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Many animal signals used for mate choice assessment are condition dependent, but
less is known about the condition dependence of other biologically important signals.
We asked whether yellow-bellied marmot (Marmota flaviventer) alarm calls varied as
a function of parasite infection and/or neutrophil:lymphocyte ratios (a measure of
immunological challenge). We found that marmots infected with Eimeria, an intestinal
parasite, had noisier calls. This is potentially because of an immunostimulating effect of
Eimeria infection which may draw energy from nonvital functions. The results suggest
calls potentially contain information about parasite status which could be used by
receivers to estimate a caller’s condition. Future studies are required to determine
whether infection influences caller reliability and how receivers respond to alarm calls
from parasitized individuals.
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INTRODUCTION
Many animal signals such as skin or feather color and vocalizations are condition dependent,
which means that signal expression varies as a function of an individual’s health or nutritional
status (Appleby and Redpath, 1997; Von Schantz et al., 1999; Møller et al., 2000; Scheuber et al.,
2003). Much of the literature on condition-dependent morphological traits is focused on mate
choice. For instance, the large literature on carotenoids and guppy (Poecilia reticulata) coloration
shows that bright skin color is sexually selected (Kodric-Brown, 1989) because it is an indication of
health (Grether et al., 2004) and/or foraging ability (Grether et al., 2001). This is the case because
carotenoids are a limiting factor in pigment production and are relatively scarce in the environment
(Grether et al., 1999); animals with bright skin coloration have consumed more carotenoids than
dull males and may therefore be better at foraging (Grether et al., 2001). This relationship between
physical or physiological condition and signal structure extends to acoustic signals as well.
In many species, acoustic structure of vocal signals can vary based on state-dependent factors
such as age (Simmons and Zuk, 1992), the amount of energy reserves within muscles (Bevier, 1997),
body size and mass (Appleby and Redpath, 1997), hormone levels (Fusani et al., 1994; Marler and
Ryan, 1996), and nutritional state (Noguera et al., 2010). In fact, the acoustic variation in these vocal
signals are often used by conspecifics to select healthy mates (Fusani et al., 1994; Beani and DessiFulgheri, 1995) which suggests vocal signals are an indicator of health and physiological condition.
Furthermore, Appleby and Redpath (1997) also suggested that calls can be costly to emit and may
therefore be an honest indicator of physiological condition.
The present study focuses specifically on the potential information content of acoustic signals
as indicators of health status. Immune system activation, a common indicator of health or disease
has been associated with increases in the inter-pulse interval of cricket (Gryllus bimaculatus) songs
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parasite load in tawny owls (Redpath et al., 2000) and that specific
parasites differentially effect vocal structure in white-crowned
sparrows, as described above (Gilman et al., 2007). Thus, we
expected that parasite infection would modify marmot alarm
call structure but the precise way that it would was an open
question. Additionally, because the energy required to mount an
immune response (measured by N:L ratios) may cause energy to
be reallocated toward improving health rather than defense or
signal production (Scheuber et al., 2003; Fedorka and Mousseau,
2006), we expected that there would be a relationship between
call structure and N:L ratio as well.
If the nonlinearity and fear hypothesis explained call
noisiness, then we would expect that individual parasites, an
increase in parasite diversity, and increased N:L ratios would
be associated with increased noisiness. Interestingly, prior
work showed that marmots with higher baseline glucocorticoid
levels produced calls with reduced, rather than increased,
Weiner entropy (Blumstein and Chi, 2012) suggesting that
more arousable individuals may siphon energy away from call
mechanics. Thus, the question of whether factors that influence
perceived vulnerability or risk are associated with increased
noisiness remains unresolved.

