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Abstract  Invasive species may be more capable of 
adjusting to climate warming via phenotypic plastic-
ity than native species since plasticity is thought to 
increase invasion success. Physiological plasticity via 
acclimation is one way in which organisms can adjust 
their thermal tolerance in response to temperature 
change, but few studies have addressed whether inva-
sive species have greater thermal plasticity compared 
to native congeners. Here we investigated whether 
thermal plasticity via temperature acclimation var-
ies between two Onthophagus dung beetle species, 
the non-native Onthophagus taurus and the native 
Onthophagus hecate, collected from both Florida and 
Tennessee, USA. We expected the non-native O. tau-
rus to demonstrate greater plasticity than the native 
O. hecate; we also predicted that beetles from Florida 
would have reduced plasticity since their environment 
is less thermally variable. To examine thermal plas-
ticity, we measured shifts in time until loss of func-
tion (i.e., leg mobility) following acclimation to hot 
or cold temperature treatments. We found that non-
native O. taurus from Florida acclimated to warm 
temperatures, increasing time to loss of function fol-
lowing warm treatments; unexpectedly, O. taurus 
from Tennessee showed no warm acclimation abil-
ity. Onthophagus hecate did not acclimate to warm 

temperatures in either location. In contrast, both spe-
cies showed similar levels of cold acclimation. Taken 
together, our results suggest that the non-native spe-
cies, O. taurus, will be more capable of using physi-
ological adjustments to respond to climate warming 
than the native species, O. hecate.
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Introduction

Theory and empirical work suggest that invasive spe-
cies have greater phenotypic plasticity than native 
species (Baldwin 1896; Agrawal 2001; Sol et  al. 
2002; Nicolakakis et  al. 2003; Gross et  al. 2010; 
Wright 2010; Davidson et al. 2011; Engel et al. 2011; 
Tepolt and Somero 2014; Amiel et  al. 2011), which 
not only allows invasive species to establish in new 
environments but may also buffer them against envi-
ronmental change. In contrast, native species have a 
longer history of evolution in their environments and 
may demonstrate local adaptation rather than pheno-
typic plasticity since plasticity is costly to maintain 
(Dewitt et  al. 1998; Gotthard and Nylin 1995). The 
greater capacity for phenotypic plasticity of invasive 
species compared to native species may become espe-
cially concerning due to climate change; biological 
invasions could act synergistically with increases in 
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temperature and the frequency of extreme thermal 
events to drive the decline of native species (Chown 
et al. 2007; Penk et al. 2016; Allen et al. 2018).

Plasticity of thermal physiology could increase 
survival during extreme events (Stillman 2003; See-
bacher et al. 2014), but it’s not clear whether invasive 
species have greater thermal plasticity to respond to 
climate change. Empirical tests of plasticity generally 
conclude that invasive species have greater behavio-
ral and morphological plasticity than native species 
(Davidson et al. 2011; Engel et al. 2011; Penk et al. 
2016; Hiatt and Flory 2020). The limited evidence 
available on thermal plasticity of invasive species 
suggests that thermal plasticity may drive invasion 
success of some plant (Richards et al. 2006) and ani-
mal (Nyamukondiwa et al. 2010; McCann et al. 2018; 
Claunch et  al. 2021) species, but few studies have 
quantified whether thermal plasticity is greater in 
invasive compared to native species (but see Coccia 
et al. 2013; Penk et al. 2016; Barker et al. 2018). Yet, 
such physiological knowledge is critical for informing 
invasion science (Lennox et  al. 2015; Kelley 2014); 
physiological processes impact all stages of biologi-
cal invasions, and thus, physiological knowledge can 
provide insight on species’ ability to establish and 
spread outside their native range (Pertierra et  al. 
2012; Boardman et al. 2022).

Thermal physiology varies with climate regimes. 
Organisms experiencing more seasonal and diurnal 
temperature variation have broader thermal tolerance 
and increased physiological plasticity (Janzen 1967; 
Chown et al. 2004; Sheldon et al. 2018; Chown and 
McGeoch 2023). Depending on environmental con-
ditions, thermal tolerance and plasticity may vary 
among populations of the same species (Lenz et  al. 
2011; Narum and Campbell 2015; Cvetanovska et al. 
2021). This suggests that any differences in thermal 
physiology between a native and an invasive species 
may vary among populations where they co-occur, 
altering the combined impacts of the biological inva-
sion and climate change across the range of the native 
species.

Here we investigated whether thermal plasticity 
via temperature acclimation varies between a native 
and a non-native Onthophagus dung beetle spe-
cies from two populations separated by latitude. The 
non-native species, Onthophagus taurus, is native to 
Europe and was first recorded in the USA in 1974 on 
cattle pastures in northwestern Florida (Fincher and 

Woodruff 1975; Hoebeke and Beuchke 1997). The 
species established and began to expand northwards 
into much of the southeastern USA, helped by inten-
tional introductions in the 1980s in California, Texas, 
New Jersey, and Georgia to decrease dung build-
up. Currently, O. taurus occurs throughout much of 
the eastern USA and southward into the Caribbean 
(Floate et al. 2017; Pokhrel et al. 2021). Environmen-
tal niche models indicate that O. taurus may continue 
to expand into most of the USA, Mexico, and the 
Caribbean (Floate et  al. 2017). Onthophagus taurus 
overlaps in range with the native beetle Onthopha-
gus hecate, which occurs from Florida to southern 
Canada. Onthophagus taurus and O. hecate have 
similar seasonal and diel activity patterns, dung use, 
and breeding behaviors and are often collected within 
the same dung pats. The two species are small-bodied 
dung beetles relative to the community as a whole, 
though the non-native O. taurus are larger than the 
native O. hecate (e.g., mean mass of 77 female O. 
taurus is 0.07 g; mean mass of 79 female O. hecate 
is 0.05 g). Both species show sexual and male dimor-
phism; in populations of both species, there are major 
males with large, prominent horns, minor males 
with small horns, and females. In this study, we only 
included major males and females.

