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Abstract

Dispersal is becoming increasingly critical to understand as climate change

forces species to shift their ranges to track changing environments. Although

we know that warmer temperatures can prompt species to shift their ranges,

we have little understanding of how temperature affects the speed at which

they can do so by altering the rate of range expansion. Warmer temperatures

could accelerate the rate of range expansion by increasing random,

density-independent movement and/or by increasing population growth rates

and driving density-dependent movement. To test the effect of temperature on

the rate of range expansion, we grew populations of the flour beetle Tribolium

castaneum in linear connected landscapes at 27.5, 30, or 32.5�C and tracked

their expansion for 18 weeks. We then conducted separate assays to isolate the

effect of temperature on density-independent dispersal probability and popula-

tion growth rates. We found that beetles at 32.5�C exhibited the fastest range

expansion, and that higher temperatures increased both dispersal probability

and population growth rates, suggesting that both mechanisms likely contrib-

uted to faster range expansions under warming. Our findings highlight the

importance of assessing the effects of temperature on range expansion dynam-

ics in order to fully understand how, and how quickly, ranges will shift under

climate change.
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INTRODUCTION

Dispersal is a critical ecological process that helps animals
locate food, mates, and suitable habitat (Bowler &
Benton, 2005; Clobert, 2012; Ronce, 2007). Dispersal also
plays a significant role in shaping a species’ range by facil-
itating expansion into new areas (Hastings et al., 2005;

Leroux et al., 2013). As climate change accelerates, dis-
persal has become increasingly important to understand,
as species are shifting their ranges to keep pace with
changing temperatures (Chen et al., 2011; Kerr, 2020;
Ramalho et al., 2023). Rising temperatures affect not
only where organisms can live but could also affect the
rate of their range expansions (Barnes et al., 2015;
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Travis et al., 2013). Indeed, the two principal drivers of
range expansion rate, population growth rates and move-
ment rate (Skellam, 1951), both have the potential to be
affected by temperature. However, due to the scarcity of
research investigating this topic, the effect of temperature
on the rate of range expansion, and the mechanisms
underlying potential changes, remain unclear.

The first pathway through which temperature could
affect the rate of range expansion is simply by influencing
an organism’s movement rates (Brown et al., 2004; Gibert
et al., 2016; Skellam, 1951). Warmer temperatures are
known to increase metabolic rates, particularly in ecto-
therms, because internal enzyme kinetics are
temperature-dependent (Brown et al., 2004; Dell
et al., 2011; Gibert et al., 2016). Because movement
depends on metabolism, warmer temperatures can result
in increased movement rates (Dell et al., 2011; Gibert
et al., 2016; Hannigan et al., 2023; Lang et al., 2022).
These movement rates can be characterized as
density-independent, non-directional patterns, akin to
random diffusion, which animals display as they navigate
their environment (Hannigan et al., 2023). These move-
ment rates can in turn influence dispersal probability, or
the likelihood that individuals move from one habitat
patch to another (Hannigan et al., 2023; Skellam, 1951).
In terms of range expansion, if animals are moving
around more, their encounter rate with the range edge or
a dispersal corridor should be higher, which could
increase the rate of range expansion.

A second pathway through which temperature could
influence range expansion is through effects on popula-
tion growth rate and density (Andow et al., 1990; den
Bosch et al., 1990; Hastings et al., 2005; Skellam, 1951).
In ectotherms, environmental temperature is a major
determinant of population growth rate; at warmer tem-
peratures, ectotherm populations experience accelerated
growth rates and faster reproductive output, resulting in
higher densities being reached more quickly (Ju
et al., 2011; Li et al., 2024; Savage et al., 2004). Faster pop-
ulation growth at warmer temperatures results in more
intense competition for resources, which can increase the
propensity of animals to leave to find a new habitat
(Harrison, 1980; Zhou et al., 2024), and could also
increase the rate of range expansion. Although there are
two clear ways that temperature could affect range
expansion rate in ectotherms—movement rate and popu-
lation growth rates—to our knowledge, no previous
research has attempted to investigate the role of these
two mechanisms in driving temperature-induced changes
in range expansion.

The goal of this study was to determine the effect of
temperature on the rate of range expansion and to
explore how movement rates and population growth

rates each contribute to this effect. We used the red flour
beetle, Tribolium castaneum, in experimental landscapes
to answer two key questions: (1) How does temperature
affect the rate of range expansion? (2a) Are the effects of
temperature on density-independent movement rates a
potential mechanism driving this effect? (2b) Are the
effects of temperature on population growth rates a
potential mechanism driving this effect?

