradient to explore how group size affects burying beetle
reproductive success in environments of varying quality.
Because of the inherent problem that environmental qual-
ity and group size often affect each other (i.e., groups in
high-quality environments orwith higher-quality resources
tend to be larger; Koenig 1981), manipulating group size is
essential for understanding the impact of environmental
quality on grouping benefits. Therefore, we experimentally
manipulated group size along the elevational gradient and
quantified reproductive success (group size manipulation;
fig. 1a). The common enemy hypothesis predicts that per
capita productivity (i.e., number and mass of offspring)
of groups should be higher than that of pairs in low-quality
environments where blowfly competition is most intense
(i.e., at low elevations; Sun et al. 2014; Chan et al. 2019) be-
cause of the collective action benefit of grouping. In con-
trast, the mutual tolerance hypothesis predicts that per
capita productivity of groups will be lower than that of
pairs in high-quality environments where blowfly compe-
tition is low (i.e., at intermediate elevations) because of the
high cost of excluding other beetles from a carcass, a re-
source defense benefit of grouping.
To further examine the relationship between environ-

mental quality and the benefits of grouping experimentally,
we heated mouse carcasses in the field to manipulate blow-
fly competition at the intermediate and high-elevation sites
(heating treatment) where blowfly abundances are nor-
mally low (sensu Sun et al. 2014; fig. 1a). Importantly, pre-
vious work in this system has shown that heating carcasses
increases blowfly abundance and activity and thus in-
creases interspecific competition for access to carcass re-
sources (Sun et al. 2014; Chan et al. 2019). Thus, our ex-
periment allowed us to intensify interspecific competition
pressure between flies and beetles at elevations with rela-
tively low levels of natural interspecific competition with-
out altering other environmental conditions. To ensure
that any observed cooperation was the result of changes
in social behavior and not simply changes in activity asso-
ciated with differences in ambient temperature, we quan-
tified social behavior by dividing the beetles’ investment
This content downloaded from 128.0
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time into time spent (1) simply walking on the carcass
and (2) conducting more complex and presumably more
costly carcass preparation investment behaviors, including
maggot and rotten tissue removal as well as carcass drag-
ging, depilation, and burial. The common enemy hypoth-
esis predicts that per capita productivity of beetle groups
should be higher in groups than in pairs in the experimen-
tal heating treatment, whereas the mutual tolerance hy-
pothesis predicts that per capita productivity should be
lower in groups because heating a carcass reduces its value
due to a faster rate of decomposition.
Finally, we identified the key determinant of breeding

success and productivity at the high-elevation sites where
temperatures are coldest. Given that blowfly competition
is low at high elevations (Sun et al. 2014), it is perhaps
puzzling to see lower productivity of pairs in these sites
than those at intermediate elevations. However, our pre-
vious work suggested that it takes longer for N. nepalensis
to discover carcasses at higher elevations (Sun et al. 2014;
Chan et al. 2019), which appears to be the key mechanism
preventing them from breeding successfully in this envi-
ronment (Chan et al. 2019). Thus, in burying beetles there
is potentially a third explanation—the physiological limit
hypothesis—to explain group formation and cooperative
behavior. To test this physiological limit hypothesis, we
experimentally manipulated the arrival time of N. nepal-
ensis on carcasses by placing a small piece of decomposing
and odor-emitting meat near a carcass (odor treatment)
to facilitate its rapid discovery (fig. 1a). In addition, since
temperature could influence both N. nepalensis’s ener-
getic costs of carcass preparation and the pressure of in-
terspecific competition, we used a factorial design in the
laboratory (fig. S2) to investigate the independent and
synergistic effects of temperature and blowfly competi-
tion on breeding success in solitary pairs of N. nepalensis.
Material and Methods

