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Abstract 
Climate change and its resulting effects on seasonality are known to alter a variety of animal behaviors including those related to foraging, phe-
nology, and migration. Although many studies focus on the impacts of phenological changes on physiology or fitness enhancing behaviors, fewer 
have investigated the relationship between variation in weather and phenology on risk assessment. Fleeing from predators is an economic deci-
sion that incurs costs and benefits. As environmental conditions change, animals may face additional stressors that affect their decision to flee 
and influence their ability to effectively assess risk. Flight initiation distance (FID)—the distance at which animals move away from threats—is 
often used to study risk assessment. FID varies due to both internal and external biotic and physical factors as well as anthropogenic activities. 
We asked whether variation in weather and phenology is associated with risk-taking in a population of yellow-bellied marmots (Marmota flaviven-
ter). As the air temperature increased marmots tolerated closer approaches, suggesting that they either perceived less risk or that their response 
to a threat was thermally compromised. The effect of temperature was relatively small and was largely dependent upon having a larger range 
in the full data set that permitted us to detect it. We found no effects of either the date that snow disappeared or July precipitation on marmot 
FID. As global temperatures continue to rise, rainfall varies more and drought becomes more common, understanding climate-related changes 
in how animals assess risk should be used to inform population viability models.
Key words: climate change, flight initiation distance, phenology, temperature, yellow-bellied marmots.

One of the greatest threats to plant and animal populations 
today is a rapidly changing climate and the environmental 
changes that follow. The Intergovernmental Panel on Climate 
Change predicts drastic changes to biodiversity levels, phenol-
ogy, seasonality, and snow cover even with global warming 
limited to 1.5 °C (IPCC 2023). Human-driven climate change 
is responsible for a variety of negative environmental effects 
not limited to extreme heatwaves (Coumou and Rahmstorf 
2012), drought (Cook et al. 2018), and severe winter weather 
(Cohen et al. 2021). Such changes put many populations at 
risk, especially those in high-elevation regions with highly 
seasonal life histories. Climate change modifies selection 
pressures to which a species’ response depends on both its 
phenotypic plasticity and its genetic variation (Roff 2002). 
Already, climate change is known to affect life history traits 
in a variety of animals including mammals (Wells et al. 2022), 
birds (Both and Visser 2005; Dunn and Møller 2019), fishes 
(Jensen et al. 2008), insects (Gomi et al. 2007), and reptiles 
(Le Galliard 2012).

For animals, escaping from a predator is an economic deci-
sion. Optimal escape theory predicts that animals will not 
flee an area with resources until the cost of staying outweighs 
the cost of fleeing (Ydenberg and Dill 1986). Prey animals 
face risks and costs simultaneously and must adjust their 
risk assessment and escape behavior to reflect this tradeoff 

(Cooper 2003; Lagos et al. 2009; Díaz and Møller 2023). 
Risk assessment extends beyond simply deciding whether to 
stay or flee in the presence of a predator. Prey animals must 
also determine at which speed they will flee, where they will 
flee to, how far they will flee, whether they will enter a refuge, 
and what path they will take to reach that refuge (Cooper 
2003). There are a variety of factors that influence risk 
assessment (Stankowich and Blumstein 2005). The chance of 
immediate survival during an encounter with a predator is 
increased by fleeing, but there is an associated cost of reduc-
ing foraging opportunities. However, by not fleeing, and sub-
sequently being preyed upon, prey sacrifice their future fitness 
(Cooper 2015).

Antipredator behavior is a key life history trait for which 
we have not developed a comprehensive understanding of 
how it covaries with weather and seasonality. There are rea-
sons to believe that weather and seasonality should affect 
risk assessment. Associations between antipredator behav-
ior and environmental changes have been found in birds. In 
a study of over 200 species of European birds, Diaz et al. 
(2021) showed that FID decreased with increases in precipi-
tation and temperature which they attributed to diminished 
foraging success. In reptiles, body temperature has been 
shown to profoundly affect an individual’s flight behavior 
with higher body temperature being correlated with a higher 
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likelihood to flee (Hertz, Huey, Nevo 1982). Ambient tem-
perature also has significant effects on antipredator behavior 
with studies involving snakes demonstrating a positive corre-
lation between temperature and aggression (Schieffelin and 
De Queiroz 1991). Additionally, high ambient temperatures 
drive mid-sized African mammalian herbivores to experience 
heat stress while foraging because they must forage during the 
day to avoid their nocturnal predators (Veldhuis et al. 2020).

