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Abstract

Acoustic signaling is an important means by which animals communicate both stable and
labile characteristics. Although it is widely appreciated that vocalizations can convey
information on labile state, such as fear and aggression, very few studies have experimentally
examined the acoustic expression of short-term stress state. The transmission of such information
about physiological state could have broad implications, potentially allowing other individuals to
modify their behavior or life history traitsin response to this public information. North American
red squirrels (Tamiasciurus hudsonicus) produce vocalizations known as rattles that advertise
territorial ownership. We examined the influence of changes in physiological stress state on rattle
acoustic structure through the application of a stressor (trapping and handling the squirrels) and
by provisioning squirrels with exogenous glucocorticoids (GCs). We characterized the acoustic
structure of rattles emitted by these squirrels by measuring rattle duration, mean frequency, and
entropy. Our results provide mixed evidence that rattles show a“stress signature”’. When
squirrels were trapped and handled, they produced rattles that were longer in duration with a
higher frequency and increased entropy. However, squirrels that were administered exogenous
GCs had similar rattle duration, frequency, and entropy as squirrels that received control
treatments and unmanipulated (unfed) squirrels. Our results indicate that short-term stress does
affect the acoustic structure of vocalizations, but elevated circulating GC levels are not solely

responsible for such changes.
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Introduction

Acoustic communication is acritical means by which information is transferred within
and among animal species. VVocalizations can convey stable information on various
characteristics of signalers, such asindividual identity (Beer, 1970; Beecher, 1989; Blumstein
and Munos, 2005), body weight and size (Fitch 1997; Bee et al. 1999; Reby and McComb, 2001;
Blumstein and Munos, 2005; Koren and Geffen, 2009), sex (Ey et al., 2007; Blumstein and
Munos, 2005), and social rank (Clark, 1993; Koren et al., 2008; Muller et al., 2004; Terleph et
al., 2016; Y osida and Okanoya, 2009), and they are often encoded with several layers of
information (Koren and Geffen 2009). Communicating this information is consequential for both
signalers and receivers, serving awide array of functions, from attracting mates (Andersson
1994) to reducing conflict and maintaining affiliations in social groups (Masataka and Symes,
1986; Digweed, et al., 2007; Soltis et al., 2005a).

Vocalizations can also contain information on labile, or short-term, traits, such as short-
term stress or perhaps the changes in glucocorticoids (GCs) that are released in responseto a
short-term stressor. Stress is associated with elevated glucocorticoid levels and is known to
influence the acoustic structure of vocalizations in a number of species (Manser, 2001; Wilson
and Evans, 2012; Sacchi et al., 2002; Slocombe et al., 2009). Mativation-structural rules make
predictions about the characteristics of vocalizations produced in high-stress contexts: hostile
vocalizations tend to be lower in frequency and noisier (highly entropic), and fearful
vocalizations tend to be higher in frequency and more tonal (Morton 1977). Although some
studies have found empirical support for these rules, others have found inconsistencies. For

example, vocalizations associated with fear often fail to consistently conform to these
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motivation-structural rules, and are often highly entropic (Morton 1977; August and Anderson
1987). The effects of short-term stress on vocalization structure are thus difficult to generalize.

Possi ble mechanisms by which short-term stress affects the acoustic structure of
vocalizations have also been investigated. Short-term stress in known to induce a withdrawal of
vagal output from motor neurons in the nucleus ambiguus that causes vocal muscles to tighten,
resulting in an increase in vocalization pitch (Porges, 1995). In addition, entropy of vocalizations
tends to increase with short-term stress because the oscillation of the laryngeal folds, which
govern volume, reaches its maximum amplitude but subglottal pressure continues to increase,
resulting in vocal non-linearities, including noise (Fitch et al., 2002).

Although many studies have examined the structure of vocalizations produced in high
stress situations, they have concentrated primarily on vocalizations produced in just afew
contexts, and most of them have been observational. Most studies have focused on social
contexts, including calls produced by victimsin agonistic encounters between social group
members (Morton, 1977), alarm calls (Zuberbuhler, 2009), separation between mothers and their
young, and between social group members (Biben et al., 1986; Ehret, 2005; Bayart et al. 1990;
Rendall, 2003). Other research has centered on begging calls (Sacchi et al., 2002; Perez et al.,
2016) and distress screams produced by individuals in imminent danger of predation or of being
seized by a predator, which likely function to solicit intervention from another animal capable of
interfering (Hogstedt, 1982; Lingle et al., 2007; Blumstein et al., 2008).