We measured thermal plasticity in these species 
by acclimating them to either a warm or cold tem-
perature treatment and then quantifying shifts in their 
ability to withstand extreme temperatures. Different 
techniques are used to quantify insect thermal toler-
ance, including various static assays (Hoffmann et al. 
2003; Ørsted et al. 2022). In static assays, insects are 
exposed to a constant, stressful warm or cold temper-
ature, and the time it takes to reach a predetermined 
endpoint, such as onset of muscle spasms, recov-
ery from coma, loss of coordinated leg movements, 
knockdown, or death, is recorded (Hoffmann et  al. 
2003). Following Sheldon and Tewksbury (2014), 
we defined the “failure” endpoint as loss of coordi-
nated leg movements, a critical ability for organisms 
escaping stressful temperatures. We collected beetles 
of both species from two areas, northern Florida and 
eastern Tennessee, USA. Based on standard deviation 
of mean monthly air temperatures, Florida (8.5  °C) 
is less seasonal than East Tennessee (14.9  °C) (data 
from the years 2011–2021; NOAA 2024). We exam-
ined variation in thermal plasticity both within and 
between species. Specifically, we investigated the 
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following questions: (1) Does thermal plasticity 
vary between the non-native beetle, O. taurus, and 
the native beetle, O. hecate?, and (2) Does thermal 
plasticity vary between populations of a species? We 
predicted that the non-native O. taurus, regardless of 
source population, would demonstrate greater thermal 
plasticity than the native O. hecate. We also expected 
that beetles from Tennessee, where temperatures are 
more seasonally variable, would show greater thermal 
plasticity than beetles from Florida, where tempera-
tures are more stable. Finally, we predicted that both 
species would show greater thermal plasticity to cold 
versus warm temperatures since previous research on 
dung beetles has shown limited plasticity of upper 
thermal limits (Machekano et al. 2021) and cold tol-
erance of ectotherms is more responsive to acclimati-
zation than warm tolerance (Gunderson and Stillman 
2015).

Methods

Study sites

We collected adult dung beetles from two areas, 
northern Florida and eastern Tennessee. In Florida, 
we collected adults of both species from the Uni-
versity of Florida Sante Fe River Ranch Beef Unit 
in Alachua, FL (29° 55′ 308″ N, − 82° 29′ 269″ W), 
which contains approximately 1600 acres of pasture 
and supports 300 beef cattle. The pastures are pri-
marily open with cultivated Bermuda grass and a few 
forested areas. During the dung beetle breeding sea-
son (May–August), average maximum and minimum 
air temperatures in Florida are 32.4 °C and 21.7 °C, 
respectively (data from the years 2011–2021; NOAA 
2024).

In eastern Tennessee, we collected O. hecate from 
Seven Islands State Birding Park (35° 57′ 143″ N, 
− 83° 41′ 221″ W), a 416-acre protected area with a 
combination of managed grassland and wooded areas. 
We collected O. taurus from a small, 15-acre private 
beef farm with 40 grazing cattle in Powell, TN (36° 
03′ 258′ N, 84° 04′ 198″ W). Both sites are in rural 
areas outside of Knoxville, Tennessee and are approx-
imately 40 km apart. The average maximum and min-
imum air temperatures during the breeding season 
(May–August) are 29.3 °C and 17.4 °C, respectively 
(data from the years 2011–2021; NOAA 2024).

Field collection

We collected adult O. taurus and O. hecate beetles 
in Florida (May 2019) and Tennessee (May and June 
2021) using baited pit-fall traps and manually search-
ing through cow dung. In Florida, we held beetles 
in conspecific groups of ~ 50 individuals in 2  L rec-
tangular containers (135 × 102 × 282  cm) filled with 
a 4:1 mixture of topsoil:sand at constant room tem-
perature (25  °C). We fed colonies ad  libitum with 
field collected cow dung. After 3 days of collection, 
we transported all beetles to the laboratory at the Uni-
versity of Tennessee in a temperature-controlled vehi-
cle (24.2–25.3  °C). In Tennessee, we collected and 
transported all field-caught beetles to the lab on the 
same day. We transported Tennessee beetles in plastic 
containers with damp paper towels in a temperature-
controlled vehicle (24.2–25.3 °C).

Once in the laboratory, we held beetles in conspe-
cific groups of 40–50 individuals in the 2  L rectan-
gular containers and 4:1 mixture of topsoil:sand for 
7  days at room temperature (24.5–25.0  °C) and fed 
them ad  libitum with autoclaved cow  dung, which 
provided nutrition and moisture.

Acclimation treatments

To measure thermal plasticity, we quantified shifts in 
thermal tolerance, which we defined as the amount of 
time beetles could function in hot and cold extremes 
following acclimation to either warm or cool tem-
perature treatments, respectively. To do this, we ran-
domly assigned dung beetles to either the cold or 
warm acclimation treatment. For both acclimation 
treatments, we housed beetles in groups of 6–10 indi-
viduals in 1 L plastic containers filled with soil. We 
provided the group with 77.5 ± 2.5  g of autoclaved 
cow dung, and we acclimated beetles in Panasonic 
(MIR-554) or Percival (PGC-10) incubators at 50% 
relative humidity. For Tennessee beetles, we used 
female beetles of both species because we were able 
to collect larger sample sizes. For Florida beetles, we 
did not collect enough females and used both males 
and females to increase sample size, with each treat-
ment having roughly the same number of male to 
female beetles. Based on our analyses (see below), 
the inclusion of males did not qualitatively impact our 
results and conclusions, and thus, we used both males 
and females for analyses.
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To measure shifts in cold tolerance (i.e., shifts in 
the amount of time beetles could function in cold 
extremes), we used one set of beetles and placed half 
the individuals in a cold acclimation treatment of 
15 °C and the other half in a control temperature of 
22.5 °C    for 4 days (Table 1). To measure shifts in 
heat tolerance (i.e., shifts in the amount of time bee-
tles could function in hot extremes), we used a sec-
ond set of beetles and placed half the individuals in 
a warm treatment of 29.5 °C and the other half in a 
control temperature of 22.5 °C for 4 days (Table 1).