Flight initiation distance (FID)—the distance at which 
an animal initiates flight from an approaching threat—is a 
common metric used to study escape behavior. A variety of 
internal and morphological factors such as pregnancy status 
(Braña, 1993), coloration (Møller, Liang and Samia 2019), 
and body size (Møller, 2015) affect FID. As climate condi-
tions change more drastically, escape behavior is likely to be 
influenced by both environmental stressors as well as ani-
mals’ internal physiological responses to those environmental 
stressors. Indeed, as noted above, Díaz et al. (2021) found 
that European birds tolerated closer approaches as the tem-
perature increased, and time of day effects reported in stud-
ies of tropical birds’ FIDs may be a function of temperature 
(Ekanayake et al. 2022).

Yellow-bellied marmots (Marmota flaviventer; hereafter, 
“marmots”) make an excellent study system to investigate 
the relationship between variation in seasonality and FID. 
Marmots have a highly seasonal life history with mortality 
in the summer primarily attributed to predation (Van Vuren 
2001) and mortality in the winter associated with starvation 
during hibernation (Armitage 2014). Their summer active 
season is characterized by reproduction and foraging to gain 
mass for the winter hibernation period (Cordes et al. 2020). 
In species that live in regions with harsh winters, hibernation 
is key to survival. Individuals use this period to save energy 
and avoid predation although environmental conditions are 
unfavorable. During hibernation, marmots rely exclusively 
on fat stores accumulated in the summer to survive (Geiser 
2013). Previous studies have demonstrated that earlier emer-
gence from hibernation is resulting in longer growing sea-
sons for pups, and marmots are entering hibernation with 
larger body masses (Ozgul et al. 2010). Additionally, yellow- 
bellied marmots live in high-elevation regions that have been 
demonstrably changing because of climate change (Beniston, 
Diaz, Bradley 1997; Inouye et al. 2000; Diaz, Grosjean, and 
Graumlich 2003; Trew and Maclean 2021).

Importantly, previous marmot studies have found an asso-
ciation between temperatures and rainfall and other aspects 
of marmot life history. Using a long-term predictive model, 
Glad and Mallard (2022) found that up to 54% of alpine 
marmot (Marmota marmota) habitat loss would be due to 
climate change assuming the changes reported in the IPCC’s 
RCP 8.5 model. Additionally, Cordes et al. (2020) found 
a generally negative association between climatic factors 
(including winter snowfall and summer rainfall) and winter 
survival and a positive association between climate change 
and summer survival in yellow-bellied marmots. Increases in 
spring temperatures were associated with earlier emergence 
from hibernation. Earlier emergence times result in marmots 
coming aboveground although there is still snow on the 
ground and require them to draw on residual fat reserves to 
begin reproduction and resume digestive activities (Inouye 
et al. 2000). The persistence of snow cover beyond mar-
mot spring emergence reduces marmot survival and repro-
ductive success (Armitage 2013). However, the presence of 

heavy snow cover during the hibernation period is crucial for 
winter survival, presenting the need for winters with heavy 
snowfall and springs with low temperatures to be maintained 
(Armitage 2013).

We focused on 3 environmental factors that might influence 
marmot risk assessment: temperature, the timing of spring 
snowmelt, and summer rainfall, and made 3 predictions. 1) 
If high temperatures created physiological stress (as has been 
reported in other taxa), we expected that marmots might tol-
erate closer approaches when the ambient temperature was 
greater. We recognize that it is also conceivable that higher 
temperatures may reduce food needs and hence could be asso-
ciated with longer FIDs (sensu Díaz et al. 2021). 2) Since late 
Spring snowmelt decreases the amount of time available to 
gain body fat and reproduce (Ozgul et al. 2010), we predicted 
that in years with later spring snowmelt, FID would decrease 
because individuals would have to maximize energy intake 
during a shorter season and therefore may tolerate greater 
risks. 3) Summer drought impedes the ability of marmots to 
gain sufficient body mass to survive the winter (Cordes et 
al. 2020), and thus, in years with less summer precipitation 
we expected that marmots would tolerate closer approaches 
because the cost of flight was increased.

Materials and Methods
Study system and site
Yellow-bellied marmots are social sciurid rodents that 
inhabit regions within the western United States (Frase and 
Hoffmann 1980). This project used data collected from a 
population of marmots that live in and around the Rocky 
Mountain Biological Laboratory in Gothic, Colorado, United 
States (38°57ʹN, 106°59ʹW). In the montane region, mar-
mots face predators including hawks (Buteo spp.), golden 
eagles (Aquila chrysaetos), badgers (Taxidea taxus), wea-
sels (Mustela frenata), coyotes (Canis latrans), and red foxes 
(Vulpes vulpes) (Van Vuren 2001).