METHODS

Study species

We used Tribolium castaneum, the red flour beetle, as a
model system to examine the effect of temperature on the
rate of range expansion. Tribolium beetles have been used
as a model system in ecology and evolutionary biology
for over a century (Pointer et al., 2021). They exhibit
rapid and temperature-sensitive population growth rates
(Park & Frank, 1948), and their population sizes are regu-
lated via density-dependent reproduction, development
rates, dispersal, and cannibalism (Pointer et al., 2021).
Their life history is marked by recurring dispersal and
colonization events between patchy habitats (Dawson,
1977; Pointer et al., 2021), making them an excellent
model for studying processes related to movement,
including range expansion (Legault et al., 2020;
Weiss-Lehman et al., 2017). For our experiment, we used
beetles of the “COL-2” strain obtained from the
United States Department of Agriculture (USDA) in
2021. This strain has been maintained in controlled labo-
ratory conditions by serial transfer at 30�C and 50%–70%
humidity for ~35 years.

Range expansion experiment

We tested the effect of temperature on the rate of range
expansion across experimental linear landscapes in three
temperature treatments. Each landscape was made up of
12 acrylic boxes (4 cm × 4 cm × 6 cm), with each box
representing an individual habitat patch (Appendix S1:
Figure S1), following previous range expansion experi-
ments with flour beetles (Legault et al., 2020;
Weiss-Lehman et al., 2017). We filled each patch with
30 g of a mix of a high-quality and a low-quality resource
for this species (60% whole wheat flour and 40% rice
flour). We used this mixed flour medium in order to tem-
per population growth and make tracking population
sizes logistically feasible. Patches were arranged in a sin-
gle row and held together with elastic bands
(Appendix S1: Figure S1). Each patch had a 2-mm
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diameter hole drilled beneath the flour level on each side
to allow for dispersal between patches (Legault
et al., 2020; Weiss-Lehman et al., 2017).

We established 10 replicate landscapes at each of
three temperatures: 27.5, 30, and 32.5�C. The historic
temperature of our laboratory strain was 30�C, and the
thermal optimum for this species is 30–31�C (Skourti
et al., 2019), and so by selecting moderately cooler and
warmer temperatures as our treatments, we aimed to
capture conditions that could reveal how realistic devia-
tions from their historic temperature affect movement,
growth rates, and ultimately, the rate of range expansion.
In particular, our 32.5�C treatment captures the predicted
temperature increases (from our strain’s historic temper-
ature) due to climate change based on models under cur-
rent emission trajectories (2.5�C increase by 2100) (IPCC,
2023). Landscapes were maintained in fully dark
temperature- and humidity-controlled incubators
(50%–70% relative humidity). To control for any variation
across incubators, we swapped treatments across cham-
bers each month.

Each landscape was established by introducing
20 adult T. castaneum beetles into the first patch.
Landscapes were then placed in their respective incuba-
tors for a three-week period to allow beetles to create tun-
nels within the first patch in which to move through the
flour (Legault et al., 2020, Appendix S1: Figure S1).
During this 3-week-long no-dispersal phase of the study,
dispersal holes between patches were blocked with ace-
tate strips (Legault et al., 2020; Weiss-Lehman et al.,
2017). After 3 weeks, the acetate strips were removed for
12 h to allow beetles to disperse into neighboring patches.
After 12 h, the acetate strips were put back in place to
block the holes, and the landscapes were disassembled
for population censusing. We selected a dispersal interval
of 12 h every 3 weeks in order to constrain movement
across our landscapes so that dispersal occurred on a sim-
ilar timescale to population growth rates, such that both
processes had the potential to contribute to range expan-
sion. This type of discrete dispersal is representative of
systems in which dispersal is facilitated by periodic
events (e.g., organisms whose dispersal is aided by peri-
odic weather events such as wind or flooding).

To census populations, we first inspected each patch
in each landscape for signs of beetle activity (i.e., tunnels
in the flour). We then sifted the flour out of all patches
with any sign of beetle activity as well as the next two
seemingly empty patches (to ensure no beetle presence).
For any patch that contained adults, pupae, or larvae, we
censused all live and dead adult beetles and replaced half
of the flour medium with fresh flour. Upon completion of
the census, beetles were placed back into their respective
patches and landscapes were reassembled in the same

order, placed back in their respective incubators, and the
3-week cycle started again. This was repeated six times,
for a total experimental duration of 18 weeks. We used
continuous overlapping generations (Agashe et al., 2011;
Van Allen & Rudolf, 2013) rather than the discrete gener-
ations that are sometimes used in this system
(e.g., Hufbauer et al., 2015; Legault et al., 2020) in order
to replicate the natural life history of T. castaneum, to
allow for natural dynamics such as cannibalism across
life stages, and to avoid imposing a timing of when the
transition from one generation to the next occurs (given
that development rate is affected by temperature).

