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Abstract

Heat loss from non-insulating body parts of rodents can be used as a proxy to Stress-Induced Hyper-
thermia (SIH) and can be detected via non-invasive methods, such as infrared thermography (IRT).
Although IRT has been systematically used to detect SIH in captive or laboratory animals, very
few studies have been performed in wild situations. We investigated the SIH in a wild rodent, the
Eastern Broad-toothed Field Mouse Apodemus mystacinus, faced with novel stressors in its natural
habitat, using IRT. We subjected live-trapped individuals to six consecutive experimental manip-
ulations (Experimental Manipulations Phase - EMP), and then we temporarily transferred them to
a wooden box to partly overcome the stressful challenges (Transitory Release Phase - TRP). We
used the maximum eye temperature difference between the start of the EMP and the start of the
TRP (∆TSIH ) as the best estimate of SIH. Mean eye temperature during EMP differed significantly
from that of TRP for each individual and the differences were similar when examined separately
as to sex, trapping history, or breeding condition. Comparison of eye temperature time series for
different trapping history groups showed a higher similarity of the response of first captures with
2nd and 3rd recaptures than of first captures with 1st recaptures, verified by a comparison of ∆TSIH
for these groups. Larger-sized first-captured individuals appeared less stressed by the experimental
procedure than smaller-sized individuals. Overall, IRT appears to be a useful and feasible method
for non-invasive monitoring of SIH.

Introduction
Recent developments in remote sensing have established the use of in-
frared thermography (IRT), a rapidly developing technique and poten-
tially an important tool applied in various fields of Ecology (Still et
al., 2019; Cilulko et al., 2013). IRT has been increasingly used for
unobtrusive and contactless monitoring in animal studies (McCafferty,
2007). In recent years, IRT has been used to diagnose diseases (Mota-
Rojas et al., 2021; Dunbar et al., 2009), to investigate thermoregulat-
ory mechanisms (Briscoe et al., 2014; Tattersall and Cadena, 2010), to
study animal behaviour (Mazur-Milecka, 2016; Horton et al., 2015),
and it is also a valuable tool in the assessment of animal physiological
stress (Travain and Valsecchi, 2021; Jerem et al., 2019).
Physiological stress in animals is frequently described as the set of

adaptive physiological responses to an aversive extrinsic stimulus (a
“stressor”) which alters their homeostatic status (Dantzer et al., 2014;
Romero, 2004). The stressor can be generated from a predictable
(e.g., seasonal changes in food availability, physical condition or re-
productive status) or (b) unpredictable environmental stimulus (e.g.,
risk of predation, captivity or handling) (Dantzer et al., 2014; Romero,
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2004). Under acute stress, vertebrates display a generic physiological
pattern for coping with difficult situations: the sympathetic-adrenal-
medullary system and the hypothalamic-pituitary-adrenal axis are ac-
tivated with the secretion of adrenalin, resulting in a patterned curdle-
vascular response consisting of the increase of blood pressure, heart,
respiratory, and metabolic rate, and blood glucose, fatty acid, amino
acid and glucocorticoid levels (Smith and Vale, 2006; Sapolsky et al.,
2000). Active vasodilatation in skeletal muscles and vasoconstriction
in intestines, kidneys, and skin leads to a redistribution of blood flow
from the visceral and cutaneous beds towards the vasculature of the
skeletal muscles (Crestani, 2016; Mohammed et al., 2013, 2014; Bless-
ing, 2003). These changes prepare the animal to promptly respond
at the stressor either passively (“withdrawal” — Engel and Schmale,
1972), or actively (“fight or flight” — Steimer, 2011).