Trapping and observations
Following Armitage (1982), we trapped marmots using 
walk-in live traps baited with horse feed set close to burrow 
entrances and known locations. Once animals were trapped, 
we transferred them to cloth handling bags to record body 
mass, sex, and reproductive status. Marmots are individually 
marked with unique ear tag numbers and dye marks on their 
dorsal pelage to permit identification from afar.

Quantifying flight initiation distance
Using a standard protocol (e.g., Blumstein et al. 2015), relaxed 
marmots (i.e., those not alarmed by the researcher presence 
and not actively watching the researcher) were approached 
in the field at a rate of 0.5 m/s. Marmots were not studied 
when it was raining or snowing, or when it was excessively 
windy (i.e., Beaufort > 3). We marked the researcher’s starting 
location by dropping a flag and dropped flags at the location 
where the marmot became alert and the location where the 
marmot initiated flight. We continued walking to the mar-
mot’s initial location and dropped a fourth flag. Using a meter 
tape, we measured (to the nearest 0.01 m) the distance of each 
flag from the marmot’s starting location. We recorded starting 
distance (SD; the distance between animal and the observ-
er’s starting point), alert distance (AD; the distance between 
observer and animal at which the animal oriented toward the 
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observer), the distance at which the marmot initiates flight 
(FID), and the marmot’s distance from the nearest burrow 
when it fled. We also recorded the marmot’s starting sub-
strate (low vegetation, high vegetation, talus (a patch of lose 
rocks), dirt, stones), starting behavior (sit, forage, look, stand 
look), slope of approach (measured in degrees), slope of flight 
(measured in degrees), and method of escape (run or walk).

Quantifying the environment
To estimate temperature at the time of each FID experiment, 
we used the Gothic Research Meadow weather station (38.96, 
−106.99), a United States Environmental Protection Agency 
Clean Air Status and Trends Network (EPA CASTNET, sta-
tion ID GTH-161) data collection location, to obtain hourly 
temperatures. The Gothic Research Meadow weather station 
is located within our study site with marmots colonies ranging 
from 100 m to 2.5 km away from the weather station. Because 
the temperature at a given moment is relatively consistent in the 
valley it allowed us to use the information from this weather 
station for all of our FID observations regardless of the exact 
location where the data were collected. FIDs are recorded to 
the minute but we rounded these to the nearest hour to pair 
each datapoint with a temperature from the weather station.

We calculated the date of snow disappearance for each col-
ony site using RMBL’s spatial data platform (https://www.rmbl.
org/scientists/resources/spatial-data-platform/, Breckheimer et 
al. 2021). This tool used MODIS and Landsat remotely sensed 
data to calculate daily estimates of fractional snow covered 
area (fSCA). We extracted the data using the ̀ rSDP` R packages 
(Breckheimer 2023) and estimated the date of snow disappear-
ance (referred to as snow melt date hereafter) at each colony 
site by taking the average day of snow disappearance across all 
pixels of each marmot colony.

To study summer rainfall’s effects on FID, we focused on 
the month of July. This is because vegetation may rely on 
soil moisture throughout June, even in relatively dry years 
(Berkelhammer et al. 2020). We used average daily July pre-
cipitation data taken from a private weather station from the 
CoCoRaHS (Community Collaborative Rain, Hail and Snow 
network, station CO-GN-18) immediately next to the RMBL 
(38.96°, −106.99 °) and located between 100 m and 2.5 km 
from marmot colonies. Summer precipitation did not vary sub-
stantially across the study site.

Statistical analysis
To test the first 2 questions, we fitted a linear mixed effects 
model to explain variation in log transformed FID as a func-
tion of summer air temperatures at the time of FID and winter 
snow melt. The fixed effects for this model included air tem-
perature when the FID was conducted, the log of the alert dis-
tance for the FID experiment, FID trial number (to account for 
habituation), time at which the FID was conducted (converted 
to radians; see Bulla et al., 2016), valley position (up valley 
sites have a systematically shorter growing season than down 
valley sites, and this is associated with a variety of life history 
traits—e.g., Heissenberger et al. 2020), the log distance to bur-
row + 1, day of year of snow disappearance, and day of the 
year when the FID was conducted. We did not include age and 
sex in these models because prior work has shown these effects 
to have a negligible impact on FID (e.g., Uchida and Blumstein 
2021). All independent variables were scaled for analysis using 
the function “scale” from the base R package. Random effects 
were the marmot’s identity, colony, and the year. This model 

included 1584 observations from 545 individuals across 17 
years (2003-2022, no observations in 2006-2007).