Movement rate assay

To determine the direct effect of temperature on move-
ment rates (independent of the effect of temperature on
population growth rates), we conducted a separate exper-
iment. The set-up was similar to that of the main experi-
ment (same three temperatures and same flour medium);
however, landscapes consisted of only 2 individual habi-
tat patches (acrylic boxes), and there were 5 replicate
landscapes for each temperature treatment (for a total of
fifteen 2-patch landscapes). To initiate this assay, we
introduced 10 adults into the first patch in each land-
scape, where they were allowed 3 weeks to acclimate and
form tunnels. Acetate strips were then removed for 12 h
to permit dispersal into patch 2. Upon completion of the
12 h dispersal period, adult beetles were censused in each
patch. Only one 3-week (21 day) cycle was completed to
prevent population growth, as it takes between 35 and
62 days for T. castaneum to complete its life cycle on this
flour medium and across our three experimental temper-
atures (Weiss et al., 2025). This assay thus removed the
possibility of population growth, allowing us to isolate
the direct effect of temperature on dispersal rate.

Population growth rate assay

To determine the direct effect of temperature on popula-
tion growth rates, we conducted a separate experiment in
isolated populations (i.e., no movement across habitat
patches). For this experiment, we used the same three
temperatures and the same flour medium as described
above, and had three replicate populations per tempera-
ture. To initiate the experiment, we added 15 adult
T. castaneum to 10 g in a 68-mL lidded plastic container.
We then allowed populations to grow and expand and
censused all live and dead adult beetles in each popula-
tion every 2 weeks for 22 weeks (Appendix S1:
Figure S2). After each census, we added an additional 5 g
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of the appropriate flour type in order to provide a contin-
uous supply of fresh resources.

Statistical analyses

To analyze the effect of temperature on range expansion
rate, we constructed a linear mixed-effects model with
distance spread as the response variable (Weiss-Lehman
et al., 2017). We defined distance spread as the furthest
patch to be reached by at least one adult beetle
(Weiss-Lehman et al., 2017). In this model, the fixed
effects were time (“census number” modeled as a contin-
uous variable to allow for slope estimation), temperature
(a categorical variable with three levels: 27.5, 30, or
32.5�C), and the interaction between temperature and
time (i.e., the slope). We used the interaction (slope of
distance spread per unit time) as our estimate of range
expansion rate (Sunde et al., 2023; Usui & Angert, 2024;
Weiss-Lehman et al., 2017). We also included replicate
landscape number as a random effect to account for the
non-independence of repeated measurements from
the same experimental units. One replicate was lost in an
experimental mishap and was excluded from the analysis.
We then conducted a one-way ANOVA to test for the
effect of temperature on range expansion rate, and a post
hoc Tukey test to determine which temperatures’ slopes
differed from one another (using the “emmeans” package
with the Tukey adjustment).

To determine the direct effect of temperature on
movement rates from our movement rate assay, we used
a generalized linear model with a binomial distribution,
with temperature as the predictor variable and the num-
ber of adult beetles that moved (successes) or did not
move (failures) as the response variable. We tested the
effect of temperature on the likelihood of moving using
an ANOVA (analysis of deviance for a binomial model)
and a post hoc Tukey test to determine which tempera-
tures’ movement rates differed from one another. We also
tested for (and found no evidence of) overdispersion. For
visual clarity, we plotted movement as the proportion of
individuals that dispersed.

To analyze the effects of temperature on population
growth rates, we fit a Gompertz population growth model
to our growth rate data for each population. On a log
scale, the Gompertz model is a simple linear difference
equation xt ¼ a+ bxt− 1, where xt is the natural log of
population size at time t, a is the population’s intrinsic
growth rate, and b is the strength of intraspecific compe-
tition (Ives et al., 2003) (see Appendix S1 for full descrip-
tion of model). The parameter of interest from this model
was a, the intrinsic growth rate, and parameter estimates
were extracted using the broom package in R. To test the

effect of temperature on population intrinsic growth rate,
we fit a linear model with a as the response variable and
temperature as a categorical predictor. We used an
ANOVA to test for an overall temperature effect, and a
post hoc Tukey honestly significant difference (HSD) test
to determine which temperatures’ growth rate differed
from one another. All statistical analyses were conducted
in R (v 4.4.1), and all figures were made using the
“ggplot2” package. All data used in this paper are avail-
able in Dryad in Grainger and Breslin (2025).