Study System

This study was conducted in Nantou and Hualien coun-
ties, Taiwan (24750N, 1217100E), along an elevational gra-
dient composed primarily of uncultivated forest (fig. 1b).
We conducted field experiments in four field seasons from
2012 to 2015. The data herein are related to those in a pre-
viously published study from this system (Sun et al. 2014)
that demonstrated by examining and experimentally ma-
nipulating fly activity and abundance in relation to eleva-
tion and temperature that the probability of breeding suc-
cessfully is higher for larger groups at low elevations. In the
current study, we more directly quantify fitness (i.e., the
number and body masses of beetle offspring)—something
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Ecological Transitions in Grouping Benefits 821
not determined in the previous study—at different elevations
and in a carcass heating treatment. We also present new
data to investigate how an odor treatment influences breed-
ing success of Nicrophorus nepalensis at high elevations
(quantified as the probability of breeding successfully, the
This content downloaded from 128.0
All use subject to University of Chicago Press Terms 
arrival time on a carcass, and the total number of offspring
produced). Additionally, a new set of lab experiments was
used to investigate how temperature and interspecific com-
petition independently or synergistically influence breed-
ing success.
Figure 1: Summary of field experiments (a) and sites along the elevational gradient (b). In a, natural group sizes (bottom left) were quan-
tified along the elevational gradient to investigate breeding performance. The odor treatment (top left) was used to test the physiological
limit hypothesis at high elevations. The group size manipulation (bottom right) utilized breeding chambers to create pairs and groups in
order to examine the benefits of grouping along the elevational gradient. The heating treatment (top right) was used to test the common
enemy hypothesis at high elevations. The drawings in this figure are replicated in subsequent figures to indicate where the experiments oc-
curred along the elevational gradient.
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Natural Densities and Breeding Performance

To assess the density ofN. nepalensis in the field, we hung
pitfall traps (n p 404) baited with 100510 g of decom-
posing pork along the elevational gradient (ranging from
1,000 to 3,200 m). The apparatus consisted of a larger
plastic container trap, a disk-shaped plastic landing pad,
and a plastic roof. The baited pork was kept at room tem-
perature for 4 days at the field station (Meifeng, 247502900N,
12171003300E; elevation of 2,100 m and average daily tem-
perature of 167C in July) before deployment to minimize
the potential for differential decomposition rates at differ-
ent elevations. We counted the total number of beetles at
each trap after four nights.
To assess the breeding performance of N. nepalensis in

the field, fresh rat carcasses (7557:5 g) were placed in the
center of soil-filled pots (n p 459) to attract local bee-
tles to breed along the elevational gradient (ranging from
1,100 to 2,900 m). A previous study showed that 75 g is
optimal for offspring production of a pair ofN. nepalensis
(Chan et al. 2019). The experimental pots were protected
from scavengers with cages (30 cm#30 cm#30 cm) con-
structed of 2#2-cm wire mesh that excluded vertebrates
but allowed both blowflies and beetles to access the car-
cass. Thermo data loggers were used to collect tempera-
ture data throughout the experimental period (for details,
see Sun et al. 2014). The minimum daily temperature was
used to represent the ambient thermal environment (sensu
Sun et al. 2014). The natural group size of experimen-
tal pots was determined on the beetle’s first arrival night.
Since naturally arriving beetles were not individually
marked, we counted the maximum number of beetles ob-
served during three observed periods. An average of the
three observedmaximumgroup numbers was used to rep-
resent the natural group size of the experiment. We vali-
dated this method of group size estimation in the lab,
where we could individually mark beetles, and found that
although this method slightly underestimates actual group
sizes, the two estimates are highly correlated (fig. S3). Fi-
nally, on the basis of our previous work (Sun et al. 2014),
we analyzed data from only the breeding elevational range,
defined as the range in which at least one pair or group of
N. nepalensis bred successfully, which was separated into
three equal quantiles for analysis: low (1,600–2,000 m),
intermediate (2,000–2,400 m), and high (2,400–2,800 m)
elevation.
Group Size Manipulation

To create pair and group treatments, we placed either two
(one male and one female; n p 53 groups) or six (three
males and three females; n p 39 groups) locally trapped
beetles—caught at the same elevation at which they were
This content downloaded from 128.0
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released—in breeding chambers. These chambers were
designed to limit access to additional beetles without im-
pacting flight access to the carcasses (for details, see Sun
et al. 2014). On the basis of a pilot study, we released bee-
tles into the experimental chambers on different sched-
ules to mimic arrival patterns at different elevations.
Beetles were released into the chambers on day 2 at low
elevations, on day 3 at intermediate elevations, and on
day 4 at high elevations. After each trial was completed,
the larvae at the third-instar stage were collected and
weighed (50.1 mg) individually using an electronic bal-
ance (Precisa XT 220A). Over the course of the group size
manipulation in the breeding chamber experiment, a few
beetles managed to enter or escape from the chambers,
which caused slight variations in the mean group size:
group size p 2:0350:10 for the pairs (two beetles ini-
tially), and group size p 5:2950:19 for the groups (six
beetles initially) at the 23 sites along the elevational gradi-
ent. Pair and group breeding chambers were allocated in a
pairwise manner such that two breeding chambers were
placed no closer than 30 m apart at each site. Because of
limited space to conduct the breeding chamber experiment
in the mountainous terrain, we reused each site up to four
times annually. However, different rounds of experiments
at the same site were conducted at least 2 weeks apart.
Carcass Heating Treatment