To test the third question, we used only observations con-
ducted in July and fitted the same linear mixed effects model 
with the addition of average daily July rainfall. This model 
included 694 observations from 332 individuals across 17 years.

Models were fitted using the function ‘lmer’ (Bates et al. 
2015) and evaluated using the packsage lmerTest (Kuznetsova 
et al. 2017) in the R programming environment (R Core Team 
2023). We used the package performance (Lüdecke et al. 2021) 
to evaluate model assumptions. Residuals were roughly nor-
mal, q-q plots straight, and VIF values were less than 5 which 
suggests that we were not violating distributional assumptions. 
To address a reviewer’s concern that these relationships could 
have been non-linear, we fitted gamm models and found that 
the results did not change and that significant relationships 
were indeed linear. We do not report these exploratory results 
here, but include the code (and results) with the paper’s code at 
OSF (https://osf.io/68z9n/).

Results
We used our full data set to test the first 2 hypotheses. In this 
full data set the temperature range was from −0.5 °C to 24.1 °C. 
There was a significant, but slight, negative association between 
FID and temperature in the first model (estimate = -0.043, 
P = 0.004). Marmots tolerated closer approaches as tempera-
ture increased (Table 1) with FIDs at 24 °C being 10 m shorter 
than at 0 °C (Fig. 1). There was no relationship between the date 
of snow disappearance and FID (estimate = −0.008, P = 0.79). 
As expected from other studies of marmot FID, some other 
measured factors (alert distance, trial number, and distance to 
burrow) explained significant variation in FID (Table 1).

In the substantially smaller July only dataset, the temperature 
range was 6.33 °C to 24.1C. We used this smaller dataset to 
test our third hypothesis about July precipitation. We found no 
relationship between temperature and FID (estimate = -0.008, 
P = 0.71), no relationship between the date on which snow dis-
appeared on FID (estimate = −0.06, P = 0.25), and no effect of 
July precipitation on FID (estimate = 0.04, P = 0.28). Here too, 
some other measured factors (alert distance, trial number, dis-
tance to burrow) explained significant variation in FID (Table 1).

Discussion
In a rapidly heating world, it is important to document and 
understand how temperature, rainfall, and seasonality influ-
ence risk assessment in animals. In the Southwestern United 
States, long-term climate models predict increased tempera-
tures and increased drought severity (Cook et al. 2018; US 
EPA, 2024) 2 factors that increased risk taking in marmots. 
Overall, our results showed that marmot antipredator behav-
ior varied as a function of air temperature, but not 2 other key 
variables (the date of snowmelt and July precipitation) that 
are associated with climate change in our study site.

As temperature increased, free-living marmots tolerated closer 
approaches, which suggests that they either perceived lower risks 
or that they were thermally stressed and their escape behavior 
was compromised. For marmots the effect of temperature on 
FID was small and our ability to detect it depended upon both 
the range of temperatures in the data and sample size which 
were substantially larger in the full data set than the substantially 
smaller July only data set. Temperature effects on risk taking was 
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similar to the results of a number of laboratory studies of fishes 
where warmer temperatures enhanced risk taking. For instance, 
Mexican livebearing fish (Pseudoxiphophorus jonesii) moved 
more and took greater risks when experimentally exposed to 
hotter water (Culumber 2020). Similarly, guppies (Poecilia retic-
ulata) spent more time closer to their natural cichlid predator 
as temperature and turbidity increased (Zanghi et al. 2023), 
and lemon damselfish (P. moluccensis) emerged from refugia 
sooner at higher temperatures suggesting that they took greater 
risks as temperature increased (Biro et al. 2010). By contrast, 
European birds decreased their FID as temperature increased 
(Díaz et al. 2021); a finding consistent with a reduced metabolic 
need in higher temperatures, thermal constraints on escape, 
as well as decreased foraging success at higher temperatures. 
However, many of these data were collected during the breeding 
season when avian species become more insectivorous to feed 
their young. Higher temperatures may decrease foraging ability 
because insect prey are able to escape better in warmer temper-
atures. Marmots, however, are vegetarians and thus we expect 
there should not be differences in foraging efficiency when it is 
hotter. In the Kalahari desert, arid zone birds studied during the 
summer also decreased their FID, but this was most pronounced 
when it was >35 °C (Pistrorius 2016) a finding consistent with 
thermal stress.