(Fedorka and Mousseau, 2006), and parasitic infections have
been associated both with fewer terminal notes in white-crowned
sparrow (Zonotrichia leucophrys oriantha) songs (Munoz et al.,
2010) and with increases in note frequency and decreases in
length of calls in tawny owls (Strix aluco) (Appleby and Redpath,
1997). Because crickets (Gryllus campestris) increase the energetic
investment in their stridulatory signals with increased food
availability (Scheuber et al., 2003), one explanation for these
changes in the structure of acoustic signals is that they are
sensitive to anything that influences energy allocation (such as
disease or body condition). Similarly, sparrows infected with
avian malaria, which effects the ability of their blood to bind
to oxygen, had fewer terminal notes, again providing a concrete
mechanism linking infection status to vocal output.
The acoustic structure of alarm calls and other vocalizations
produced when animals are stressed may be influenced by
both external factors (e.g., predator type, degree of risk, etc.),
internal factors (physiology, health status), and individual factors
(e.g., anatomical differences). For instance, in dogs (Canis lupus
familiaris), individuals which were recently unhealthy (defined
by recent treatment in a veterinary clinic) emitted barks in
which the harmonic to noise ratios were significantly higher
than in the calls of healthy dogs (Riede et al., 2001), and
in pigs (Sus scrofa), increased pain and stress resulted in
calls that were more clear and piercing (Puppe et al., 2005).
More specifically, physiological stress–which may result from
infections–can affect the Weiner entropy of alarm calls. For
instance, as fecal glucocorticoid levels increased, yellow-bellied
marmot (Marmota flaviventer) alarm calls became less noisy (as
measured by Weiner entropy) (Blumstein and Chi, 2012). While
the effects vary, all of these previous studies provide evidence
for the association between physiological stress and/or condition
and the structure of vocalizations produced by stressed animals.
Such relationships are not entirely unexpected as infection and
mounting an immunological response may reduce energy to
allocate to vocalizations (Scheuber et al., 2003; Fedorka and
Mousseau, 2006) and this may potentially influence the structure
of alarm calls.
While any vocalization may be described by a variety of
acoustic measurements, we focused here on changes in Weiner
entropy of alarm calls. These calls are emitted when animals
encounter predators; a fear-inducing situation. Prior work has
shown that deterministic chaos or noise (which was used to
simulate deterministic chaos), and other acoustic non-linearities
(e.g., subharmonics, biphonation, rapid frequency shifts, and
rapid amplitude shifts) are associated with fear in humans
and animals (Blumstein and Recapet, 2009; Blumstein et al.,
2010, 2012; Townsend and Manser, 2011; Slaughter et al., 2013;
Blesdoe and Blumstein, 2014), and changes in Weiner entropy are
associated with fear-driven stressors (Blumstein and Chi, 2012).
Given that our understanding of the relationship between
physiological condition and the structure of alarm vocalizations
is in its infancy, we asked whether call noisiness (which we
measured by Weiner entropy) is associated with: (1) the presence
of specific intestinal parasites; (2) total intestinal parasite
diversity; and (3) marmots’ neutrophil:lymphocyte ratio. Prior
work has shown that call structure is influenced by intestinal
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MATERIALS AND METHODS
Subjects and Data Collection
We studied a wild population of yellow-bellied marmots in and
around the Rocky Mountain Biological Laboratory during their
active seasons from 2003 to 2017. We aimed to live-trap marmots
every other week during the snow-free part of their active
season (May–September) during which animals were marked
(ear tags for permanent identification and fur dye that lasted
until their next moult) and a number of physiological samples
were collected.
If marmots produced alarm calls when trapped, we recorded
these human-elicited alarm calls using an Audix OM-3xb
microphone (frequency response: 40 Hz−20 kHz) located 20–
40 cm from the trap. Prior work has shown that yellow-bellied
marmot calls communicate risk, not predator type (Blumstein
and Armitage, 1997). Thus, by standardizing the context of call
production, we could focus on physiological correlates of call
structure. The calls were recorded onto either a Sony PCMM1 digital audio tape recorder or a Marantz PMD 660 direct
to disk recorder. All samples were saved at 44.1 kHz and 16 bit
resolution. Recordings with noticeable background noise or calls
that were clipped were removed from subsequent analyses. Each
call was edited into a 1 s file for subsequent analysis in Sound
Analysis Pro (Ofer Tchernichovski, City College of New York).
Calls are generally much shorter than 1 s; thus 1 s was chosen to
standardize the measurements. This sound clip always contained
the entire call. Sound Analysis Pro calculates Wiener entropy.
Wiener entropy ranges from 0 (pure noise) to negative values
that indicate increasing structure (or decreased entropy). Thus,
noisier calls had values closer to 0.
As part of the routine live-trapping between 2003 and 2008,
we also collected fecal samples from marmots that defecated in
the trap or while we were processing them for a subsequent
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in Wiener entropy. Fixed effects included age, sex, and one
of the measures of condition—neutrophil:lymphocyte ratio, the
presence of Trypanosoma, the presence of Ascaris, Eimeria,
Entamoeba, or the total number of species of fecal parasites (i.e.,
the sum of Ascaris, Eimeria, and Entamoeba). Marmot identity
was fitted as a random effect. We examined residuals to confirm
the models were appropriate for the data structure.