To explore temperature-mediated cooperation in response
to blowfly competition in situ, we manipulated carcass
temperature by continuously heating each treatment car-
cass from below. A total of 24 heated carcass treatments
(nine groups and 15 pairs) were deployed within the high-
elevation range (from 2,039 to 2,814 m). The heating de-
vice was constructed with a series circuit of cement re-
sistors (40 Q) powered by Yuasa lead-acid batteries (6 V,
12 Ah). Heating treatments were paired with a control
chamber (i.e., without a heating device) that was placed
30maway. The heating treatment experiment used the same
experimental apparatus that we used in the group size ma-
nipulation (described above). Although the heated carcass
treatment created elevated soil temperatures (28.7750.717C)
relative to the control chambers at ambient temperatures
(17.475 0.317C), the elevated soil surface temperatures
were within the natural range at our low-elevation sites
(157–287C).
Odor Treatment

We conducted field experiments with odor treatments to
test whether the time it takes beetles to locate a carcass in-
fluences their breeding success at high elevations. The
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odor treatment experiment used the same experimental
apparatus we used for assessing natural group sizes (de-
scribed above). However, we placed an additional plastic
bottle containing 50 g of predecomposed meat that emit-
ted odor near the carcass to facilitate its rapid discovery.
The meat was predecomposed at 167C for 4 days before
the experiment. The mouth of the bottle was covered with
a fine wire mesh screen to prevent beetles from consum-
ing the predecomposed meat. Each odor treatment was
paired with a control treatment (i.e., without predecom-
posed meat), except for those in some small field sites that
did not allow us to simultaneously conduct both treatments
because of space limitations. A total of 25 odor and 25 con-
trol treatments were video recorded to quantify carcass ar-
rival time, which was measured as the duration of time
elapsed from when experiments were initiated until when
a beetle arrived on the carcass. Since the goal of this exper-
iment was to test carcass discovery rates, we excluded trials
inwhich beetles didnot come. Finally, breeding successwas
recorded if there were any offspring produced at the end
of the experiment. We ran the experiment until the car-
casses were fly-bloated or mummified, which took approx-
imately 6 days.
Lab Temperature and Fly Competition Treatment

We conducted a series of lab experiments to more pre-
cisely examine how temperature and fly competition in-
fluence the breeding success of N. nepalensis. We used
three temperature treatments (127, 167, and 207C) to rep-
resent the mean temperatures at low, intermediate, and
high elevations, with a daily fluctuation of 77C (mean tem-
perature53.57C) that approximated the daily tempera-
ture fluctuation in the natural forest at our field sites.
We prepared nursing boxes for burying beetles using 60#
30#30-cm (length#width#height) plastic containers filled
to a 20-cm depth with potting soil. The containers were
placed into large Styrofoam boxes containing soil to help
maintain the soil temperature. A pair ofN. nepalensis, one
male and one female, was released into each nursing box
and provided with a 7557:5-g rat carcass. The entire
apparatus was placed inside a growth chamber (model
GRT-820HI, AC 220V, 7A; Yuh Chuen Chiou Industry)
for temperature manipulation. To test the competitive ef-
fects of blowflies, half of the nursing boxes in each temper-
ature treatment were supplemented with 10 g of maggots
for 4 h before the release of the beetle pairs. Breeding be-
havior was monitored, and breeding success was recorded
if there were any offspring produced at the end of the ex-
periment. Carcass handling time was measured as the du-
ration of time elapsed from when beetles were released un-
til when a carcass was completely buried under the surface
of the soil.
This content downloaded from 128.0
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Behavioral Analyses

In total, 1,020 h of videos were analyzed from 89 replicates
in the control breeding pots. A variety of social behav-
iors—including individual activities, social interactions,
and investment in carcass processing—were recorded in
the first 10 h (1900–0500 hours) after the first beetle ar-
rived on the carcass using the Observer XT 14 (Noldus).
We recorded walking and eating behaviors to quantify any
activity or interactions that were unrelated to social con-
flict or social investment. Behaviors on the carcass on the
first night of arrival were also analyzed hourly because so-
cial investment and conflict can change after initial arrival
as the group forms.
Data Analysis