The cold (15 °C) and warm (29.5 °C) acclimation 
temperatures reflect conditions that the beetles would 
experience in the field that are still well above and 
below, respectively, the critical thermal limits meas-
ured for other temperate dung beetle species (Shel-
don and Tewksbury 2014).  We used 22.5  °C as our 
control temperature because beetles reproduce read-
ily at this temperature throughout the breeding season 
(Mamantov and Sheldon 2021), suggesting this tem-
perature does not induce thermal stress.

Time to loss of function trials

After acclimation periods, we quantified the degree 
of thermal plasticity by comparing time until loss 
of function between beetles acclimated in control 
versus warm or cold acclimation treatments. To 
measure time until loss of function, we removed 
beetles from the incubator, gently brushed off any 
sand and soil with a paintbrush, and recorded mass 
(Mettler Toledo analytical balance model ML54T). 
We then placed beetles individually into separate 
clear plastic containers with lids that had been 

submerged into a water bath up to the container lip 
(see Sheldon and Tewksbury 2014). We placed a 
layer of white sand on the bottom of the contain-
ers to increase traction for the beetles. We held the 
water bath at 6  °C  or 48  °C for cold or warm tri-
als, respectively. We chose water bath temperatures 
based on previous thermal tolerance research with 
dung beetles (Sheldon and Tewksbury 2014) and 
to allow for variation in time until loss of function 
while also ensuring trials were not long enough to 
cause desiccation in beetles. To ensure that air tem-
perature within the containers matched the water 
bath temperature, we kept an  empty plastic con-
tainer submerged in the water bath during all trials 
and monitored the air temperature inside it (Sheldon 
and Tewksbury 2014).

We monitored individuals in the trials for loss of 
function, which we defined as the ability to move 
legs in coordinated movements. Coordinated leg 
movements are important for allowing an organism 
to seek refuge and escape stressful temperatures. 
During trials, beetles usually attempted to walk or 
fly around the container; we monitored this move-
ment and recorded the time when the beetles were 
no longer able to move limbs, which was shortly 
after forward motion and flight were impeded. If 
an individual did not attempt movement but instead 
tucked legs under its body, we removed the lid, 
used a paintbrush to disturb the beetle and encour-
age movement, and quickly replaced the lid. If the 
beetle did not respond to this, we removed the indi-
vidual from the water bath container and the trial 
ended (occurred in less than 2% of beetles). If an 
individual flipped upside down and was unable to 
right itself, we also used a paintbrush to flip the 
individual upright. To confirm that this procedure 
did not change the temperatures inside the sub-
merged container, we did mock flips in the empty 
container housing the thermocouple and found that 
this did not alter air temperature. After trials, we 
again recorded the mass of every individual to mon-
itor water loss over the course of the trial. Data we 
collected during trials is available in Dryad.

Statistical analyses

To examine differences in thermal plasticity between 
the two species and two populations, we used sepa-
rate linear models for cold and warm tolerance trials 

Table 1   Sample sizes of O. taurus and O. hecate beetles from 
Tennessee and Florida study sites used in cold and warm toler-
ance experiments

Cold tolerance Warm tolerance

Control 
22.5 °C

Cold 
acclimation 
15 °C

Control 
22.5 °C

Warm 
acclimation 
29.5 °C

Onthophagus taurus
Florida 20 17 18 18
Tennessee 20 20 19 18
Onthophagus hecate
Florida 5 6 7 6
Tennessee 20 19 20 20
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in R Version 3.6.3 (R Core Team 2020). For both 
models, we used the response variable of time until 
loss of function and the predictors of acclimation 
treatment (warm or cold versus control), species (O. 
hecate or O. taurus), population site (FL or TN), and 
beetle mass at the start of the trial (hereafter “start-
ing mass”), and the interactions among species, treat-
ment, and population site. We included treatment in 
our model to test whether time until loss of function 
varied in response to either warm or cold acclimation 
relative to the control. We included species to test 
whether time until loss of function varied between O. 
taurus and O. hecate, and we included population site 
in our model to test whether time until loss of func-
tion varied between Florida and Tennessee beetles. 
To test for differences in acclimation ability between 
the two species living in the two population sites, we 
included the interactions between species, site, and 
treatment. We included starting mass as a predic-
tor due to allometric relationships between thermal 
physiology and body size; larger organisms have a 
reduced surface area to volume ratio, increasing heat 
and moisture retention. To meet assumptions of nor-
mality, we log transformed time to loss of function 
for the cold acclimated beetles. To determine best-fit 
models, we performed model selection using Akaike 
Information Criterion (AIC) values and the normality 
of residuals (Burnham and Anderson 2002; Zurr et al. 
2009; Symonds and Mousalli 2011).

Because time until loss of function at high tem-
perature could be influenced by acclimation ability 
and the ability to shed heat via evaporative cooling, 
we also examined if water loss varied between O. tau-
rus and O. hecate during the warm trials (48 °C). To 
approximate water loss, we calculated the percent of 
body mass lost during the trial. To do this, we sub-
tracted the mass at the end of the trial from the mass 
at the start of the trial, divided this value by the mass 
at the start of the trial, and then multiplied by 100. 
We then examined whether the percent of body mass 
lost varied using the same predictors and model selec-
tion as above.