study of intestinal parasites. The sample was stored in formalin
immediately. Within 6 months, fecal samples were analyzed by
performing fecal floats using Ova FloatTM Zn 118 (zinc sulfate
heptahydrate; Butler Animal Health Supply, Dublin, OH, USA).
Up to one sample was used for each individual in a given month.
The wet slides were then scored for presence of three fecalorally transmitted (MacNeal, 1904) intestinal parasites: Ascaris (a
nematode), Eimeria (a coccidian), and Entamoeba (a protozoan)
(Lopez et al., 2013). Intestinal parasites have been associated with
decreased food intake and anorexia (Jones et al., 2006; Laurenson
et al., 2011) and in marmots, Ascaris has been associated with less
time spent foraging (Chmura et al., 2016).
Finally, also as part of routine live-trapping, we collected up to
a 2 ml blood sample from the femoral vein of the marmots, placed
it in a heparin-filled tube, and made a thin film blood smear
within 2 hours of collection (Chmura et al., 2016). Slides were
stained using the Hema 3 Stat Pack (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) (Wey and Blumstein, 2012). We used a
standard procedure to calculate the neutrophil:lymphocyte (N:L)
ratio where we counted neutrophils, lymphocytes, basophils,
and monocytes up to 100 cells or for 30 min (whichever
came first). Trypanosoma (which may be transmitted by fleas;
MacNeal, 1904) presence was a binary measure—either present
or not—and was noted during the white blood cell counting.
Trypanosoma has been associated with more time spent foraging
and less time spent vigilant in marmots (Chmura et al., 2016).
There are a number of quantifiable traits associated with
health status. We used neutrophil:lymphocyte (N:L) ratios as
an indicator of changes in health. Prior work has found
that increases in N:L ratios are associated with continuously
high levels of glucocorticoids indicating chronic stress (Swan
and Hickman, 2014). Changes in N:L ratios have also been
associated with injury and infection in koalas (Phascolarctos
cinereus, Bolliger and Backhouse, 1960) and neutrophils play
a critical role in mounting an immunological defense against
systemic infections in mice (Conlan, 1997). Higher N:L
ratios can therefore indicate the immunological challenge of
certain infections or in this case, can indicate activation of
an immune response and allocation of energy away from
antipredator defenses.
Only alarm calls with either an associated blood sample or
fecal parasite data (defined as collected within 10 days of the call)
were used in the study. The sample sizes were therefore different
for the alarm call to N:L ratio and alarm call to Trypanosoma
presence as opposed to the analysis of the alarm calls to intestinal
parasites. The sample size for the N:L ratio and Trypanosoma
presence consisted of 836 calls from 107 individuals whereas
the sample size for the fecal parasite presence consisted of 536
calls from 62 individuals. In total (both blood and fecal analyses)
146 individuals were represented (70 males and 76 females) for
which we had 3-5 calls from each individual recorded at a given
recording session.