We analyzed our data using general linear models (GLMs)
and generalized linear mixed models (GLMMs), depend-
ing onwhether the experimental designs involved repeated
sampling. Specifically, GLMs were used without repeated
samplings of study sites, but GLMMs included site identi-
fication as a random factor to account for repeated sam-
pling of study sites. We used different model families for
response variables with different error structures: negative
binomial for natural density and total offspring number
(overdispersed count data), Gaussian for beetle arrival
time at the carcasses, log-transformed natural group size
of beetles (approximately normal data), and binomial for
breeding success or failure (binary data). Since per capita
offspring number (defined as the ratio between total off-
spring number and the number of females) did not fit di-
rectly to any model family, we modeled it by considering
the total number of offspring as a negative binomial re-
sponse with a log link by including the natural log of fe-
male number as an offset term. Independent variables of
interest in the GLMs and GLMMs include elevation, min-
imum daily temperature, and type of experimental treat-
ment. To facilitate model convergence, all continuous
variables were standardized before analysis. Since the in-
fluences of elevation and temperature were not necessar-
ily linear, we first modeled the potential nonlinear (i.e.,
unimodal) effects through including the quadric terms of
these variables at the beginning of model fitting. We then
removed nonsignificant (P ≥ :1) quadric terms in the fi-
nal models. Similarly, we included the interaction terms
of interests, namely, the interactions amongmanipulative
treatments (i.e., heating, odor, group size) and environ-
mental gradients (i.e., elevation, temperature) at the be-
ginning of model fitting.We then removed nonsignificant
interaction terms for the final results. Using the R package
car (Fox and Weisberg 2011), the statistical significance
of models without interaction terms was obtained from
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type II sums of squares, whereas significance for models
with interaction terms was obtained from type III sums
of squares. Post hoc pairwise comparisons (Tukey tests)
for categorical independent variables were conducted us-
ing the R package lsmeans (Lenth 2016). Finally, we con-
ducted nonparametric Wilcoxon rank-sum tests for the
analyses of total and per capita brood mass, since there
was no proper error structure to fit the parametric GLM
or GLMM tests. We averaged the total or per capita brood
mass resulting from different experiments with the same
treatment and at the same sampling sites, and we consid-
ered sites as the sampling unit for the Wilcoxon tests to
solve the problem of repeated sampling and to provide
relatively conservative statistical inferences. All statisti-
cal analyses were conducted in R version 3.2.3 (R Devel-
opment Core Team 2015). The results are presented as
means5SE unless otherwise noted. Data have been de-
posited in the Dryad Digital Repository (https://doi.org
/10.5061/dryad.ncjsxksqt; Liu et al. 2019).
Results

Population Density and Natural Group Size

Natural group sizes initially increased as elevation in-
creased to 2,200 m asl, where temperatures were moder-
ate (∼147C), but then decreased as elevation continued to
increase and temperature declined (fig. 2; table S1; ta-
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bles S1–S10 are available online). Natural group sizewas pos-
itively correlated with population density (GLMM, x2

1 p
27:23, P ! :001), but the relationship varied along the
elevational gradient (figs. 2b, S4). When restricting our analy-
sis to the breeding elevational range, we found that natural
group size was larger at low elevations (1,600–2,000 m)
than at intermediate (2,000–2,400 m) or high (2,400–
2,800 m) elevations when population density was above 10
beetles per trap (GLMM, x2

1 p 5:07, Pp :024, np 104;
fig. 2b).
Elevation, Group Size, and Reproductive Success

As we expected, there was no clear pattern of how natural
group size influenced total and per capita and total pro-
ductivity in terms of offspring number (figs. 3a, 3b, S5a,
S5b; tables S2, S3), presumably because of the confound-
ing effects of resource quality, population density, and
group size, as found in other cooperatively breeding spe-
cies (Koenig 1981). However, our experimental manipu-
lation of group size along the elevational gradient demon-
strated that per capita productivity in pairs and groups
exhibited different trends along the elevational gradient.
Specifically, the per capita number of offspring produced
by pairs varied unimodally with elevation and peaked at
intermediate elevations (fig. 3c; table S4b) and tempera-
tures (fig. 3d; table S5b), whereas in groups it did not vary
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ment illustrated in figure 1a.
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Ecological Transitions in Grouping Benefits 825
with elevation (fig. 3c; table S4c) or temperature (fig. 3d;
table S5c). When we divided the data set into elevational
quantiles, we found that groups produced marginally
greater per capita numbers of offspring than pairs at low
elevations (Tukey pairwise comparison after GLMM,
z p 1:722, n p 26, P p :085; fig. 3c), but pairs produced
greater per capita numbers of offspring than groups at in-
termediate elevations (Tukey pairwise comparison after
GLMM, z p 2:05, n p 35, P p :040; fig. 3c). However,
pairs and groups produced similar per capita numbers
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of offspring at high elevations (Tukey pairwise compari-
son after GLMM, z p 1:17, n p 31, P p :24; fig. 3c).
Similar patterns were observed in brood mass: groups had
greater per capita brood mass than pairs at low elevations
(W p 17, n p 19, P p :021; fig. S6a), but pairs had
greater per capita brood mass than groups at intermediate
elevations (W p 159, n p 29, P p :009; fig. S6a). Again,
pairs and groups had similar per capita broodmass at high
elevations (W p 57, n p 20, P p :58; fig. S6a). Finally,
the total number of offspring produced per group showed
Pe
r c