Because we used females from Tennessee and 
females and males from Florida in our experiments, 
we ran the same analyses (above) with males from 
Florida removed. Our qualitative results were the 
same; excluding males did not impact the AIC com-
parisons or whether a result was significant. Thus, 

we kept all individuals in our models, and we present 
results based on female and male beetles.

Results

Our goals were to test whether thermal plasticity in 
response to warm and cold acclimation temperatures 
varies between the non-native beetle, O. taurus, and 
the native beetle, O. hecate, and whether degree of 
thermal plasticity varies between beetles from Florida 
and Tennessee populations.

The non-native O. taurus from both populations 
had greater heat tolerance, measured as time until 
loss of function while held at 48 °C, compared to the 
native O. hecate. Following warm acclimation treat-
ments, neither species in Tennessee nor the native O. 
hecate in Florida demonstrated shifts in time to loss 
of function. However, the non-native O. taurus col-
lected in Florida showed a significant increase in time 
until loss of function after the warm acclimation 
(Fig. 1). The best model for time until loss of func-
tion following warm acclimation treatments included 
the three-way interaction between treatment, spe-
cies, and site (p < 0.01), indicating that O. taurus and 
O. hecate collected in different sites varied in their 
response to warm acclimation. To better understand 
this significant interaction among the predictors, we 
performed separate analyses on beetles from Florida 
and Tennessee with treatment and starting mass as 
predictors. For beetles collected in Florida, O. tau-
rus significantly increased time until loss of function 
after warm acclimation (p < 0.001), but O. hecate 
did not show significant adjustment (p = 0.96). For 
beetles collected in Tennessee, O. hecate showed a 
marginally significant increase in time until loss of 
function (p = 0.06), but O. taurus did not show sig-
nificant adjustment in time until loss of function after 
warm acclimation (p = 0.21). The best model for O. 
hecate from Tennessee included beetle starting mass 
(p < 0.001) such that in response to warming, larger 
O. hecate beetles had significantly longer time to loss 
of function in warm temperatures. In contrast, body 
size did not influence time until loss of function in O. 
hecate from Florida (p = 0.94) or in O. taurus from 
Tennessee (p = 0.08) or Florida (p = 0.41) (Fig. 2).

Because heat tolerance could be impacted by the 
ability to shed heat via evaporative cooling, we also 
examined water loss (i.e., percent change in body 
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mass) during loss of function trials. In warm accli-
mated beetles, we found that shifts in time until 
loss of function were not caused by increased water 
loss (Fig.  3). The best model of  percent change 
in body mass following warm temperature treat-
ments  included site (p < 0.0001), but not species 
(p = 0.39) or treatment (p = 0.21). Beetles from Flor-
ida, regardless of species or treatment, lost more mass 

during warm trials than Tennessee beetles, suggesting 
higher rates of evaporative cooling in Florida popula-
tions (Fig. 3).

In response to cold acclimation treatments, both 
species from both populations demonstrated shifts in 
time to loss of function (Fig. 4). The best model for 
time to loss of function following cold acclimation 
treatments included the interaction between site and 

Fig. 1   Time until loss of 
function for native and non-
native Onthophagus dung 
beetles from Florida and 
Tennessee following warm 
acclimation treatments. 
Plots show results for bee-
tles collected in Florida (a) 
and Tennessee (b). Orange 
and purple lines represent 
non-native O. taurus and 
native O. hecate beetles, 
respectively. The mean and 
standard error of treatment 
group are represented by 
the point and bars, respec-
tively

Fig. 2   Time until loss of function in native and non-native 
Onthophagus dung beetles in relation to body mass follow-
ing warm acclimation. Orange and purple colors represent 
individuals of the non-native O. taurus and native O. hecate 
beetles, respectively, following either control or warm accli-

mation incubation but prior to warm tolerance tests. Circles 
and triangles represent beetles from Tennessee and Florida, 
respectively. The best fit lines and r2 values were calculated via 
regression of time until loss of function and beetle mass



Higher heat acclimation ability in a non‑native versus a native dung beetle (Onthophagus spp.)﻿	 Page 7 of 12  47

Vol.: (0123456789)

treatment (p < 0.05) and site and species (p < 0.001), 
as well as the predictors of site, treatment, starting 
mass, and species. This suggests that both species 
acclimate to cold temperatures, but the response var-
ies by population. Thus, while acclimation increases 
the time that beetles can tolerate cold temperatures, 
this plasticity does not vary by species (Fig. 4). The 
inclusion of starting mass significantly improved the 
statistical model (p < 0.05; Fig.  5). To better under-
stand the interactions between site and treatment and 
site and species in cold-acclimated beetles, we exam-
ined time until loss of function separately for beetles 

collected in Florida and Tennessee. For Tennessee 
beetles, both species showed significant acclimation 
to cold temperatures (p < 0.0001). For Florida beetles, 
O. taurus significantly increased time until loss of 
function after cold acclimation treatments (p < 0.001), 
but O. hecate demonstrated only a marginally signifi-
cant increase in time until loss of function (p = 0.07). 
Thus, in Florida, O. taurus appears to have greater 
cold acclimation ability than O. hecate.