Very few studies have experimentally examined the influence of stress or changesin
glucocorticoids on vocalization structure. One notable exception is Perez et al. (2012), who
assessed the effects of GCs on the acoustic structure of Zebra Finch (Taeniopygia guttata)

vocalizations. Their experiment included two stress treatments: social isolation, and treatment
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84  with exogenous GCs, and they found that both types of stress significantly altered vocalization

85 features. Compared to untreated individuals, finches in both treatment groups emitted

86  vocalizations of higher frequency than finches in the control group (Perez et al., 2012).

87 The literature on the influence of stress on vocalizations skews heavily towards group-

88  living species and focuses primarily on just afew contexts in which stress occurs; far lessis

89  known about the relationship between stress and vocalization structure in solitary species,

90 despite the fact that many regularly produce vocalizations in short term stress inducing situations

91 (Hogstedt, 1982). Furthermore, few studies have experimentally examined this relationship,

92  leaving agap in our understanding of the mechanism by which stress may influence acoustic

93  dtructure. We examined how a short-term stress (resulting from trapping and handling) and

94  administration of exogenous GCs affected the territorial vocalizations of solitary, territorial

95  North American red squirrels (Tamiasciurus hudsonicus). Red squirrels defend discrete

96 teritories throughout the year, and produce vocalizations called “rattles’ that advertise territorial

97  ownership (Smith, 1968), which detersintruders (Siracusa et al., 2017). At the center of each

98 teritory isa“midden,” anetwork of underground tunnels that serves as storage space for white

99  gpruce (Picea glauca) cones that compose 50-80% of a squirrel’s annual diet (Donald et al. 2011,
100  FHetcher et al., 2013). Overwinter survivorship without a midden is near zero (Larsen and Boutin,
101  1994). Successful defense of aterritory against pilferage from the midden, therefore, represents
102  animportant component of overwinter survival for ared squirrel.
103 Red squirrel rattles contain stable information on individual identity (Digweed et al.
104  2012; Wilson et al., 2015), and receivers discern encoded kinship information, though this may
105  be context-dependent (Wilson et al., 2015; Shonfield et al., 2017). In a playback experiment,

106  focal squirrels only differentiated between the rattles of kin and non-kin when the playback
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107  rattles used were emitted by squirrels that had just been live-trapped and handled (henceforth,
108  “post-trap rattles’), suggesting that post-trap rattles, produced in a high-stress state, are

109  structurally distinct from rattles collected opportunistically (Shonfield et al., 2017). Thus,

110  preliminary evidence suggests that rattles may encode information about stress state.

111 To test this directly, we conducted a two-part study to examine the relationship between
112  stress state and rattle acoustic structure. In the first experiment, we recorded rattles of wild red
113  squirrels after they were live-trapped and handled and compared these to rattles recorded

114  opportunistically, without provocation, from squirrels moving freely around their territories.

115  Previous studies verified this method of inducing stress: squirrels exhibit a substantial increasein
116  circulating GC levels minutes after entering atrap and during handling (Bosson et al., 2012; van
117 Kesteren et al., submitted).

118 To identify if elevated circulating GCs are part of the mechanism by which a short term
119  stressor (such as capture and handling) alters rattle acoustic structure, we conducted a second
120  experiment where we treated squirrels with GCs (dissolved in a small amount of food) and

121  compared their rattles to those of squirrelsin acontrol group (provided with the same amount of
122  food but without GCs) and an unmanipulated group (provided with no food or GCs). A previous
123  study showed that in GC-treated squirrels, plasma GCs rose quickly after treatment and then

124  dowly declined over the ensuing 12 hours (van Kesteren et al., submitted).

125 In the first experiment, we predicted that if rattles do encode information about stress
126  state, post-trap rattles would be structurally distinct from opportunistic rattles. Based on the

127  resultsof Perez et al.’s (2012) Zebra Finch experiments, we predicted that post-trap rattles would
128  be higher in frequency. In the second experiment, we predicted that if GCs are the mechanism by

129  which short term stress alters rattle acoustic structure, rattles emitted shortly after treatment with
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130  exogenous GCs would exhibit the same structural distinctions as post-trap rattles when compared
131  with rattles produced prior to treatment and rattles produced by control and unmanipulated

132  sguirres over the same period of time. We expected these structural distinctionsto be graded,
133  peaking shortly after treatment and then declining as a function of time since consumption of
134  treatment mirroring the peak and decline of circulating GC levels following treatment.