ap
ita

 o
ffs

pr
in

g 
nu

m
be

r

0

1
2

4

8

16

32

64

128

0

1
2

4

8

16

32

64

128

1600 1800 2000 2200 2400 2600 2800

P
er

 c
ap

ita
 o

ffs
pr

in
g 

nu
m

be
r

0

1
2

4

8

16

32

64

128

8 10 12 14 16 18

a b

Minimum daily temperature (°C)

d

Elevation (m)

c
Pairs, n = 53 
Groups, n = 39

Pairs, n = 53 

Pairs, n = 116 
Groups, n = 89

Pairs, n = 116 

Groups, n = 39

Groups, n = 89

Figure 3: Per capita number of offspring produced in pairs and groups of Nicrophorus nepalensis at different elevations and temperatures in
both natural pairs and groups and in the group size manipulation. Shown are per capita number of offspring produced in natural pairs and
groups at different elevations (a) and temperatures (b) as well as per capita number of offspring produced in pairs and groups in the group
size manipulation at different elevations (c) and temperatures (d). Lines represent least squares means, and shaded areas represent 95%
confidence intervals expected from generalized linear mixed models. Dashed lines represent nonsignificant trends. Vertical lines indicate
boundaries between elevational zones, which were determined by separating the breeding elevational range (defined as the elevations that
at least one pair or group of N. nepalensis bred successfully) into equal quantiles. Drawings correspond to treatments illustrated in figure 1a.
59.222.107 on May 05, 2020 08:15:10 AM
and Conditions (http://www.journals.uchicago.edu/t-and-c).



826 The American Naturalist
similar patterns to the per capita offspring (fig. S5c, S5d;
tables S6, S7), and the total brood mass produced per
group showed patterns similar to those of the per capita
brood mass (fig. S6a, S6b).
Social Behavior

We found that time spent on complex carcass preparation
behaviors increased with increasing daily minimum tem-
perature in groups (x2

1 p 5:39, P p :02, n p 33; fig. 4a)
but not in pairs (x2

1 p 0:17, P p :68, n p 56; fig. 4a).
However, there was no significant relationship between
walking time and daily minimum temperature in groups
(x2

1 p 0:24, P p :60, n p 33; fig. 4b) or in pairs (x2
1 p

0:79, P p :37, n p 56; fig. 4b), suggesting that the in-
crease in total investment time on carcasses in warmer
environments was not caused by a simple increase in ac-
tivity at warmer temperatures; it was instead driven by an
increase in cooperative behavior.
Ecological Drivers of Grouping Benefits

Consistent with the common enemy hypothesis, a type
of collective action grouping benefit, we found that the
heating treatment differentially influenced per capita off-
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spring number in pairs and groups (GLMM interaction:
x2
1 p 4:98, n p 90, P p :026; fig. 5a). That is, heated

carcasses in pairs produced significantly fewer per cap-
ita offspring (Tukey pairwise comparison after GLMM,
z p 2:29, n p 52, P p :022; fig. 5a) and smaller per
capita brood masses than controls (W p 245, n p 39,
P p :006; fig. S6c). In contrast, the heated carcass treat-
ment in groups did not result in significantly fewer per
capita offspring (Tukey pairwise comparison after GLMM,
z p 0:21, n p 38, P p :83; fig. 5a) or smaller per capita
brood masses (W p 71, n p 29, P p :75; fig. S6c). Ad-
ditionally, the heating treatment also differentially influ-
enced the total number of offspring produced in pairs
and groups (GLMM interaction: x2

1 p 5:01, n p 90, P p
:025), which showed similar patterns to the total brood
mass (fig. S6d).
Breeding Success at High Elevations

The odor treatment enabled beetles to find a carcass more
quickly (fig. 5b; tables S8a, S9) and resulted in more bee-
tles grouping on the carcass (fig. 5c). Therefore, the odor
treatment increased the beetles’ probability of breeding
successfully (table S8b) and resulted in greater total and
per capita offspring (fig. 5d; table S8c, S8d).
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Independent and Synergistic Effects
of Temperature and Competition