Fig. 3   Percent mass loss 
of control and warm-accli-
mated beetles during warm 
tolerance trials. Plots show 
results for beetles collected 
in Florida (a) and Tennes-
see (b). Orange and purple 
lines represent non-native 
O. taurus and native O. 
hecate beetles, respectively. 
The mean and standard 
error of treatment group are 
represented by the point and 
bars, respectively

Fig. 4   Time until loss of 
function for native and 
non-native Onthophagus 
dung beetles from Florida 
and Tennessee following 
cold acclimation treatments. 
Plots show results for bee-
tles collected in Florida (a) 
and Tennessee (b). Orange 
and purple lines represent 
non-native O. taurus and 
native O. hecate beetles, 
respectively. The mean and 
standard error of treatment 
group are represented by 
the point and bars, respec-
tively
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Discussion

To investigate whether increased thermal plasticity 
may favor invasive species over native species under 
climate warming, we measured shifts in thermal tol-
erance of a non-native dung beetle, O. taurus, com-
pared to a native congener, O. hecate from two dif-
ferent sites with varying climates. We expected that 
the non-native O. taurus would demonstrate thermal 
plasticity in response to warm temperatures regard-
less of location, but unexpectedly, we only observed 
this plasticity in the non-native O. taurus from Flor-
ida but not from Tennessee where temperatures are 
more variable (Fig.  1). The native O. hecate beetles 
did not demonstrate significant adjustments in warm 
tolerance at either geographic location. As predicted, 
plasticity in response to cold temperatures was greater 
than in response to warm temperatures, and all popu-
lations demonstrated the ability to acclimate to colder 
temperatures except for O. hecate beetles from Flor-
ida. Beetles of both species collected from Tennessee 
had greater acclimation to cold temperatures relative 
to beetles collected from Florida.

Acclimation to warm temperatures was only seen 
in the non-native O. taurus, suggesting that thermal 
plasticity may contribute to the spread of invasive 

species under climate warming. Previous research 
has indicated that invasive species have greater physi-
ological tolerance (Zerebecki and Sorte 2011; Cor-
tes et al. 2016; Pertierra et al. 2012) and can benefit 
from warming temperatures, allowing them to exploit 
new areas or become more competitive (Dukes and 
Mooney 1999; Morrison et  al. 2005; Hellman et  al. 
2008; Walther et al. 2009; Bradley et al. 2010; Mainka 
and Howard 2010; Huang et al. 2011; Pertierra et al. 
2012). In a previous study on dung beetles, Machek-
ano et al. (2021) showed that adult beetles acclimated 
to high temperatures made significantly bigger brood 
balls and removed significantly more dung compared 
to beetles from control and low temperature acclima-
tion. Thus, in the case of Onthophagus  dung beetles, 
increased ability to acclimate to warmer tempera-
tures may provide a competitive advantage and favor 
the non-native O. taurus over its native congener, O. 
hecate, which showed no acclimation to warmer tem-
peratures. Interestingly, we only observed this accli-
mation ability in O. taurus from Florida, not from 
Tennessee, indicating that exposure to higher average 
temperatures may select for maintenance of warm 
acclimation ability (Carbonell and Stoks 2020). Fur-
thermore, this result indicates that thermal plasticity 
may vary across the range of an invasive species.

Fig. 5   Time until loss of function in native and non-native 
Onthophagus dung beetles in relation to body mass following 
cold acclimation. Orange and purple colors represent individu-
als of the non-native O. taurus and native O. hecate beetles, 
respectively, following either control or warm acclimation 

incubation but prior to warm tolerance tests. Circles and tri-
angles represent beetles from Tennessee and Florida, respec-
tively. The best fit lines and r2 values were calculated via 
regression of time until loss of function and beetle mass
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We expected that beetles from Tennessee, where 
temperatures are more seasonally variable, would 
show greater acclimation ability than beetles from 
Florida, where temperatures are warmer but less sea-
sonally variable (Janzen 1967; Chown et  al. 2004; 
Sheldon et  al. 2018). However, exposure to greater 
seasonal variation only seems to have increased the 
beetles’ ability to acclimate to cold temperatures. Pre-
vious research indicates that cold but not warm toler-
ance often shifts after acclimatization (Diffenbaugh 
and Field 2013; Seebacher et al. 2014; Gunderson and 
Stillman 2015), and this pattern has been observed 
in both native and invasive invertebrates (Janion-
Scheepers et al. 2018). Our results support this con-
clusion, indicating that cold tolerance is generally 
more plastic than warm tolerance in these beetle spe-
cies. Onthophagus hecate from Florida had reduced 
acclimation ability to cold temperatures compared 
to the other populations (Fig. 4), which is expected; 
rather than maintaining physiological plasticity, these 
populations may be locally adapted to the warm and 
stable environment of their breeding season (Gotthard 
and Nylin 1995; Agarwal 2001).

Our results indicate that the spread of the non-
native O. taurus into warmer regions may be facili-
tated by its ability to adjust to warmer temperatures 
through acclimation. Currently, O. taurus is spread-
ing across Central America and has been collected 
in parts of northern South America (Floate et  al. 
2017; Pokhrel et  al. 2021). In our study, O. taurus 
in Florida showed thermal plasticity in response 
to warmer temperatures and the greatest ability to 
withstand elevated temperatures, indicating that 
some populations of O. taurus can adjust to warm-
ing through acclimation. In previous work, we also 
found that, in response to temperature increases, O. 
taurus beetles alter their reproductive behaviors, 
buffering developing larvae from warmer tempera-
tures and leading to greater offspring survival com-
pared to O. hecate beetles (Mamantov and Shel-
don 2021). Taken together, O. taurus adults and 
offspring are less likely to be negatively impacted 
by climate change due to both physiological and 
behavioral adjustments, respectively, which may 
allow this non-native species to expand its range 
under warming conditions. In contrast, the native 
beetle O. hecate will need to utilize other strategies 
to adjust to climate change or may experience popu-
lation declines. For example, when air temperatures 

get too hot or cold, adult dung beetles can move to 
more favorable microclimates (Caveney et al. 1995; 
Menéndez and Gutiérrez 2004), dig deeper in the 
soil (Macagno et al. 2016; Kirkpatrick and Sheldon 
2022), or shift activity times (Gotcha et  al. 2021). 
Such strategies could provide refuge and protect 
native O. hecate from temperature fluctuations.