135

136

137  Methods

138  Sudy Ste and Species

139 This study was part of the Kluane Red Squirrel Project, along-term study of awild

140  population of red squirrels that has been tracked continuously since 1987 (McAdam et al., 2007),
141 within Champagne and Aishihik First Nations traditional territory in the southwestern Y ukon
142  (61° N, 138° W). The habitat is an open boreal forest dominated by white spruce trees (Picea
143  glacua; Krebset al. 2001). All squirrels were marked individually with ear tags with distinct

144  aphanumeric combinations (Monel #1; National Band and Tag, Newport, KY, USA), and wires
145  inunigue color combinations were threaded through the ear tags to alow for individual

146 identification from adistance. We live trapped squirrels periodically to track female reproductive
147  stateand territorial ownership using tomahawk traps (Tomahawk Live Trap Company,

148  Tomahawk, WI, USA) baited with peanut butter (McAdam et al. 2007).

149

150 Experiment 1 Field Methods

151 We collected rattles from squirrels across four study areas between April and August in

152  six separate years from 2005 and 2017 (Table 1). In the capture-induced stress experiment, we
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153 compared the structure of rattles collected opportunistically to rattles collected shortly after a
154  sguirrel was trapped, handled, and released. We collected rattles for this experiment using a

155  Marantz digital recorder (model PMD 660; 44.1 kHz sampling rate; 16-bit amplitude encoding;
156  WAVE format) and a shotgun audio recorder (Sennheiser, model ME66 with K6 power supply;
157  40-20,000 Hz frequency response (+ 2.5 dB); super-cardioid polar pattern). To collect

158  opportunistic rattles, we stood on a squirrel’s midden at a distance of no greater than 5 m from
159 thesguirrel until it produced arattle. Red squirrels rattle spontaneously and in response to

160  detection of conspecifics (Smith 1978), but we cannot rule out the possibility that the rattles were
161  €licited by the person recording. A post-trap rattle was the first rattle emitted upon the squirrel’s
162  release from a handling bag after spending timein atrap (within a minute of release). We did not
163  record the exact amount of time asquirrel spent inside of atrap, but squirrels were in traps for no
164  morethan 120 min before they were released and a rattle was collected. As would be expected,
165 squirrels exhibit a substantial increase in circulating GC levels minutes after entering atrap and
166  during handling (Bosson et al., 2012; van Kesteren et al. submitted). In total, 351 rattles from
167 235 unique individuals (308 opportunistic rattles from 205 squirrels, 39 post-trap rattles from 30
168  squirrels) were collected and analyzed in the years 2005, 2006, 2009, 2015, and 2016. Of the 235
169  sguirrels, 127 were male and 108 were female (Table 1). These rattles were part of along-term
170  dataset of rattles compiled by prior researchers with the Kluane Red Squirrel Project.

171

172

173  Experiment 2 Field Methods

174 In the second experiment, we assessed the influence of experimental increases in

175 circulating GCs on rattle acoustic structure. We sought to track graded changes in rattle acoustic
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176  structure over an extended period of time induced by the GC treatment instead of a Smpler

177  pre/post treatment analysis. We compared the rattles of squirrels in three treatment groups, using
178  an established protocol for oral administration of GCs. In the experimental group (n = 16),

179 individuals werefed 8 g of peanut butter mixed with 2 g of wheat germ and 8 mg of cortisol

180  (hydrocortisone, SigmaH004). This treatment causes a significant increase in circulating GCs
181 (Dantzer et a 2013; van Kesteren et al submitted). Individualsin the control group (n = 16) were
182 fed the same amount of peanut butter and wheat germ, with no cortisol added. Each squirrel in
183  thesetwo treatment groups was treated for one day (see details below). Lastly, we had an

184  unmanipulated group of squirrels that were not fed or manipulated in any way (n = 23). Our

185 treatment groups and our unmanipulated group of squirrels (living on a nearby study area) were
186  comprised exclusively of male squirrels. However, no sex differences are known to exist in rattle
187  acoudtic structure (Wilson et al., 2015).

188 The morning of treatment, between 0730 and 1000 h, for each squirrel in the GC treated
189  and control groups, we placed one treatment in a bucket hanging in atree near the center of its
190 midden. Pilferage from buckets was extremely low (van Kesteren et al, submitted), ensuring that
191 treatmentswere eaten by the target squirrel, and not neighboring conspecifics or heterospecifics.
192  Werecorded the time each treatment was placed in each bucket and checked the buckets

193  throughout the morning at a minimum of once every hour and maximum of every 45 minin

194  order to determine the one-hour time frame in which the squirrel consumed its treatment. All

195  treatments were consumed between 0830 and 1130. Eight squirrels (Control n = 4; GC, n = 4)
196  did not consume their treatments by 11:30; these treatments were removed from the bucket and
197 thesguirrels were excluded from analyses. Two individuals (GCs n = 2) consumed their

198 treatment over a period of several hours instead of consuming it within a one-hour time block.
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199  Because we sought to simulate short-term stress induced by arapid elevation of circulating GC
200 levels, these squirrels were excluded from analysis as well. Our final sample size was GC (n =
201  10), control (n = 12), and unmanipulated (n = 23).