Since both temperature and interspecific competition ap-
pear to influence fitness ofNicrophorus nepalensis in envi-
ronments of varying quality along the elevational gradient,
we used a factorial design in the laboratory to investigate
their independent and synergistic effects on breeding suc-
cess while controlling for an effect of the beetles’ arrival
time (fig. S2). As expected, the probability of solitary pairs
breeding successfully when blowflies were present (i.e.,
high interspecific competition) was highest in the low-
temperature treatment (127C), followed by the intermedi-
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ate (167C) and high-temperature treatments (207C; GLM,
x2
1 p 13:85, n p 54, P ! :001; fig. 6a). Interestingly, even

without blowfly competition, we still found that the prob-
ability of breeding successfully was highest in the low-
temperature treatment, followed by the intermediate and
high-temperature treatments (GLM, x2

1 p 23:68, n p 60,
P ! :001; fig. 6a). Although the presence of blowflies
decreased the probability of breeding successfully (GLM,
x2
1 p 13:85, n p 114, P ! :001; fig. 6a), it took beetles

more time to bury the carcass in the low-temperature treat-
ment, followed by the intermediate and high-temperature
treatments (GLM, x2

1 p 4:10, n p 82, P p :043; fig. 6b).
However, the presence or absence of blowflies did not
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affect handling time of carcasses (GLM, x2
1 p 2:20, n p

82, P p :14; fig. 6b).
Discussion

Our results demonstrate that climate (temperature) and
competition (both intra- and interspecific) both indepen-
dently and synergistically influence sociality by determin-
ing a continuum of environmental quality along an ele-
vational gradient that shapes the ecological transitions
in grouping benefits in Nicrophorus nepalensis. In other
words, climatic differences that change gradually over
an ecological gradient influence the potential benefits that
individuals receive by forming groups because of differ-
ences in inter- versus intraspecific competition. In con-
trast to many other species where climate directly influ-
ences resource availability and cooperation (Shen et al.
2012; fig. S1a), in this system, temperature influences ac-
cess to resources indirectly by mediating the degree of in-
terspecific competition for carcasses against blowflies
(which is higher in warmer temperatures at low eleva-
tions; fig. S1b), mediating the degree of intraspecific com-
petition (beetle densities are higher at intermediate eleva-
tions; Chan et al. 2019), and influencing physiological
constraints (which are higher at high elevations; Chan
et al. 2019). Thus, we find support for the common enemy,
mutual tolerance, and physiological limit hypotheses at dif-
ferent elevations. Although other species of competitors
could in theory also influence cooperation and grouping
This content downloaded from 128.0
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in N. nepalensis (e.g., microorganisms could affect carcass
decomposition rates, or mammalian carcass scavengers
could affect carcass availability), we know that blowflies
are critical competitors because experimental removal of
blowfly competition in the field substantially increases N.
nepalensis breeding success (Chan et al. 2019). Moreover,
there was no elevational pattern of vertebrate scavengers
visiting the carcasses we put out for the breeding experi-
ments (based on the video recording data), suggesting no
obvious elevational trend in their abundance (Chan et al.
2019).
Our results suggest that biotic and abiotic factors inter-

act to influence environmental quality and social behav-
ior in burying beetles. Therefore, environmental quality
need not be synonymous with climate alone but instead
should be defined by the key extrinsic factors—in this case,
temperature and competition—that influence the popula-
tion growth rate of a species. Therefore, low-quality (i.e.,
harsh) environments are those that have unsuitable cli-
mates, high levels of interspecific competition, high para-
site or pathogen loads, or really any extrinsic factor that
leads to low population density. Collective action benefits
are generated by cooperative behavior that has evolved to
cope with these types of extrinsic challenges (Shen et al.
2017). For burying beetles, such low-quality environments
occur at both ends of the environmental gradient at hot and
cold ambient temperatures (fig. S7). In support of the com-
mon enemy hypothesis, hot temperatures at low elevations
favor the collective action benefit of greater competitive
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ability against natural enemies, as evidenced by the higher
per capita productivity of groups. Indeed, our behavioral
data also show that large natural groups of beetles spent
more effort on complex carcass preparation in hotter envi-
ronments (fig. S7a). Additionally, previous work has shown
that individuals in experimentally created groups at this el-
evation invest more time in cooperative carcass processing
and less time in social conflict (Sun et al. 2014). In contrast
and in support of the physiological limit hypothesis, at high
elevations—which appear to be the lowest-quality environ-
ments of all for beetles—cold temperatures not only reduce
blowfly competition but also negatively impact the beetles’
ability to locate and process carcasses, presumably because
of temperature-driven effects on physiology (Chan et al.
2019). As a consequence, we do not see any grouping ben-
efit in natural or experimentally manipulated groups at
high elevations (fig. S7c).
In contrast, we define high-quality (i.e., benign) envi-