RESULTS

In our main experiment, by the end of 18 weeks the bee-
tle populations in all experimental landscapes had
expanded their ranges at least into the second patch, and
the furthest range expansion we observed was to the 9th
patch (Figure 1, Appendix S1: Figure S2). There was a
significant effect of time (census number) (F1,188 = 337,
p < 0.001), but no significant direct effect of temperature
on the total distance spread (F2,189 = 0.45, p = 0.64).
However, there was a significant interaction between
temperature and time (F2,188 = 6.72, p = 0.0015), indicat-
ing that the slope of distance over time (i.e., the rate of
range expansion) was significantly different across our
three temperatures. The post hoc pairwise slope compari-
son revealed that the rate of range expansion at 32.5�C
was significantly higher than at both 27.5 and 30�C,
while there was no significant difference between 27.5
and 30�C (Appendix S1: Table S1).

In our analysis of our movement rate assay, we found
a significant positive effect of temperature on dispersal
probability (χ2 = 8.75, df = 2, p = 0.013, Figure 2a). Post
hoc pairwise comparisons revealed that there was only a
significant difference between the 27.5�C and the 32.5�C
treatments, with a higher dispersal probability occurring
at 32.5�C (Figure 2a, Appendix S1: Table S2).

In our analysis of our population growth rate assay, we
found a significant positive effect of temperature on popu-
lation growth rate (F2,6 = 7.187, p = 0.025, Figure 2b). The
post hoc comparison revealed that there was only a signifi-
cant difference between the 27.5�C and the 32.5�C treat-
ments, with the fastest population growth rates occurring
at 32.5�C (Figure 2b, Appendix S1: Table S3).

DISCUSSION

In this study, we tested the effect of temperature on the
rate of range expansion in flour beetles and investigated
the potential for two underlying mechanisms to contrib-
ute to this process. We found that range expansion rate
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increased with temperature, with the fastest expansion
rate at our highest temperature (Figure 1). We also deter-
mined that temperature significantly increased beetles’
density-independent movement rates, resulting in a prob-
ability of dispersing between patches several times higher
at 32.5�C than at 27.5�C (Figure 2a). Finally, we found a
positive effect of temperature on population growth rates,
again with our highest temperature having significantly
faster growth rates than our lowest temperature
(Figure 2b). Overall, our results demonstrate that higher
temperatures can speed up range expansions, and suggest
that this could be mediated by both increased movement
rates and faster population growth rates.

Although temperature-driven changes in insect popu-
lation growth are well documented (Ju et al., 2011; Li
et al., 2024; Savage et al., 2004), and temperature-driven
changes in density-independent movement have been
studied in some species (Barnes et al., 2015; Hannigan
et al., 2023), to our knowledge, no previous study has
investigated the role that these two processes play in
mediating the effect of temperature on range expansion
rate. We found that both growth rate and movement rate
increased with warming (Figure 2), highlighting the sen-
sitivity of each of these two individual processes to tem-
perature. Further research is needed to determine how
general these effects are across taxa, and we would expect

that they are most likely to apply in ectotherms, whose
metabolism is directly linked to temperature (Brown
et al., 2004). These results, if general, suggest that a full
understanding of range expansion rate under global
change requires that the effects of temperature on both of
these mechanisms be considered (Skellam, 1951).

Understanding how, and through which mechanisms,
temperature influences range expansion is critical for
predicting shifts in species distributions under climate
change. Currently, most models used to predict species
distributions across landscapes incorporate dispersal
using fixed kernels that do not respond to environmental
variation, and few studies incorporate
temperature-dependent dispersal into these models
(Amarasekare, 2024; Leroux et al., 2013). Our finding
that range expansion rate increases with warming indi-
cates that this simplification could be failing to capture
environmental effects on expansion rates and limiting
the realism of range shift projections under climate
change. However, while our results have important
implications for understanding range shifts under climate
change, studies in more natural systems are needed to
confirm our findings, for two reasons. First, our study
examined range expansion dynamics in a controlled
microcosm at a small scale, when in reality range expan-
sion is a landscape-scale process that often includes rare