202 We recorded rattles using stationary Zoom H2N Audio Recorders (Zoom Corporation,
203  Tokyo, Japan) that were covered with windscreens and attached to 1.5 m stakes in the center of
204  each sguirrel’s midden. Because they are not weather-proof, we placed an umbrella 30 cm above
205  each audio recorder to protect it from harsh weather conditions. We set the audio recordersin
206  44.1kHz/16bit WAVE format and recorded in 2-channel surround mode. We deployed the audio
207  recorders between 1700 and 2200 h on the day before treatment so that they would collect “pre-
208 treatment” rattles the following morning, prior to treatment. They recorded continuously until
209 nightfall on the day of treatment, recording rattles of the target squirrel, neighboring individuals,
210 and other ambient noise. Rattles recorded in the evening prior to treatment were excluded from
211 analysis; thus, al rattles analyzed in this experiment were recorded on the day of treatment,

212  between approximately 0600 and 2330 h. We chose this recording period because this recording
213  window should have captured rattles at natural GC levels (pre-treatment rattles), during the post-
214  treatment spikein circulating GC levels, and the ensuing decline. Thisis based upon our

215  previous study showing that when squirrels are fed exogenous GCs, plasma cortisol

216  concentrations spike shortly after treatment and decline over the ensuing 12 h (van Kesteren et
217 ., submitted).

218 In order to analyze rattles recorded on stationary zoom recorders, we used Kal eidoscope
219  software (version 4.3.2; Wildlife Acoustics, Inc., Maynard, MA, USA) to detect rattles in the
220  recordings. Detection settings were: frequency range: 2000-13000 Hz; signal duration: 0.4-15s;

221  maximum intersyllable silence: 0.5 s; fast Fourier transform size: 512 points (corresponding to a

10
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222  temporal resolution of 6.33 ms and a frequency resolution of 86 Hz); distance setting: 2 (this
223  value ensuresthat all detections are retained). Previous research using our same population,

224 recording apparatus, and rattle extraction technique, and ground-truthed by comparing the results
225  tothose obtained by a human observing the squirrels being recorded, showed that our method
226  detects 100% of afocal squirrel's rattles (see Siracusa et al., submitted), but also detects non-
227  rattles and the rattles of neighbors.

228 We used a previously developed a technique for distinguishing focal squirrel rattles from
229 non-rattles and neighbor rattles (Siracusa et al., submitted). We first automatically analyzed the
230 acoustic structure of every detection using the R package 'Seewave' (version 2.0.5; Sueur et al.
231  2008). Structural featuresincluded duration, root-mean-square amplitude, pulse rate, duty cycle,
232  peak frequency, first energy quartile, skewness, centroid, and spectral flatness (see detailed

233  definitionsin Sueur et a. 2008 and Siracusa et al., submitted). Second, we used SPSS (software,
234  version 24, IBM Corporation, Armonk, New Y ork, USA) to apply a previously established linear
235  discriminant function analysis model to the structural measurements of each detection. The

236  model, which was developed during the same ground-truthing experiment described above,

237 labeled each detection as 'focal rattle,' 'neighbor rattle,’ or 'non-rattle,' and assigned a probability
238 that the detection was afocal rattle. Third, we used Kaleidoscope to review spectrograms of all
239 detectionslabeled 'focal rattle that have an estimated probability of being afocal rattle of at least
240  0.99999. During this step, we removed any non-rattles that were included erroneously as focal
241 rattles.

242 Our final dataset included 714 rattles from 45 focal squirrels (GC-fed = 232 rattles from
243 10 squirrels, control = 367 rattles from 12 squirrels, and unmanipulated = 115 rattles from 23

244  gsguirrels). Based on a cross-validated assessment of the accuracy of our approach (see detailsin

11
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245  Siracusaet al, submitted), 52% of all focal rattles should have been identified correctly as focal
246  rattles(i.e., 48% incorrectly classified as coming from a neighbour, and, therefore, excluded;
247  fase negative error rate = 48%), and 6% of the rattles |abeled as focal rattles (after manually
248  removing the non-rattles) should actually have been neighbor rattles (i.e., false error rate of 6%).
249  Therefore, athough our final dataset included only half of all rattles produced by our focal

250  squirrelsduring their 24-h trias, the vast majority of rattles that were included in the dataset

251  werefrom the focal individual.