ronments as those that have suitable climates, low inter-
specific competition, or low parasite or pathogen loads,
which leads to high population density. In such environ-
ments, intraspecific competition for resources becomes
the key determinant for individual fitness rather than in-
terspecific competition. Thus, the resource defense bene-
fit against intraspecific competition is the key mechanism
underlying group formation in these types of environ-
ments (Shen et al. 2017). This scenario is often referred
to as habitat saturation, where ecological constraints limit
independent breeding and favor delayed dispersal of off-
spring in species that form kin groups (Emlen 1982; Koe-
nig et al. 1992). In contrast to the low-quality environ-
ments at both extremes of the environmental gradient
and in support of the mutual tolerance hypothesis, inter-
mediate elevations with only moderate pressure from
blowflies (Sun et al. 2014) appear to be the optimal (i.e.,
high-quality) environment for burying beetles. These
intermediate temperature environments had both the
highest beetle population densities along the elevational
gradient (Chan et al. 2019) as well as the highest levels
of intraspecific competition (Sun et al. 2014), presumably
because of high population density. Therefore, for a po-
tential joining outsider, the probability of obtaining a
carcass elsewhere at this elevation is low (i.e., ecologically
constrained), whereas for a solitary breeding insider pair,
the cost of monopolizing and excluding all potential
joiners is high. Tolerating at least some outsiders and al-
lowing them to join the group in order to jointly defend
the carcasses against other beetle outsiders—a prediction
of the mutual tolerance hypothesis—is likely to be the re-
source defense benefit that drives grouping behavior at in-
termediate elevations (fig. S7b).
One potentially surprising result from our study was

that per capita reproductive output at high-quality inter-
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mediate elevations differed between pairs and groups in
the group size manipulation but not in natural collec-
tions. We anticipated this a priori because environmental
quality and group size often affect each other in social
species (Koenig 1981). It is important to realize, however,
that since we placed three males and three females on
each carcass in our group size manipulation—a number
that is larger than the mean natural group size on the first
day at this elevation—social conflict was also higher than
in natural groups (Sun et al. 2014). This potentially ex-
plains why we found that pairs had higher per capita
reproductive success than groups in our group size ma-
nipulation experiment but not in the natural groups at in-
termediate elevations. Several studies inNicrophorus bee-
tles have shown that individuals can recognize their mates
and other group members (Steiger et al. 2008; Steiger and
Müller 2010; Haberer et al. 2014; Keppner et al. 2017) as
well as form dominance hierarchies (Eggert et al. 2008);
B.-F. Chen, M. Liu, and S.-F. Shen, unpublished data).
The fact that severe fights among individuals often occur
near carcasses in other beetle species (Otronen 1988) as
well as this one (B.-F. Chen, M. Liu, and S.-F. Shen, un-
published data) further indicates that carcasses cannot
be freely accessed by every outsider and that resource de-
fense is likely to be critical for burying beetles, particularly
at intermediate elevations where interspecific competi-
tion is low but intraspecific competition is high.
Most studies examining evolutionary transitions from