Ethics
Marmots were studied under annual permits issued by the
Colorado Division of Wildlife (TR-917). All procedures were
approved under research protocol ARC 2001-191-01 by the
University of California Los Angeles Animal Care Committee on
May 13, 2002, and renewed annually.

RESULTS
After controlling for significant age effects (p < 0.001) and
non-significant sex effects (p = 0.514 for N:L ratio and 0.523
for Trypanosoma), neither the neutrophil to lymphocyte ratio
(p = 0.925) nor the presence of Trypanosoma (p = 0.568)
had a significant effect on Wiener entropy (Tables 1A,B). We
did however find a significant effect of Eimeria on marmot
alarm calls (p < 0.001) such that animals infected with
Eimeria produced noisier calls with higher Wiener entropy values
(Table 1C). Similarly, animals with more intestinal parasites in
general produced calls with higher Wiener entropy (p = 0.008)
(Table 1D). After adjusting for age and sex, we found no
significant effects of Ascaris (p = 0.708) or Entamoeba (p = 0.231)
on the noisiness of marmot alarm calls (Table 1C).

DISCUSSION
Despite a growing literature that shows a relationship between
vocal structure and disease or health status (Appleby and
Redpath, 1997; Fedorka and Mousseau, 2006; Munoz et al.,
2010; Noguera et al., 2010), the Weiner entropy of yellowbellied marmot alarm calls was not significantly associated with
the presence of Ascaris, Entamoeba, or Trypanosoma, or by
an individual’s neutrophil:lymphocyte ratio. Alarm calls were,
however, significantly noisier for marmots infected with Eimeria
and for marmots with higher fecal parasite diversity.
These results could reflect how each parasite stimulates or
suppresses the immune system. Yun et al. (2000) noted that
many Eimeria oocysts are required to generate an immune
response, and we note that it was not difficult to detect Eimeria—
marmots shed many oocysts. By contrast, many parasites have
immunosuppressive effects and this includes Ascaris (FaquimMauro and Macedo, 1998), Entamoeba (Soboslay et al., 2006;
Lejeune et al., 2009), and Trypanosoma (Hirokawa et al., 1981;
Albright et al., 1990). The changes we saw in the alarm calls
may be explained by Eimeria stimulating an immune response
such that individuals divert energy away from vocalizations and
toward immune response and therefore may not have sufficient
energy to enable them to produce “proper” calls. By contrast,
marmots infected with an immunosuppressive parasite may not
divert energy and hence could maintain the ability to emit proper