252

253  Acoustic Analysis

254 We used Avisoft SASLab Pro software version 5.0 (Avisoft, 2015) to analyze the

255  acoustic structure of rattles recorded in both experiments. The rattles were loaded into Avisoft,
256  and for each rattle we generated a spectrogram (FFT size: 512, Window: Hamming, Temporal
257  Resolution: 1.45 ms, Frequency Resolution: 86 Hz, Overlap: 87.5%) and the program extracted
258  theacoustic parameters of interest (described below) using an existing protocol for rattle acoustic
259 analysis, under our manual oversight. To characterize rattles, we measured three acoustic

260 parameters: rattle duration, mean frequency (the frequency below which lies 50% of the energy
261 of the signal, as measured from an averaged power spectrum of the entire signal), and entropy, a
262  measure of noisiness of asignal. Because rattles are broadband and noisy signals, meaning that
263  the mgority of the energy in acall is dispersed across the frequency domain, mean frequency
264  (thefrequency below which lies 50% of the energy of the signal, measured from an averaged
265  power spectrum of the entire signal) is a more appropriate measure of the frequency of the call
266  than peak frequency. AviSoft measures Weiner Entropy (spectral flatness), calculated by

267  dividing the geometric mean of the power spectrum by the arithmetic mean of the power

12
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268  gpectrum, which ranges from O (pure tone) to 1 (white noise). These measurements were made
269  using the ‘automatic parameter measurements’ feature of SASLab Pro to eliminate human biasin
270  the measurements (settings: threshold -13 dB, hold time of 150 ms).

271 Because high frequencies attenuate more readily than low frequencies, entropy and mean
272  freguency could, in theory, covary with recording distance. In the capture-induced stress

273  experiment, aconstant recording distance of approximately 5 meters was maintained for all

274  recordings. In the GC induced stress experiment, in which rattles were recorded on stationary
275  zoom microphones, to ensure that recording distance did not vary with time or treatment, we
276  measured the signal-to-noise ratio of a subset of 140 rattles and found no significant relationships
277  between rattle amplitude (a proxy for recording distance) and time of day (linear regression: t = -
278  1.33, df = 6.60, p =0.187) or treatment (linear regression: t = -1.656, df = 24.9, p = 0.112). This
279 indicatesthat any variation in rattle entropy throughout the day or among the treatments was not
280 dueto focal squirrels being closer to or further from the microphone.

281

282  Satistical Analyses

283 For statistical analyses, we used R (version 3.5.1; R Developmental Core Team, 2018)
284  with the package Ime4 (version 1.17; Bates et al., 2015) to fit linear mixed-effects models and
285 ImerTest version 3.0 (Kuznetsovaet a.; 2017) to assess the significance of these models. For the
286  capture-induced stress experiment, we included rattle collection method (post-trap or

287  opportunistic) as afixed effect. Weincluded squirrel 1D as random effects because we analyzed
288  multiple rattles from the same squirrels across multiple years. Wilson et al. (2015) found no

289  effectsof age, sex, or Julian date on the acoustic structure of rattles recorded from this same

290  population; we thus excluded these variables from analysis. We also found no year effects for

13
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291  any of the acoustic parameters measured — we ran a linear mixed effects model for each acoustic
292  parameter with year included as a fixed effect, and found no significant relationships (duration: t
293 =0.20, df =241.74, p = 0.84; mean frequency: t = -0.81, df = 264.18, p = 0.42; entropy: t =

204  262.2, df =-0.88, p = 0.379).

295 To examine the effects of administration of exogenous GCs on the acoustic structure of
296 rattles, wefit three separate linear mixed-effects models — one for each of the three acoustic

297  response variables (duration, mean frequency, entropy). Each model included an interaction

298  between treatment group and time since treatment consumption (both linear and quadratic terms)
299 asfixed effects, and squirrel ID (n = 44) as arandom effect. In order to include the rattles of

300 unmanipulated squirrelsin this model, we found the average time at which the GC-treated and
301  control (fed) squirrels consumed their treatment (1015 h) and set that astime of treatment

302  consumption for all unmanipulated squirrels (i.e. unfed squirrels). For example, a rattle emitted
303  at 1030 h would have a “time since treatment” value of 900 s, and arattle emitted at 1000 h

304  would have atime since treatment value of -900 s. Time since treatment consumption was

305 standardized (mean (timeof day) =0, SD = 1).

306 If elevated plasma GCs alter rattle acoustic structure, we expected that the effects of the
307 GC treatment on rattle acoustic structure would be strongest shortly after treatment consumption,
308 thetimeframein which circulating GCs should be highest using this treatment paradigm

309 (Breuner et al., 1998; van Kesteren et al., submitted). Thus, we included a non-linear (quadratic)
310 term for time since treatment consumption and its interaction with treatment because we

311  expected that the effects of the treatment would exhibit a non-linear relationship, peaking shortly
312  after treatment and then declined throughout the remainder of the day.