Variation in thermal plasticity may be a mecha-
nism through which climate change will exacerbate 
the spread and impact of invasive species. The greater 
potential to acclimate to warmer temperatures found 
in some invasive species combined with broader 
physiological tolerance (Zerebecki and Sorte 2011) 
and greater heat tolerance (Kelly 2014) suggests inva-
sive species will have greater capacity to handle or 
even take advantage of climate warming compared 
to native species (Pertierra et al. 2012). However, the 
potential for biological invasions to act synergisti-
cally with increases in temperature may vary across 
the invaded range; thermal physiology changes across 
invasive populations (Lenz et  al. 2011; Cvetanovska 
et al. 2021), highlighting the importance of consider-
ing physiological variation when predicting the com-
bined impacts of biological invasions and climate 
change.

Acknowledgements  We thank Kevin Null, Susan Riechert 
and Mac Post, The University of Florida Santa Fe River Ranch, 
and Seven Islands State Birding Park for allowing us to collect 
beetles on their properties. This research was funded by the US 
National Science Foundation (grant nos. 1930829 and 2046368 
to KSS) and funds from the University of Tennessee.

Author contributions  MAM and KSS contributed to the 
study conception and design, MAM performed data collection 
and analysis, MAM drafted the manuscript and KSS contrib-
uted substantially to drafts. Both authors read and approved the 
final manuscript.

Funding  This research was funded by the US National Sci-
ence Foundation (grant nos. 1930829 and 2046368 to KSS) 
and funds from the University of Tennessee.

Data availability  Data are available from the Dryad Digital 
Repository under https://​doi.​org/​105061/​dryad​sn02v​6xc2.

Declarations 

Conflict of interest  The authors have no relevant financial or 
non-financial interests to disclose.

https://doi.org/105061/dryadsn02v6xc2


	 M. A. Mamantov, K. S. Sheldon 47  Page 10 of 12

Vol:. (1234567890)

References

Agrawal AA (2001) Phenotypic plasticity in the interactions 
and evolution of species. Science 294:321–326

Allen MR, Dube OP, Solecki W, Aragón-Durand F, Cramer 
W, Humphreys S, Kainuma M, Kala J, Mahowald N, 
Mulugetta Y, Perez R, Wairiu M, Zickfeld K (2018) Fram-
ing and Context In: Global Warming of 15 °C An IPCC 
Special Report on the impacts of global warming of 15 °C 
above pre-industrial levels and related global greenhouse 
gas emission pathways, in the context of strengthening the 
global response to the threat of climate change, sustain-
able development, and efforts to eradicate poverty. IPCC 
Special Report

Amiel JJ, Tingley R, Shine R (2011) Smart moves: effects of 
relative brain size on establishment success of invasive 
amphibians and reptiles. PLoS ONE 6:e18277

Baldwin JM (1896) A new factor in evolution. Am Nat 
30:441–451

Barker BD, Horodysky AZ, Kerstetter DW (2018) Hot or not? 
Comparative behavioral thermoregulation, critical tem-
perature regimes, and thermal tolerances of the invasive 
lionfish Pterois sp versus native western North Atlantic 
reef fishes. Biol Invasions 20:45–48

Boardman L, Lockwood JL, Angilletta MJ, Krause JS, Lau 
JA, Loik ME, Simberloff D, Thawley CJ, Meyerson LA 
(2022) The future of invasion science needs physiology. 
Bioscience 72:1204–1219

Bradley BA, Wilcove DS, Oppenheimer M (2010) Climate 
change increases risk of plant invasion in the Eastern 
United States. Biol Invasions 12:1855–1872

Burnham KP, Anderson DR (2002) Model selection and 
multimodel inference: a practical information-theoretic 
approach, 2nd edn. Springer, New York

Carbonell JA, Stoks R (2020) Thermal evolution of life his-
tory and heat tolerance during range expansions toward 
warmer and cooler regions. Ecology 101(10):e03134

Caveney S, Scholtz CH, McIntyre P (1995) Patterns of daily 
flight activity in onitine dung beetles (Scarabaeinae: Oni-
tini). Oecologia 103:444–452

Chown SL, McGeoch MA (2023) Functional trait variation 
along animal invasion pathways. Ann Rev Ecol Evol Sys-
tem 54:151–170

Chown SL, Gaston KJ, Robinson D (2004) Macrophysiol-
ogy: large-scale patterns in physiological traits and their 
ecological implications. Functional Ecol 18:159–167

Chown SL, Slabber S, McGeoch MA, Janion C, Leinaas HP 
(2007) Phenotypic plasticity mediates climate change 
responses among invasive and indigenous arthropods. 
Proc R Soc B 274:2531–2537

Claunch NM, Goodman C, Reed RN, Guralnick R, Roma-
gosa CM, Taylor EN (2021) Invaders from islands: ther-
mal matching, potential or flexibility? Biol J Linnean 
Soc 134:587–603

Coccia C, Calosi P, Boyero L, Green AJ, Bilton DT (2013) 
Does ecophysiology determine invasion success? A 
comparison between the invasive boatman Trichoc-
orixa verticalis verticalis and the native Sigara lateralis 
(Hemiptera, Corixidae) in south-west Spain. PLoS ONE 
8:e63105

Cortes PA, Puschel H, Acuna P, Bartheld JL, Bozinovic F 
(2016) Thermal ecological physiology of native and 
invasive frog species: Do invaders perform better? Con-
serv Physiol 4:cow056

Cvetanovska E, Castañeda RA, Hendry AP, Conn DB, Ric-
ciardi A (2021) Cold tolerance varies among invasive 
populations of the Asian clam (Corbicula fluminea). 
Can J Zool 99:729–740