Time: F1,188 = 337; p < 0.001

Temperature: F2,189 = 0.454; p = 0.64 (ns)

Time × Temperature: F2,188 = 6.72; p = 0.0015
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F I GURE 1 The effect of temperature on distance spread by Tribolium castaneum flour beetles in 12-patch experimental landscapes

(main experiment). Solid points represent the mean distance spread (farthest patch reached) for each temperature (N = 9 for 27.5�C, N = 10

for 30�C, and N = 10 for 32.5�C). Shaded regions show 95% CIs. See Appendix S1: Table S1 for full results of post hoc pairwise comparisons.
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but influential long-distance dispersal events (Hastings
et al., 2005; Nathan et al., 2008; Trakhtenbrot
et al., 2005). While it has been shown that small-scale
experiments can provide critical insight into the factors
that drive range expansions (e.g., Lustenhouwer
et al., 2023; Melbourne & Hastings, 2009; Usui &
Angert, 2024; Williams et al., 2016), and that local-scale
movement, behavior, and population dynamics can
meaningfully alter range expansion rate (Barto�n
et al., 2012; Hastings et al., 2005), an important future
direction will be to determine if and how longer distance
dispersal events are affected by a warming climate, and
whether this alters the conclusions reported here.
And second, dispersal in natural systems is a highly com-
plex and context-dependent process influenced by multi-
ple interacting factors, including resource availability,
competition, and an individual’s condition (Bowler &
Benton, 2009; Grainger et al., 2018; Hastings et al., 2005;
Pellissier, 2015). Our experiment, by necessity, removed
many important factors that could affect dispersal and

range expansion in order to examine the effect of a single
factor (temperature) in the absence of potentially
confounding processes. As such, studies in more natural
field conditions that include more of this complexity are
needed to confirm our findings and to determine how
important a driver temperature is relative to other factors
(Lustenhouwer et al., 2023).

While our study revealed that both random move-
ment rates and population growth rates each have the
potential to contribute to faster range expansions under
warmer temperatures in flour beetles, species-specific
biology and life history traits will determine the impor-
tance of these two factors in driving range expansion in
other systems. The impact of these factors on range
expansion rates is likely to vary among species with dif-
fering generation times, dispersal patterns, responses to
crowding, and other life history traits. In systems for
which metabolic rates have clear links to movement
rates, including many insects and aquatic organisms
(Dell et al., 2011; Gibert et al., 2016; Lang et al., 2022), or

Temperature: χ2
 = 8.75, df = 2, p = 0.013
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F I GURE 2 The effect of temperature on two potential mechanisms underlying range expansion in Tribolium castaneum flour beetles:

movement rate and population growth. Panel (A) shows the effect of temperature on the proportion of beetles (out of a total of 10 beetles)

that dispersed over the course of 12 h in a two-patch dispersal assay. Panel (B) shows the effect of temperature on population growth rates in

a 22-week growth rate assay. For both panels, darker, opaque points indicate treatment means, while lighter, faded points show values from

each experimental replicate, and error bars represent the SE of the mean. For both panels, see Appendix S1: Table S2 for full results of post

hoc pairwise comparisons.
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those that undergo density-dependent dispersal, such as
aphids (Harrison, 1980) and tephritid flies (Albrectsen &
Nachman, 2001), the mechanism we explored here will
be particularly relevant. In contrast, for species with
more passive dispersal such as scale insects (Wright
et al., 2024) or plankton (O’Connor et al., 2007),
temperature-induced changes in movement rates and
population density may not be as important drivers of
range expansion rates. This underscores the need for fur-
ther research to disentangle the mechanisms underlying
range expansion rates across diverse taxa, particularly for
those species whose current ranges are threatened by
global change.

Species are undergoing range shifts at an unprece-
dented rate due to climate change (Chen et al., 2011;
Kerr, 2020; Ramalho et al., 2023), making it vital to
understand how temperature may influence range expan-
sion rates. If predictive models fail to incorporate key fac-
tors, such as temperature-driven changes in movement
and population density, they risk missing critical pro-
cesses shaping these range shifts. Despite this, the effects
of temperature on the rate of range expansion remain
largely unexplored, with most studies focusing on
broader climate and range shift patterns. By addressing
this gap, our study provides new insights into the mecha-
nisms driving range expansion and highlights the impor-
tance of integrating temperature effects on both
movement rates and population growth rates into future
predictions.
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