313
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314 Reaults:

315  Effects of capture-induced stress on rattle acoustic structure

316 Capture-induced stress caused pronounced differences in rattle acoustic structure: post-
317 traprattles were longer, higher in frequency, and noisier than rattles collected opportunistically.
318 Theaverage duration of post-trap rattles (4.77 + 2.25 (SD) s) was significantly longer than that
319  of opportunistic rattles (2.93 £ 1.28 s), a63% increase (t = 3.78, df = 209.41, p < 0.001, Fig. 1A).
320 Theaverage mean frequency of post-trap rattles (7269.53 £ 1180.76 hz) was slightly but

321  dignificantly higher than that of opportunistic rattles (6971.753 +1007.37 hz) aswell, a4.3%
322  increase (t =2.82, df = 218.01, p = 0.005, Fig. 1B). And finally, the average entropy of post-trap
323  rattles (0.754 + 0.035) was sightly but significantly higher than that of opportunistic rattles
324 (0.712 + 0.047), a5.9% increase (t = 4.14, df =78.52, p < 0.001, Fig. 1C).

325

326  Effects of administration of glucocorticoids on rattle acoustic structure

327 Administration of exogenous GCs did not produce the same effects on rattle acoustic
328  dtructure as capture-induced stress; the rattle acoustic features of GC treated squirrels did not
329 follow the predicted pattern of peaking after treatment and then declining as a function of time
330 sincetreatment (Tables S1-S3, Fig. 2). There was, however, a significant linear interaction

331  between treatment and the amount of time elapsed since treatment consumption on rattle

332  duration (R, 677.4= 3.78, P=0.02). This effect was largely driven by the increasesin rattle

333  duration observed in unmanipulated squirrels (Fig. 2A): rattles from unmanipulated squirrels
334 increased in length throughout the day compared to those treated with GCs (b = 0.33,t = 2.67, P

335 =0.01, Table S1, Fig. 2A). Rattle durations of squirrels treated with GCs did not change
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336 differentially over the course of the day when compared with rattle durations of squirrels fed

337  peanut butter only (b =0.07,t=0.73, P=0.47, Table S1, Fig. 2A).

338 There were no treatment effects on rattle mean frequency (F,2= 0.60, p = 0.63, Table S2)
339  orentropy (F.s6=0.47, p = 0.63, Table S3) and the effects of the treatments on rattle mean

340 frequency or entropy did not depend upon the amount of time that had elapsed since treatment
341  consumption, asindicated by the lack of interactions between treatment and time elapsed since
342  treatment consumption (both linear and quadratic terms). However, the mean frequency of rattles
343  from sguirrels recorded in al three treatment groups increased throughout the day (F1 6833 = 4.77,
344  p=0.03). Overadl, there were no significant non-linear effects of time since treatment

345  consumption or itsinteraction with treatment on rattle duration, frequency, or entropy (Table S1,
346 S2, I).

347

348

349  Discussion:

350 Our study shows that short-term stress, in this case induced by live-capture and handling,
351  gignificantly influences the acoustic structure of territorial vocalizationsin red squirrels.

352  Squirrels experiencing capture-induced stress produced rattles that were longer in duration,

353  higher in frequency, and noisier (higher entropy) than rattles produced by control squirrels.

354 However, we found little support for our second hypothesis that the changes in rattle acoustic
355  structure induced by trapping and handling were caused primarily by increasesin circulating

356  GCs, despite the fact that GCsincrease in response to trapping and handling. In our second

357  experiment, the rattles of squirrels treated with GCs did not exhibit the expected structural

358  distinctions from the rattles of control or unmanipulated squirrels over the treatment period.
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359 The effects of short-term stress (trapping and handling) on rattle acoustic structure that
360 we observed (longer duration, higher mean frequency, and higher entropy) are congruent with
361  such trendsin acoustic structurein relation to stress in many species. Chimpanzee screams, for
362 example, increase in duration with the severity of an agonistic encounter (Slocombe et al., 2009).
363  Indog barks (Canislupus familiaris, Tokuda, 2002), human infant cries (Facchini et al., 2005),
364  baboon grunts (Papio hamadrayas, Rendall, 2003), and meerkat alarm calls (Suricata suricatta,
365 Manser, 2001), noisiness (entropy) increases with short-term stress. In many species, an increase
366 inshort-term stressis associated with an increase in pitch related characteristics. For example,
367  during capture-rel ease events, female bottlenose dol phins with dependent calves produce

368 whistles of elevated frequency (Tursiops truncatus, Esch, 2009). The same pattern is observed in
369  adult female African elephants (Loxondota africana, Soltis et al., 2005b), tree shrews (Tupaia
370  belangeri, Schehka and Zimmerman, 2009), and Zebra finches (Perez et al., 2012): short-term
371  stressisassociated with an increase in vocalization pitch. In giant panda cubs (Ailuropoda

372  melanoleuca), increased stress is associated with al of the trends in acoustic structure that we
373  observed in post-trap rattles: longer duration, higher frequency, and increased noise (Stoeger et
374  al., 2012).