Davidson AM, Jennions M, Nicotra AB (2011) Do invasive 
species show higher phenotypic plasticity than native 
species, and if so, is it adaptive? A meta-analysis. Ecol 
Lett 14:419–431

Dewitt TJ, Sih A, Wilson DS (1998) Costs and limits of phe-
notypic plasticity. TREE 13:77–81

Diffenbaugh NS, Field CB (2013) Changes in ecologi-
cally critical terrestrial climate conditions. Science 
341:486–492

Dukes JS, Mooney HA (1999) Does global change increase 
the success of biological invaders? TREE 14:135–139

Engel K, Tollrian R, Jeschke JM (2011) Integrating biologi-
cal invasions, climate change and phenotypic plasticity. 
Commun Integr Biol 4:247–250

Fincher GT, Woodruff RE (1975) A European dung beetle, 
Onthophagus taurus Schreber, new to the US Coleop-
tera: Scarabaeidae. Coleopt Bull 29:349–350

Floate KD, Watson DW, Weiss RM, Olfert O (2017) Bio-
climatic analyses for the distributions of Onthophagus 
nuchicornis, Onthophagus taurus, and Digitonthopha-
gus gazella Coleoptera: Scarabaeidae in North America. 
Can Entomol 149:504–524

Gotcha N, Machekano H, Cuthbert RN, Nyamukondiwa C 
(2021) Heat tolerance may determine activity time in 
coprophagic beetle species (Coleoptera: Scarabaeidae). 
Insect Sci 28:1076–1086

Gotthard K, Nylin S (1995) Adaptive plasticity and plasticity 
as an adaptation: a selective review of plasticity in ani-
mal morphology and life history. Oikos 74:3–17

Gross K, Pasinelli G, Kunc H (2010) Behavioral plasticity 
allows short-term adjustment to a novel environment. 
Am Nat 176:456–464

Gunderson AR, Stillman JH (2015) Plasticity in thermal tol-
erance has limited potential to buffer ectotherms from 
global warming. Proc Roy Soc B 282:20150401

Hellmann JJ, Byers JE, Bierwagen BG, Dukes JS (2008) Five 
potential consequences of climate change for invasive spe-
cies. Conserv Biol 22:534–543. https://​doi.​org/​10.​1111/j.​
1523-​1739.​2008.​00951.x

Hiatt D, Flory SL (2020) Populations of a widespread invader 
and co-occurring native species vary in phenotypic plas-
ticity. New Phytol 225:584–594. https://​doi.​org/​10.​1111/​
nph.​16225

Hoebeke ER, Beucke K (1997) Adventive Onthophagus 
Coleoptera: Scarabaeidae in North America: geographic 
ranges, diagnoses, and new distributional records. Ento-
mol News 108:345–362

Hoffmann AA, Sørensen JG, Loeschcke V (2003) Adapta-
tion of Drosophila to temperature extremes: bringing 
together quantitative and molecular approaches. J Therm 
Biol 28:175–216. https://​doi.​org/​10.​1016/​S0306-​4565(02)​
00057-8

https://doi.org/10.1111/j.1523-1739.2008.00951.x
https://doi.org/10.1111/j.1523-1739.2008.00951.x
https://doi.org/10.1111/nph.16225
https://doi.org/10.1111/nph.16225
https://doi.org/10.1016/S0306-4565(02)00057-8
https://doi.org/10.1016/S0306-4565(02)00057-8


Higher heat acclimation ability in a non‑native versus a native dung beetle (Onthophagus spp.)﻿	 Page 11 of 12  47

Vol.: (0123456789)

Huang D, Haack RA, Zhang R (2011) Does global warming 
increase establishment rates of invasive alien species? A 
centurial time series analysis. PLoS ONE 6:e24733

Janion-Scheepers C, Phillips L, Sgrò CM, Duffy GA, Hallas 
R, Chown SL (2018) Basal resistance enhances warming 
tolerance of alien over indigenous species across latitude. 
PNAS 115:145–150

Janzen DH (1967) Why mountain passes are higher in the trop-
ics. Am Nat 101:233–249

Kelley AL (2014) The role thermal physiology plays in species 
invasion. Conserv Physiol 2:cou045

Kirkpatrick WH, Sheldon KS (2022) Experimental increases 
in temperature mean and variance alter reproductive 
behaviours in the dung beetle Phanaeus vindex. Biol Lett 
18:20220109

Lennox R, Choi K, Harrison PM, Paterson JE, Peat TB, Ward 
TD, Cooke SJ (2015) Improving science-based invasive 
species management with physiological knowledge, con-
cepts, and tools. Biol Invasions 17:2213–2227

Lenz M, da Gama BAP, Gerner NV, Gobin J, Gröner F, Harry 
A et al (2011) Non-native marine invertebrates are more 
tolerant towards environmental stress than taxonomically 
related native species: results from a globally replicated 
study. Environ Res 111:943–952

Macagno ALM, Moczek AP, Pizzo A (2016) Rapid diver-
gence of nesting depth and digging appendages among 
tunneling dung beetle populations and species. Am Nat 
187:E143–E151

Machekano H, Zidana C, Gotcha N, Nyamukondiwa C (2021) 
Limited thermal plasticity may constrain ecosystem func-
tion in a basally heat tolerant tropical telecoprid dung bee-
tle, Allogymnopleurus thalassinus (Klug, 1855). Sci Rep 
11:22192

Mainka SA, Howard GW (2010) Climate change and invasive 
species: double jeopardy. Integr Zool 5:102–111

Mamantov MA, Sheldon KS (2021) Behavioural responses to 
warming differentially impact survival in introduced and 
native dung beetles. J Animal Ecol 90:273–281