Statistical Analysis
We fitted a series of linear mixed effects models using lme4 (Bates
and Maechler, 2018) and lmerTest (Kuznetsova et al., 2018)
in R (R Development Core Team, 2009) to explain variation
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calls. If this is the case, call acoustics is indeed an indicator
of the caller’s condition. Alternatively, infected individuals are
more vulnerable and hence produce higher-risk calls (see below).
Whether this potential information is used by receivers remains
an open question.
Both conspecifics and predators can use information
contained in calls and it is profitable to view a potential
communication system from both perspectives. From the
conspecific’s perspective, a sick caller may be less reliable if
they are more vulnerable than normal and this enhanced
vulnerability is communicated acoustically. Rodents are indeed
capable of associating individuals with reliability (Hare and
Atkins, 2001; Blumstein et al., 2004). However, prior work
has shown that physiological stress is associated with calls
with less Weiner entropy—scared marmots articulate their
calls (Blumstein and Chi, 2012). If the valence of entropy is
such that more scared animals produce less noisy calls, then
these results suggest that Eimeria influences how marmots
perceive risk; infected marmots perceive less risk, not more
risk. Some parasites with complex multi-host lifecycles are
known to influence risk assessment (e.g., Toxoplasma gondii,
Berdoy et al., 2000), but by doing so those parasites increase the
likelihood that they reach their next host. This is not the case
with Eimeria which reproduces inside marmots. Future studies
should look for associations between Eimeria infection and other
antipredator traits (e.g., maximum running speed). Regardless
of the mechanism, this information about risk perception may
translate to a less reliable caller resulting in perceivers acting
less vigilant or habituating to the calls from sick individuals
(Hare and Atkins, 2001).
From, a predator’s perspective a sick caller might be more
attractive in that it may be less able to defend itself. Prior work has
found that less popular or more docile marmots are more likely
to call (Fuong et al., 2015) and that altering these calls may be
due to an increased vulnerability from being in a smaller group
or otherwise more socially isolated (Fuong et al., 2015). Sick
marmots may also be less able to defend themselves and therefore
more vulnerable. If marmots do indeed alter their call structure
when they are more vulnerable, this could explain the difference
in entropy of marmots infected with Eimeria. By signaling
their vulnerability, sick marmots could conceivably solicit help
from others—something that we have not obviously noticed
in the field, but nevertheless requires more detailed study to
properly reject.
While the potential consequences of the results are
speculative, these results combined with prior results from
a variety of species, suggest that internal state, including
parasite status, may generally influence the structure of a
variety of vocalizations, including alarm vocalizations. From
an applied perspective, such information could be used to
non-invasively monitor an individual’s health status. Future
work determining whether and how marmots respond to
the calls from healthy and sick individuals would shed more
light on whether, and how, this potential information is used.
Additionally, studying the underlying affects of immune
system response on vocalizations may help determine which

TABLE 1 | Results from linear mixed effects models explaining variation in alarm
call entropy as a function of: (A) N:L ratio, (B) the presence or absence of
Trypanosoma sp., (C) the presence or absence of each individual intestinal
parasite, and (D) intestinal parasite diversity.
(A)

Variable

Estimate

N:L ratio

−0.005

SE

df

t

P-value

Fixed effects
0.055 817.519 −0.094

Sex

0.197

0.300 104.121

Age

0.312

0.018 804.307 17.280

Variable

Variance

0.655

0.925
0.514
<0.001

SD

Random effects

(B)

Individual id

2.288

1.513

Residual

0.524

0.724

Variable

Estimate

SE

df

t

P-value

0.568

Fixed effects
Trypanosoma

0.122

0.217 843.541

0.571

Sex

0.192

0.299 103.867

0.641

Age

0.313

0.018 799.029 17.446

Variable

Variance

0.523
<0.001

SD

Random effects

(C)

Individual id

2.271

1.507

Residual

0.524

0.724

Variable

Estimate

SE

df

t

P-value

Fixed effects
Ascaris

−0.056

Eimeria

1.098

0.148 509.022 −0.375
0.189 528.777

5.802

0.708
<0.001

Entamoeba

−0.203

0.169 524.054 −1.200

0.231

Sex

−0.069

0.218

−0.316

0.753

Age

0.104

3.040

0.003

t

P-value

Variable

Variance

60.055

0.034 206.007
SD

Random effects

(D)

Individual id

0.600

0.775

Residual

0.531

0.729

Variable

Estimate

SE

df

Fixed effects
Total parasites

0.243

Sex

−0.075

Age

0.086

Variable

Variance

0.092 502.546
0.218

59.968

0.034 196.655

2.646

0.008

−0.344

0.013

2.518

0.008

SD

Random effects
Individual id

0.599

0.774

Residual

0.560

0.748

For each fixed effect, model estimates, SE, standard error; df, degrees of freedom, t-value,
and p-value are displayed. N:L ratio stands for neutrophil to lymphocyte ratio. For each
random effect, variance and standard deviation (SD) are included.
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