solitary to group living compare different species (May-
nard Smith and Szathmary 1995; Bourke 2011; Calcott
2011;West et al. 2015). In this study, we found that within
a single species that forms groups in environments of
contrasting quality, cooperation can be favored by differ-
ent grouping benefits in the different environments. This
ecological transition in grouping benefits—from collec-
tive action to resource defense benefits along the eleva-
tional gradient—suggests that evolutionary transitions
may be favored in a wider range of environmental condi-
tions and thus could bemore stable than previously recog-
nized. It has long been known that stable but specialized
resources constitute the ancestral ecological conditions
that likely favored the evolution of group living because
multiple individuals congregating around resources have
opportunities to interact (Tallamy andWood 1986; Johns
et al. 2009). However, after initial group formation, the
major challenge for the evolutionary transition to com-
plex sociality—particularly for groups of unrelated indi-
viduals—is themaintenance of group stability as environ-
mental conditions vary (Wilson 2008). Here we develop a
general framework of ecological transitions in grouping
benefits by showing that under different environmental
conditions, the same type of resources can favor group
living for very different reasons. Specifically, our results
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demonstrate the behavioral mechanism—a balance be-
tween enhancing the performance of the entire group and
maximizing each individual’s share of reproduction—that
allows such ecological transitions to occur. In low-quality
environments with hot temperatures, individuals coop-
erate to compete with a common enemy (i.e., blowflies);
hence, interspecific competition is the key determinant
of individual fitness in unfavorable environments where
the collective action benefits of grouping are more appar-
ent. However, in high-quality environments with inter-
mediate temperatures, high beetle population density and
strong ecological constraints cause intraspecific competi-
tion to be the key determinant of individual fitness in fa-
vorable environments where resource defense benefits are
critical to group formation. Finally, in low-quality envi-
ronments with cold temperatures, although blowfly com-
petition is relatively low, our odor treatment demonstrated
that the difficulty of discovering a carcass without the odor
of rapidly decomposingmeat is the keymechanism that ex-
plains the low productivity of both beetle pairs and groups
in these suboptimal environments (see table S10). Our re-
sults—namely, the relative importance of inter- versus in-
traspecific competition in different environments—could
also explain (1) how the seemingly paradoxical dichotomy
of environmental quality (harsh vs. benign environments)
that drives the evolution of group living in many species
may arise because of intertwined relationships between
abiotic (e.g., climate) and biotic factors (e.g. competition)
that shape grouping benefits with different relative in-
tensities in different environments (Lin et al. 2019); and
(2) how individual strategies interact with ecological con-
ditions to shape the evolutionary transition toward com-
plex societies (Korb and Foster 2010; Jetz and Rubenstein
2011; Purcell 2011; Shen et al. 2012; Kocher et al. 2014;
Guevara and Avilés 2015; Sheehan et al. 2015).
The general pattern that we observed of decreasing per

capita productivity in larger groups has also been seen in
many cooperatively breeding vertebrates (Koenig and
Pitelka 1981; Stacey and Koenig 1990; Koenig and Dick-
inson 2004) and eusocial insects, where it is referred to as
Michener’s paradox (Michener 1964; Kramer et al. 2014).
The typical explanation for Michener’s paradox has been
that larger groups can increase the predictability (i.e., re-
duce the variance) of foraging success but at the cost of
lowering the mean per capita food intake due to the lim-
itation of food resources for species that are central place
foragers because workers need to travel further to find
food and then return to their nest (Wenzel and Pickering
1991; Naug and Wenzel 2006). However, because the per
capita productivity of burying beetles is mainly deter-
mined by carcass size and not the costs of locating food
(and even when locating carcasses for reproduction, they
do not return to a central nest; Emlen 1982; Field et al.
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2010; Helms and Cahan 2012), the explanation for Mich-
ener’s paradox in eusocial insects is insufficient to explain
the pattern observed here. Instead, we hypothesize that
the shortage of breeding resources and hence the indi-
vidual reproductive costs of competing with intraspecific
competitors promotes the formation of groups, even if it
leads to a reduction in per capita fitness in high-quality
environments (see also Eggert and Müller 1992). Thus,
our study provides an alternative explanation for resolv-
ing Michener’s paradox that is likely to apply to other so-
cial insects that show decreasing per capita productivity
with an increase in group size.
In conclusion, we show that environments of contrast-

ing quality can favor the evolution and maintenance of
grouping behavior, even for the same species. Impor-
tantly, this result contrasts with what is often observed in
other facultative cooperatively breeding insects that show
flexibility in social organization (i.e., being social in some
contexts and nonsocial in others) in response to temporal
or spatial environmental variation (Emlen 1982; Field et al.
2010; Helms and Cahan 2012). Instead, we see this differ-
ence inN. nepalensis because individuals can flexibly adjust
their cooperative and competitive strategies in response to
hetero- and conspecifics, and thus a social group can be sta-
ble in different environments for very different reasons. Ul-
timately, our results demonstrate that animal societies can
be favored under a wide range of environmental conditions
where the benefits of grouping differ, perhaps explain-
ing the paradox of why sociality occur in environments
of such contrasting quality. Our work also helps to resolve
the long-standing puzzle of the adaptive significance of soci-
ality among burying beetles (Eggert and Müller 1992, 1997;
Robertson et al. 1998; Komdeur et al. 2013) by considering
both the costs and the benefits of group living across an en-
vironmental gradient. This approach of studying ecological
transitions in grouping benefits could help to more broadly
explain the inconsistent patterns of group size effects on re-
productive success observed in many other social animals
(Avilés et al. 2007; Silk 2007; Wcislo and Tierney 2009;
Purcell 2011; Kocher et al. 2014) as well as why animal so-
cieties evolve in such different types of environments
(Jeanne 1991; Kaspari and Vargo 1995; Soucy and Dan-
forth 2002; Avilés et al. 2007; Jetz and Rubenstein 2011;
Gonzalez et al. 2013).
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