375 Our results resembl e those of Perez et al. (2012), who investigated how an environmental
376  stressor (social isolation) and treatment with exogenous GCs affected vocalization structurein
377  ZebraFinches. In their study, social isolation induced vocalizations of increased duration and
378  pitch, and reduced overall vocal activity. However, oral administration of GCs only resulted in
379  vocalizationswith increased pitch, but no other effects were observed (Perez et al. 2012). The

380 resultsfrom Perez et al. (2012) and our study suggest that short-term stressors alter vocalization
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381  structure but any increases in GCs caused by the short-term stressor are not solely responsible for
382  thechangesin vocalization structure.

383 Our findings and those of Perez et a. (2012) suggest that the acoustic structure of

384  vocalizations can be altered by short-term stress, but the relationship between circulating GC
385 levelsand acoudtic structure of vocalizationsis not straightforward. Glucocorticoid treatment and
386  capture-induced stress result in comparable concentrations of plasma GCs (capture: 400-1200
387 ng/ml, GC treatment: 500-1000 ng/ml; Dantzer, unpublished data), indicating that our GC

388 treatment regime fairly accurately simulates the increase in plasma cortisol experienced as a

389  result of capture. Thus, other hormones or neurochemicals may be implicated in modulation of
390 theacoustic structure of vocalizations. For example, in rat pups, several classes of dopamine
391  receptor agonists reduced the production of stress-induced ultrasonic vocalizations caused by
392 isolation; thisisasign of reduced separation anxiety (Dastur et al., 1999). It is also possible that
393 theacoudtic structure of vocalizations has a non-monotonic dose response relationship with GCs.
394  Thereis precedent for such arelationship: in white crowned sparrows, moderate doses of

395 corticosterone induced elevated physical activity, whereas high levels did not (Breuner et al.,
396  1998). We only provisioned squirrels with one dosage of GCs and so were unable to address

397  whether lower or higher dosages of GCswould alter rattle acoustic structure. Together, this

398  suggests the importance of considering additional mechanisms that may underlie the observed
399 changesin vocalization acoustic structure.

400 Because treatment with exogenous GCs did not induce the same changes to vocalization
401  structure astrapping, it is possible that these changes were produced by an effect of trapping

402  besides dtress. Because rattles function to advertise territorial ownership, it ispossible that a

403  squirrel that has been in atrap and unable to defend its territory for up to two hours, upon
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404  release, compensates by producing rattles that are longer and noisier. This hypothesis, however,
405  would require explicit tests.

406 Our findings constitute further evidence that territorial vocalizations such as rattles

407  contain more information than territorial ownership. In red squirrels, not only do rattles have the
408  capacity to communicate stable information about the signaler’ s individual identity and potential
409  kin relationships (Digweed et al. 2012; Wilson et a. 2015; Shonfield et al. 2017), but also labile
410 information, such as short-term stress. This layering of stable and labile encoded information in
411  vocalizationsis not uncommon, appearing across a number of animal taxa (Seyfarth and Cheney,
412  2003; Rendall, 2003; Blumstein and Munos, 2005; Soltis, 2005; Koren and Geffen, 2009;

413 Telephetal., 2016).

414 There are several hypotheses on the functional significance of these tendenciesin

415  vocalizations associated with high-stress contexts. In social species, the unpredictability

416  hypothesis states that calls that contain more non-linearities are more difficult to habituate to,
417  andthusnoisy alarm calls are more likely to capture the attention of a conspecific in the event of
418 apredatory or otherwise dangerous event (Blumstein and Recapet, 2009). Another hypothesis
419  holdsthat screams produced when an animal isinimminent danger of predation serve to either
420 dtartle and distract the predator, or solicit intervention from another animal, either a social group
421  member, or a“pirate’ predator that may attempt to steal the prey and unintentionally freeit

422  (Hogstedt, 1982). In the case of red squirrels, one hypothesis that can be envisaged is that