McCann SM, Kosmala GK, Greenlees MJ, Shine R (2018) 
Physiological plasticity in a successful invader: rapid 
acclimation to cold occurs only in cool-climate popula-
tions of cane toads Rhinella marina. Conserv Physiol 
6:cox072

Menéndez R, Gutiérrez D (2004) Shifts in habitat associations 
of dung beetles in northern Spain: climate change impli-
cations. Ecoscience 11:329–337

Morrison LW, Korzukhin MD, Porter SD (2005) Predicted 
range expansion of the invasive fire ant, Solenopsis 
invicta, in the eastern United States based on the VEMAP 
global warming scenario: range expansion of an invasive 
fire ant. Divers Distrib 11:199–204

Narum SR, Campbell NR (2015) Transcriptomic response to 
heat stress among ecologically divergent populations of 
redband trout. BMC Genomics 16:103

Nicolakakis N, Sol D, Lefebvre L (2003) Behavioral flexibility 
predicts species richness in birds, but not extinction risk. 
Anim Behav 65:445–452

NOAA National Centers for Environmental information, Cli-
mate at a Glance: Statewide Time Series, published Sep-
tember 2024, retrieved on October 23, 2024 from https://​

wwwnc​einoa​agov/​access/​monit​oring/​clima​te-​at-a-​glance/​
state​wide/​time-​series

Nyamukondiwa C, Kleynhans E, Terblanche JS (2010) Phe-
notypic plasticity of thermal tolerance contributes to the 
invasion potential of Mediterranean fruit flies Ceratitis 
capitata. Ecol Entomol 35:565–575

Ørsted  1M, Jørgensen LB, Overgaard J (2022) Finding the 
right thermal limit: a framework to reconcile ecological 
physiological and methodological aspects of CTmax in 
ectotherms. J Exp Biol 225. https://​doi.​org/​10.​1242/​jeb.​
244514

Penk MR, Jeschke JM, Minchin D, Donohue I (2016) Warm-
ing can enhance invasion success through asymmetries in 
energetic performance. J Anim Ecol 85:419–426

Pertierra LR, Escribano-Álvarez P, Olalla-Tárraga MÁ (2012) 
Cold tolerance is similar but heat tolerance is higher in 
the alien insect Trichocera maculipennis than in the native 
Parochlus steinenii. Antarctica Polar Biol 44:1203–1208

Pokhrel MR, Cairns SC, Hemmings Z, Floate KD, Andrew 
NR (2021) A review of dung beetle introductions in the 
Antipodes and North America: status, opportunities, and 
challenges. Environ Entomol 50:762–780

R Core Team (2020) R: A language and environment for statis-
tical computing R Foundation for Statistical Computing, 
Vienna, Austria https://​wwwR-​proje​ctorg/

Richards SL, Bossdorf O, Muth NZ, Gurevitch J, Pigliucci M 
(2006) Jack of all trades, master of some? On the role 
of phenotypic plasticity in plant invasions. Ecol Lett 
9:981–993

Seebacher F, White CR, Franklin CE (2014) Physiological 
plasticity increases resilience of ectothermic animals to 
climate change. Nat Clim Change 5:61

Sheldon KS, Tewksbury JJ (2014) The impact of seasonality 
in temperature on thermal tolerance and elevational range. 
Ecology 95:2134–2143

Sheldon KS, Huey RB, Kaspari M, Sanders NJ (2018) Fifty 
years of mountain passes: a perspective on Dan Janzen’s 
classic article. Am Nat 191:553–565

Sol D, Timmermans S, Lefebvre L (2002) Behavioral flexibil-
ity and invasion success in birds. Anim Behav 63:495–502

Stillman JH (2003) Acclimation capacity underlies susceptibil-
ity to climate change. Science 301:65

Symonds MRE, Moussalli A (2011) A brief guide to model 
selection, multimodal inference and model averaging in 
behavioural ecology using Akaike’s information criterion. 
Behav Ecol Sociobiol 65:13–21. https://​doi.​org/​10.​1007/​
s00265-​010-​1037-6

Tepolt CK, Somero GN (2014) Master of all trades: ther-
mal acclimation and adaptation of cardiac function in a 
broadly distributed marine invasive species, the European 
green crab, Carcinus maenas. J Exp Biol 217:1129–1138

Walther GR, Roques A, Hulme PE, Sykes MT, Pysek P, Kuhn 
I et al (2009) Alien species in a warmer world: risks and 
opportunities. TREE 24:686–693

Wright TF (2010) Behavioral flexibility and species invasions: 
the adaptive flexibility hypothesis. Ethol Ecol and Evol 
22:393–404

Zerebecki RA, Sorte CJ (2011) Temperature tolerance and 
stress proteins as mechanisms of invasive species success. 
PLoS ONE 6:e14806

https://www.nceinoaagov/access/monitoring/climate-at-a-glance/statewide/time-series
https://www.nceinoaagov/access/monitoring/climate-at-a-glance/statewide/time-series
https://www.nceinoaagov/access/monitoring/climate-at-a-glance/statewide/time-series
https://doi.org/10.1242/jeb.244514
https://doi.org/10.1242/jeb.244514
https://www.R-projectorg/
https://doi.org/10.1007/s00265-010-1037-6
https://doi.org/10.1007/s00265-010-1037-6


	 M. A. Mamantov, K. S. Sheldon 47  Page 12 of 12

Vol:. (1234567890)

Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM (2009) 
Mixed effects models and extensions in ecology with R. 
Springer, New York

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.


	Higher heat acclimation ability in a non-native versus a native dung beetle (Onthophagus spp.)
	Abstract 
	Introduction
	Methods
	Study sites
	Field collection
	Acclimation treatments
	Time to loss of function trials
	Statistical analyses

	Results
	Discussion
	Acknowledgements 
	References