Abbreviations
The following abbreviations are used in this manuscript:
BW Body weight
CL Condylobasal length
EL Ear length
EMP Experimental Manipulations Phase
HBL Head and body length
HFL Hind foot length
IRT Infrared thermography
RB Recuperation box
SIH Stress-induced hyperthermia
TL Tail length
TRP Transitory Release Phase
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Physiological response of animals to stressful stimuli is also char-
acterized by elevated core body temperature, a phenomenon named
stress-induced hyperthermia (SIH) or emotional fever (Van Der Hey-
den et al., 1997; Cabanac and Briese, 1992; Briese and Cabanac, 1991).
SIH is proportional to stressor intensity (Bouwknecht et al., 2007) and
it is frequently associated with radiated heat loss from animals’ ther-
moregulatory body parts (Nord and Folkow, 2019). SIH has been de-
scribed in a variety of endothermic species including humans (Oka et
al., 2013), laboratory animals (Schmelting et al., 2014), farm animals
(Lees et al., 2020; Sanger et al., 2011), and wild mammals and birds
(Bittencourt et al., 2015; Jerem et al., 2015; Careau et al., 2012). SIH
appeared in response to a variety of stressors, such as cage change /
cleaning (Rasmussen et al., 2011; Burn and Mason, 2008), exposure
to a new environment (Amico et al., 2004), fear of predation (Rorick-
Kehn et al., 2005), and handling (Nord and Folkow, 2019; Lewden et
al., 2017; Olivas and Villagrá, 2013).
In rodents, mainly laboratory mice and rats, SIH usually involves

an increase of the core body temperature by 0.5–1.5 ◦C (McGivern et
al., 2009; Bouwknecht et al., 2007; Dallmann et al., 2006). Traditional
methods of measuring animal core body temperature are mostly invas-
ive as they require the use of thermocouples or thermistors, surgical
implants, gastrointestinal devices, or passive transplants (McCafferty
et al., 2015). An alternative non-invasive method for the assessment of
stress is the determination of glucocorticoid concentration in urine, fae-
ces or hair (Palme, 2019). Although this method may be useful for cap-
tive or laboratory animals, there are two potential problems when used
in the field. First, the increase of glucocorticoid levels can also depend
on other factors such as food ingestion, prey capture or mating oppor-
tunity (Thierry et al., 2013; Buwalda et al., 2012). Second, although it
has been shown that time elapsed since a stressful event is an import-
ant factor influencing the level of glucocorticoids in faeces Dantzer et
al. (2016); Möstl et al. (2005); Palme (2005), the time of production
of faeces in trapped animals is usually not known. However, checking
traps frequently can strongly reduce the time between defaecation and
faeces collection, excluding any potential bias in the measurement of
faecal glucocorticoid metabolites (Tranquillo et al., 2022). An addi-
tional difficulty in the case of small mammals is that the quantities may
be not be sufficient for the analysis (Harper and Austad, 2000, 2001).
Small mammals achieve thermal homeostasis using “thermal win-

dows”, losing heat from specific parts of their body surface, to bal-
ance heat gain from metabolic processes (Šumbera et al., 2007). IRT
can detect surface temperature changes in thermal windows, such as
the eye area, resulting from blood flow changes and it can be a use-
ful non-invasive tool for quantifying heat loss (Stewart et al., 2005).
Measurement of maximum eye temperature is considered the most im-
portant non-invasive indicator for detecting physiological stress (Edgar
et al., 2011; Stewart et al., 2007; Cook et al., 2005, 2001). In compar-
ison with other thermal windows, eye temperature is closer to core body
temperature due to a more constant blood supply and the absence of in-
sulation (Ikkatai and Watanabe, 2015; McCafferty et al., 2015; Church
et al., 2014). Maximum eye temperature has been used as an index for
the detection of physiological responses related to stress in handling
processes (Bartolome et al., 2019; Herborn et al., 2018; Schaefer et al.,
2012) such as cattle castration (Stewart et al., 2010), horn-cutting in
deer and cows (Stewart et al., 2009; Cook et al., 2005), and in hand-
ling trapped wild birds (Jerem et al., 2015; Møller, 2010). However,
although IRT has been systematically used for this purpose in captive
and laboratory animals, few studies have been carried out with animals
in the wild (Jerem et al., 2019, 2015).
Our aim was to investigate the use of IRT in the study of physiolo-

gical response of a wild rodent to novel stressors in its natural environ-
ment. We based our study on the Eastern Broad-toothed Field Mouse
Apodemusmystacinus, a relatively common species in the NEMediter-
ranean region (Kryštufek and Vohralík, 2009, pers. obs.). We subjec-
ted live-trapped individuals to a standard field study handling proced-
ure with concurrent recording of the eye temperature. We hypothesize
that when a wild rodent being handled exhibits SIH, its eye temperat-
ure can be monitored non-invasively using IRT. We predict that mean