Neither rainfall at a key time of the year, nor a key meas-
ure of seasonality, the date at which the snow disappeared, 

Table 1. Results from 2 complementary linear mixed effects models explaining variation in (log-transformed) flight initiation distance (FID) in yellow-
bellied marmots. The first used the entire data set to test the hypotheses that the date of snow disappearance and temperature were associated with 
FID. The second focused on observations made in July to test the hypothesis that July rainfall was associated with FID. Repeatability was measure as 
the ration of the among-individual variance (Vindividual) divided by the total variance (sum of the variance components). Significant, P-values (< 0.05) are 
bolded.

Full data set July data set

Predictors Estimates CI P Estimates CI P

(Intercept) 2.93 2.75 to 3.12 <0.001 2.83 2.60 to 3.06 <0.001

Alert distance (log) 0.66 0.62 to 0.70 <0.001 0.65 0.60 to 0.71 <0.001

Date of snow disappearance -0.01 −0.07 to 0.06 0.796 −0.07 −0.17 to 0.04 0.235

Trial number -0.08 −0.13 to -0.04 <0.001 −0.06 −0.10 to -0.01 0.011

Valley position [up-valley] 0.25 −0.02 to 0.52 0.073 0.21 −0.12 to 0.54 0.214

Day of year 0.01 −0.03 to 0.04 0.688 0.04 −0.01 to 0.09 0.112

Temperature -0.04 −0.07 to -0.01 0.004 −0.01 −0.05 to 0.04 0.713

Time (in radians) 0.02 −0.01 to 0.05 0.281 −0.00 −0.05 to 0.04 0.858

Distance to burrow (log(x + 1)) 0.13 0.10 to 0.16 <0.001 0.12 0.07 to 0.17 <0.001

Average daily July rainfall 0.04 −0.03 to 0.12 0.263

Random effects

Vresidual 0.24 0.25

Vindividual 0.04 0.03

Vyear 0.01 0.02

VColony 0.04 0.06

Repeatability 0.27 0.30

Marginal R2/conditional R2 0.632 0.731 0.579/0.706

Sample size

Individuals 545 332

Years 17 17

Colonies 11 11

Observations 1584 694

Figure 1. Relationship between flight initiation distance (in meters) and 
temperature (in °C) in yellow-bellied marmots. Open circles represent 
raw observations, the line and shaded area represent the back-
transformed predictions with 95% confidence intervals from the model 
using the entire dataset. Flight initiation distance axis is log-scaled.
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explained significant variation in marmot risk assessment. 
Both of these measures can affect body condition in marmots 
(Armitage 2014) and other species (Rhind and Bradley 2002; 
Parrott et al. 2007). But for marmots at least, they were not 
significantly associated with FID. King penguins (Aptenodytes 
patagonicus) tolerated closer human approaches to their nests 
when it was actively windy and raining (Hammer et al. 2022).

Prior marmot work has focused on both the extreme plas-
ticity in marmot FID (e.g., Uchida and Blumstein 2021) as 
well as identifying a heritable basis of FID (Skurka et al. in 
revision). Here we have shown phenotypic plasticity in how 
FID varies as a function of natural variation in ambient tem-
perature whereby marmots take greater risks as temperature 
increased. This suggests that there is a heat stress response 
that compromises their antipredator behavior. This is particu-
larly important given that, between 1976 and 2008, marmot 
average body mass in the summer has increased by nearly 
10% (Ozgul et al. 2010). Such an increase in body mass asso-
ciated with an increase in temperature might further increase 
heat stress and further compromise FID. However, because 
marmot FID is significantly heritable, it may be possible that 
there could be an evolutionary response to increased temper-
atures to reduce risk taking. Such a response assumes that 
this FID response was not otherwise physiologically con-
strained because large-bodied animals are less efficiently able 
to lose body heat (the heat dissipation model: e.g., Dyer et al. 
2023). Historically, mammalian body size decreased during 
both the Paleocene–Eocene thermal maxima and the Eocene 
thermal maxima-periods characterized by increased global 
temperatures (D’Ambrosia et al. 2017) which would ulti-
mately influence the FID–temperature relationship. However, 
cold-tolerance evolves more rapidly than heat tolerance in 
both endotherm and ectotherms (Bennett et al. 2021). In the 
short term, it appears that increased temperatures combined 
could make marmots (and likely other animals) more vulner-
able to their predators (assuming that predators themselves 
are not heat stressed). Such increased vulnerability should 
be factored into demographic models that are used to model 
population persistence to understand the relative importance 
of these behavioral responses on population viability.
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