423  honestly communicating stress to neighbors may advertise a willingness to aggressively defend
424  one steritory. Another possibility isthat instead of honestly depicting awillingnessto defend a
425  territory, vocal cues of stress might inadvertently reveal that the caller faces some other

426  chalenge and might, therefore, be less capable of defending their territory. These two
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427  hypotheses, however, would need to be tested directly — for example, a playback study could test
428  whether the rattles of stressed squirrels are more or less likely to deter territorial intrusions from
429  neighboring squirrels than rattles of unstressed squirrels. If stress-influenced rattles are more
430 likely to deter intruders, and if their production predicts an attack or further escalation by the
431  signaer, then stressed rattles would be considered aggressive signals (Searcy and Beecher,

432  2009); if the opposite was the case, they would be considered index signals (Smith and Harper,
433 1995).

434 Though research on stress-induced changes to vocalizations has focused primarily on
435  group-living species, the encoding of Iabile information such as short-term stress in vocalizations
436  may have consequences in a population of solitary, territorial animals aswell, perhaps enabling
437  neighboursto eavesdrop on the physiological state of the signaler and adjust their own behavior
438  or reproduction accordingly. Eavesdropping by conspecifics, or the acquisition of public

439  information, may have important ecological consequences (Vaone, 2007; Dall et al., 2010). For
440  example, in many species, including red squirrels (Fisher et al., 2017; Lane et al., 2018),

441  breeding earlier than other individualsin your population may be advantageous. Cues about the
442  physiological state of asignaler contained in territorial vocalizations may provide an important
443  source of information about when other individuals in the population are breeding —in red

444  squirrels, the strongest level of selection for postnatal growth rate and birth date i s the social
445  neighborhood (Fisher et al., 2017). As such, labile information contained in vocalizations, such
446  asstress state, may have broader ecological consequences by serving as public information and
447  modifying the timing of reproduction in seasonally breeding species.

448 Overall, our results indicate that red squirrel territorial vocalizations contain labile

449  information on physiological state, in addition to previously documented stable information
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450  about territorial ownership and individual identity. In some cases, this stable and labile

451  information may interact — the stress state of the signaler might modify the ability of conspecifics
452  to discriminate whether they are kin or non-kin, as proposed by Shonfield et al., (2017). These
453 layersof encoded information may influence behavioral and reproductive dynamics, the effects
454  of which merit exploration in future studies.
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Tablesand Figures

Table1: Number of rattles collected by year, study grid, collection method, and date range. In parentheses, rattles
are split up by sex - (male, female). For some squirrels, more than one rattle was collected.

29

0 2 3 0 Opportunistic:1 Jun 7 - Jul 31 2005
(2,0) (1,2 Post-trap: 4
0 113 93 0 Opportunistic: 204 Jun 13 - Jul 14 2006
(66,47) (43,50) Post-trap: 2
30 53 8 0 Opportunistic: 54 Mar 26 - Jul 26 2009
(15,15) (26,27) (6,2 Post-trap: 37
24 25 0 0 Opportunistic: 49 Jun 6 - Aug 2 2016
(12,12) (14,112) Post-trap: 0
0 93 22 599 Zoom mic: 714 Jun 2 - Aug 14 2017
(93,0) (22,0) (599,0) - Unmanipulated: 115

Control: 367
GC: 232
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705 Figure 1. Effects of short-term stress (live-trapping and handling) on rattle A) duration (s), B) mean frequency (Hz),
706  and entropy. Post-trap rattles were collected within a minute of the squirrel exiting atrap and rattles collected

707  opportunistically were collected from unprovoked squirrels. Post-trap rattles were significantly longer (t = 3.78, df =
708  209.41, p<0.001, Fig. 1A), higher in frequency (t = 2.82, df = 218.01, p = 0.005, Fig. 1B), and higher in entropy (t
709  =4.14, df =78.52, p< 0.001, Fig. 1C). The black lines denote median, the white diamonds denote mean.
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712 Figure 2: Effects of exogenous GCs (“GC") and supplemental food (“Control™) on rattle A) duration (s), B) mean
713  frequency (Hz), and C) entropy as a function of time since treatment. For unmanipulated squirrels, “time of

714  treatment” is standardized at 1015 h, the average time of treatment consumption of GC-treated and control (fed)
715  squirrels. The vertical gray dotted lines indicate the 1-hour time frame in which squirrels consumed their treatments.
716  Squirrelsfed supplemental food, exogenous GCs, or those that were unmanipulated had similar acoustic structure
717  except that unmanipulated squirrels had significantly longer rattles than GC- treated squirrels as the time since

718  treatment consumption increased (Table 1B). Time since treatment consumption was standardized (mean =0, SD =

719 ).
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