eye temperature will be high but more variable while the animal is be-
ing handled and that eye temperature will subside and be more uniform
when the animal is placed in dark and quiet conditions. Previous exper-
ience of trapping and handling may affect the stress response (Bosson
et al., 2012; Fletcher and Boonstra, 2006; Long et al., 1990), thus, we
predict that eye temperature fluctuation will show a greater similarity
between first captures and 1st recaptures than of first captures with 2nd
or 3rd recaptures and that a lower SIH is displayed in recaptured indi-
viduals due to habituation. Body size affects heat inertia (Phillips and
Heath, 1995), however, we predict that the effect of body size on SIH
is slight or non-existent in similar-sized mature conspecifics.

Materials and Methods
Study sites and species selection
The study site is in the island of Lesvos, in the north-eastern Aegean
Sea, Greece. Lesvos has an area of 1632.8 km2, with a Mediterranean
climate (hot-dry summer, cool-wet winter). For our study we selected
the most common and widespread species of rodent present in the is-
land, the Eastern Broad-toothed Field Mouse (Apodemus mystacinus),
which can be found in areas characterized by tree — or shrub — cover
and rocky terrain (Kryštufek and Vohralík, 2009, pers. obs.). Two sites
with suitable habitat were selected in the central part of the island, 7
km apart, for the purpose of trapping.

Experimental manipulations of A. mystacinus
We trapped small mammals from 26 April to 26 May and from 24
September to 01 November 2020. In trapping and handling the anim-
als we followed the guidelines of the American Society of Mammalo-
gists (Sikes and Gannon, 2011); none of the captured individuals was
injured or died during the experimental procedure. In each trapping
period at each field site, we used 20 standard-sized collapsible live-
traps (LFATDG, 7.6×8.9×22.9 cm, H.B. Sherman Traps Inc.) on five
successive nights, followed by a week’s break and a further five suc-
cessive trapping nights. We activated traps thirty minutes after sunset
and we inspected them every morning starting at first light and finish-
ing by one hour after sunrise. We covered traps with bubble wrap and
we introduced dry grass and pine needles to provide a warm environ-
ment, reducing thermoregulatory stress of captured individuals during
the night.

We processed each individual in two phases (Fig. 1): the Experi-
mental Manipulations Phase—EMP, and the Transitory Release Phase
— TRP. The EMP started with the extraction of the animal from the
trap, followed by six consecutive manipulations. Each manipulation
consisted of appropriately positioning the animal in the hand and meas-

Figure 1 – Methodological procedure divided into two phases; (a) the EMP, experimental
manipulations with simultaneous IR imaging, and (b) the TRP, IR images taken in the Recu-
peration Box (RB) before the final release of individuals. Each experimental manipulation
is represented through the IR images 1a to 1f, while each IR image in the TRP (2a–2e)
represents the per-minute state in the RB.
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Figure 2 – Process of extracting eye surface temperature values of an A. mystacinus
during the two phases; (a), (b) and (c) refer to the EMP while (d), (e) and (f) to the TRP.
(a)/(d): Initial IR image after calibration; (b)/(e): Inverted greyscale IR image; (c)/(f): IR image
enhancement and separation of the animal from its background.

uring a specific morphometric trait in the following standard order:
body weight (BW), condylobasal length (CL), head and body length
(HBL), hind foot length (HFL), tail length (TL), and ear length (EL).
We additionally tagged first-captured individuals with unique ear tags
(Style 1005-1, 100×2.36 mm, National Band and Tag Co., Newport,
KY, USA). All experimental manipulations and measurements were
performed by the same operator, to minimise measurement error.
The total duration of the experimental manipulations of EMP was

five minutes (50 s per manipulation). At the end of this period, we
transferred each animal into a dark wooden “recuperation box” (RB)
(start of TRP). The RB had a 40×40 cm floor area, a height of 50 cm,
and a cut-out at the centre of the roof to accommodate the thermal cam-
era, for taking images of the floor area. Each animal stayed in the RB
for five minutes, in absolute darkness, to partly overcome the stress of
the previous procedure. Based on preliminary investigation in previ-
ous trials in 2019 (unpublished data), we selected a five-minute length
of stay in the RB as the optimum compromise between the need for ad-
equate time for the animal to come to a relatively calm state and the
need to process and release all the trapped animals in the shortest pos-
sible time. Before each use, we placed fresh dry grass and leaves at
the bottom of the RB. At the end of the TRP the animal was released
through four 5×5 cm openings, one on each side of the RB, remotely
opened with a simple string and pulley system.

Collection of infrared images

We photographed each individual using a handheld thermal camera
(Testo 875-1i, Testo SE & Co. KGaA, Lenzkirch, Germany), with a
thermal resolution of <0.08 ◦C and a thermal sensitivity of <50mK.
Resulting infrared (IR) images had a resolution of 160×120 pixels,
during both the EMP and the TRP. In order to avoid (a) the effect of at-
mospheric composition (e.g. floating particles, soil dust, Minkina and
Dudzik, 2009) and (b) temperature inaccuracies due to the entrance of
solar radiation through the tree canopy, IRT was performed only on
days with light wind and in the early morning hours. We positioned
the thermal camera at the closest possible distance from the animals:
0.3 m during the EMP and 0.4 m during the TRP. We used a slightly
longer distance for the TRP to minimise disturbance while ensuring a
sufficient number of pixels of the animals’ eye area for accurate surface
temperature estimation (Tattersall, 2016; Faye et al., 2016; Tattersall
and Cadena, 2010). In total, we collected a minimum of eleven IR im-
ages for each individual; six during the EMP (one per manipulation,
at 50 s intervals) and five during the TRP (at 60 s intervals). We as-
sured that both eyes were clearly visible in these pictures (Gjendal et
al., 2018; Langford et al., 2010).
The thermal camera was calibrated using an emissivity coefficient

(ε) of 0.95, a value considered suitable for the ocular surface of ro-
dents (Vogel et al., 2016). Additional data required for calibration were
obtained with a portable weather station and a solar radiation meter
(Amprobe SOLAR-100).

Determination of Eye Surface Temperature

We initially processed the collected raw IR images using the TESTO
IRSoft® software (v. 4.3). The region of interest (eye area) was sep-
arated from other objects in the background and manually bounded by
a unique polygon (Fig. 2). Following image enhancement to improve
contrast, we extracted the temperature values for all pixels within this
polygon. We determined the maximum eye temperature (Tmax) for each
IR image by creating a histogram of the temperature values for each IR
image and then averaging the values between µ+2σ and µ+3σ of each
histogram. We, thus, obtained a single mean value as a representative
statistical metric of Tmax. For each capture, we obtained six Tmax val-
ues for EMP, one per manipulation (TBW , TCL, THBL, THFL, TT L, TEL),
and five Tmax values for TRP at 60 s intervals (T60, T120, T180, T240,
T300). We further derived a set of thermal variables related to Tmax
central tendency and variability measures: (a) mean TEMP and mean
TT RP (TmeanEMP, TmeanT RP) for all EMP or TRP measurements of each
individual respectively, and (b) the range (TrangeEMP, TrangeT RP) of all
EMP and TRP measurements of each individual respectively. We also
calculated an additional variable describing each individual’s response
to experimental manipulations as the difference in Tmax between the two
phases (∆TSIH = TBW −T60); we used this as the best approximation to
the SIH of each individual. Finally, we also calculated the Tmax differ-
ence from the beginning to the end of the TRP (∆TT RP = T300−T60) in
order to have a more detailed description of the animals’ physiological
response during a period of reduced stress-promoting stimulation.

Statistical analysis

We used R statistical environment (R Core Team, 2021) and SPSS soft-
ware (v. 25.0. Armonk, NY: IBM Corp.) for all statistical analyses.
Statistical significance was assumed at the 5% level. For parametric
tests, data were evaluated for normality and homogeneity using the
Kolmogorov-Smirnov test when sample size was greater than 30 and
the Shapiro-Wilk test for smaller sample sizes, in combination with
graphical methods (QQ-plots) and Levene’s test. All the assumptions
required for the post hoc tests were met, while data are expressed as
means± standard deviation (SD). Statistical significance was assumed
at the 5% level.

Time series analysis

In order to examine the trend of eye temperature with time during our
experimental protocol, we used time series analyses for groups of dif-
ferent trapping history. Initially, we plotted Tmax using a loess smooth-
ing function to visually assess the trend. Because our manipulations
are sequential to each other and in the same order across all individu-
als, the Tmax values for EMP and the Tmax values for TRP are autocor-
related. Therefore, we used an adaptation of the Auto Regressive In-
tegrated Moving Average (ARIMA) approach to modeling time series
(Box et al., 2016), the SARIMA(p, d, q) (P, D, Q)S model. This model
constructs a seasonal time-series model, with seasonality; in our case
this refers to the pattern changes at intervals during the EMP and TRP.
There are seven parameters to be considered when fitting the SAR-
IMA model: p, the order of autoregression; d, the degree of differ-
ence; q, the moving average; P, the seasonal autoregression; D, the
degree of seasonal difference; Q, the seasonal moving average and S,
the seasonal period. Before fitting the SARIMA models, for the time
series of each trapping history group, we identified significant lags us-
ing the autocorrelation and partial autocorrelation functions to assess
stationarity, using both graphical and statistical methods. In cases in
which stationarity was not met, we stabilized the Tmax sequence by
transforming the series using one-order differences to remove autocor-
relation. Afterward, we re-assessed stationarity with the Augmented-
Dickey Fuller (ADF) test (Gerolimetto and Magrini, 2017) and the
Kwiatowski-Phillips-Schmidt (KPSS) test, while we visualized decom-
position of seasonal, trend, and remainder components (“white noise”)
using the STL method (Cleveland et al., 1990). Then, we used an auto-
mated algorithm, the auto.arima (Hyndman andKhandakar, 2008) in
R, to generate the optimal order of the p, d, q, P, D, and Q parameters
by testing all potential models. We used the lowest Akaike Informa-
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Figure 3 – Smoothed curve of Tmax (◦C) of all A. mystacinus captures during the two
phases (EMP, TRP) of the experimental procedure. The time interval of 50 s between
successive values during EMP corresponds to each experimental manipulation, while the
60 s interval during TRP represents Tmax per 60 s in the box. Blue line: loess smoothed
curve of mean Tmax with 95% CI (gray).

tion Criterion (AIC) estimate to identify the model with the highest ac-
curacy and we performed diagnostic checking, including residual ana-
lysis (Ljung-Box test). Additionally, we selected root-mean-square er-
ror (RMSE) and mean absolute error (MAE) to evaluate the models.
For the time series analyses we used the following packages for data
visualization and manipulation: ggplot2 (Wickham, 2009), tseries
(Trapletti and Hornik, 2019), chron (James and Hornik, 2020), FitAR
(McLeod and Zhang, 2008), forecast (Hyndman et al., 2021), and
fpp2 (Hyndman, 2018).

Time series comparison

After model selection, we compared the derived stationary time series
for groups with different trapping history in order to identify sim-
ilarities between them. Time series data similarity patterns can be
understood from mathematical functions named similarity measures
(Cleasby et al., 2019). However, similarity measures can be used to
compare the similarity between different pairs of time series (Cleasby
et al., 2019) and for this reason we could not compare time series for
sex or breeding condition for which we had only one pair of curves.

A widely used similarity measure involves the Dynamic TimeWarp-
ing (DTW) algorithm (Senin, 2008) which we implemented using the
dtw library in R (Giorgino, 2009). DTW is a fundamental technique
in time series analysis for comparing a pair of curves using an elastic
time-warping function which finds the optimal alignment between two
temporal sequences. DTW calculates the distance between each pos-
sible pair of points allowing one-to-many mapping, leading to estima-
tion of the optimal warping path (Senin, 2008; Müller, 2007). Shorth
DTW distances signify a high similarity between two time series. For
the computation and visualization of DTW alignments, we initially es-
timated the differenced value of each Tmax of two temporal station-
ary sequences by calculating the amplitude at time TBW (50 s) of the
first time series with the amplitude of the second time series at time
TBW + 1(TCL), and TBW − 1 or TBW + 2(THFL) and TBW − 2, termed
“local cost”, and then we plotted the optimal warping path, the one
with the minimum sum of all the local costs. Finally, we plotted the
optimal alignments of the stationary models in the three-way form and
we extracted the distance and the normalised distance values for each
pair of examined time series.

Testing for di�erences in Tmax and for the e�ect of body size on
∆TSIH

Differences in mean and range of Tmax during the two manipulation
phases were examined using t-tests. Welch one-way analysis of vari-
ance was used to determine whether ∆TSIH significantly differentiated
according to trapping history. For post hoc examination of statistical
differences we used Games-Howell tests. The effect of the time in-
terval between first capture and recaptures on ∆TSIH was tested using
linear regression. The dependence of ∆TSIH from morphometric traits
was investigated using multilinear regression analysis, with a backward
elimination procedure for significant variable selection, ensuring there
was no violation of any of the required assumptions. For this analysis
we used the first captures dataset, both as a whole and by each sex sep-
arately, because first captures had had no previous contact with humans
or themanipulation procedure, whereas recaptures might be affected by
animals’ prior experience. We further tested the effect of body size on
each of the two components of ∆TSIH , TBW and T60, independently.

Table 1 – Mean and range of Tmax values of each A. mystacinus individual, for groups according to sex, recapture status, and breeding condition, in the two phases of the manipulation
procedure (EMP and TRP). Also shown is the 95% confidence interval (95% CI) for the di�erence between EMP and TRP and the result of paired samples t-tests (t) for the two phases.

(a) Mean Tmax of each individual TmeanEMP TmeanTRP
n Mean SD Mean SD 95% CI t df

Males 50 32.02 2.21 29.50 1.79 2.14, 2.88 13.63** 49
Females 53 32.19 1.49 29.72 1.45 2.14, 2.79 15.19** 52

First Captures 27 32.19 1.94 29.47 1.39 2.27, 3.17 12.46** 26
1st Recaptures 22 31.22 1.80 29.41 1.66 1.32, 2.29 7.74** 21
2nd Recaptures 19 32.47 1.84 30.21 1.76 1.63, 2.90 7.52** 18
3rd Recaptures 14 32.49 2.12 29.53 2.02 2.24, 3.66 8.98** 13

Breeding 53 31.48 1.76 29.21 1.58 1.95, 2.58 14.24** 52
Non-breeding 50 32.73 1.81 30.03 1.55 2.33, 3.06 14.83** 49
All Captures 103 32.11 1.87 29.62 1.62 0.28, 0.73 4.49** 102

(b) Range of Tmax of each individual TmeanEMP TmeanTRP
n Mean SD Mean SD 95% CI t df

Males 50 2.31 0.86 1.62 0.66 0.40, 0.98 4.78* 49
Females 53 1.95 0.82 1.61 0.80 0.00, 0.67 1.96 52

First Captures 27 2.18 1.07 1.65 0.65 0.04, 1.01 2.23* 26
1st Recaptures 22 2.00 0.59 1.58 0.70 −0.02, 0.85 1.97 21
2nd Recaptures 19 2.20 0.97 1.38 0.55 0.25, 1.37 3.07* 18
3rd Recaptures 14 2.13 0.76 1.94 1.19 −0.68, 1.07 0.47 13

Breeding 53 2.16 0.83 1.64 0.65 0.23, 0.81 3.66** 52
Non-breeding 50 2.08 0.88 1.59 0.81 0.13, 0.84 2.74* 49
All Captures 103 2.12 0.85 1.61 0.73 0.28, 0.73 4.49** 102

* p<0.05
** p<0.001
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Figure 4 – Smoothed curves of Tmax (◦C) of the di�erent trapping history subsets during the two phases (EMP, TRP) of the experimental procedure. The time interval of 50 s between
successive values during EMP corresponds to each experimental manipulation, while the 60 s interval during TRP represents the eye temperature per 60 s in the box. Blue line: loess
smoothed curve of mean Tmax with 95% CI (gray).

Results

Individual di�erences in Tmax mean and range between
EMP and TRP

A total of 618 IR images were obtained and analysed for the EMP
and 515 for the TRP, relating to 103 animals (76 of them were recap-
tures), 50 males and 53 females, 53 in breeding condition and 50 in
non-breeding condition. TmeanEMP of all 103 captures varied between
27.6 and 36.6 (32.11±1.87) ◦C, TmeanT RP between 26.7 and 33.4
(29.62±1.62) ◦C, TrangeEMP varied between 0.5 and 5.2 (2.12±0.85)
◦C, and TrangeT RP between 0.4 and 5.2 (1.61±0.73) ◦C. TmeanEMP
differed significantly from TmeanT RP of the same individual whether for
the full data set or when checked with respect to sex, trapping history or

breeding condition (Tab. 1a). Similarly, statistically significant differ-
ences existed between the TrangeEMP and TrangeT RP, except for females,
and 1st and 3rd recaptures (Tab. 1b). Detailed descriptive statistics of
Tmax with respect to sex, trapping history and breeding condition dur-
ing the EMP and the TRP, are presented in Tab. S1 in the Supplemental
Material.

Determination of time-series models of Tmax
The curves in Fig. 3 and 4 show the temporal evolution of Tmax during
the EMP and TRP for different subsets of the data. In all cases Tmax
demonstrated an overall decreasing trend over time; however, there is
a discernible upward trend in the latter part of TRP, especially after
420 s. Plots of the decomposed time series with the eliminated trend

Figure 5 – Time series components for the whole dataset: (a) the non-stationary model; (b) variation of each component (“trend”, “seasonal”, “remainder”) of the non-stationary model;
(c) the stationary model obtained by taking one order di�erence to induce stationarity; (d) variation of each component of the stationary model. Y-axis represents Tmax (◦C) while X-axis
represents time during the combined two phases of our experimental protocol.
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Figure 7 – Mapping of the stationary sequences for First Captures (blue) and All Recaptures (red); (a) the two time series plotted together, (b) the step pattern object which lists the
allowed transitions in parallel with minimum-distance search, which characterizes the matching model, and (c) the minimum-distance warp path plotted in a three way form.

Figure 8 – Box plots and the Games-Howell post hoc test showing the ∆TSIH di�er-
ences between the four capture occasions. Horizontal lines represent the medians, boxes
represent the interquartile ranges (25–75%) and whiskers represent data ranges.

are shown in Fig. 5 and 6. As can be seen in Fig. 5b and Fig. 6Ab – 6Eb,
the trend component shows a very distinct ‘step‘ after the end of the
EMP, approximately from 300 s to 420 s, corresponding to the release
of the animals in the RB. For the full dataset (all captures) the model
with the lowest AIC, selected by the algorithm, was (0,0,1)(0,1,0)[103]
(AIC=2499.11). The order of autoregression (p) was 0, the moving av-
erage (q) was 1, the degree of difference (d) was 0, the seasonal autore-

gression (P) was 0, the seasonal moving average (Q) was 0, and the
degree of seasonal difference (S) was 1.

In all models, the converted time series showed stability improve-
ment after differencing, as can be seen from the results of the station-
arity tests (Tab. 2). In particular, the ADF and the KPSS tests showed
consistencywith the time-series plots, with a symmetrical oscillation of
the series around the overall trend. Themodels for trapping history sub-
sets, as well as the Goodness of Fit statistics, are shown in Tab. 3. For
all the auto-fitted models, i.e., for First captures, All Recaptures, and
for 1st, 2nd and 3rd Recaptures, the Ljung-Box test p-value was >0.05
(Tab. 3), indicating a good fit. The MSE and the RMSE displayed low
values (Tab. 3), also indicating a high degree of fit of the derived sta-
tionary time series. The stationary models have attained a relatively
flat trend component, as intended by the differencing procedure, but a
noticeable “dent” remained after the end of the EMP, attributable to the
sudden drop in Tmax between 300 s and 420 s (Fig. 5d and Fig. 6Ad –
6Ed).

Additional test results and plots related to the conversion of non-
stationary to stationary models are shown in Tab. S2 and Fig. S1 and
S2 in the Supplemental Material.

Comparison of time series for di�erent trapping history

For each time series pair, the DTW algorithm recursively searched all
eye temperatures combinations to identify the path of minimum dis-
tance. The plotted optimal warping paths of the Tmax values of EMP
and TRP started with TBW of the first examined first capture individual

Table 2 – Stationarity tests before and after di�erencing the time series.

KPSS trend KPSS level ADF
Stationarity tests Initial Differenced Initial Differenced Initial Differenced

All Captures 0.01 0.01 0.01 0.1 0.01 0.1
First captures 0.01 0.05 0.1 0.1 0.01 0.1

All Recaptures 0.01 0.01 0.01 0.1 0.01 0.1
1st Recaptures 0.01 0.01 0.01 0.1 0.01 0.1
2nd Recaptures 0.01 0.01 0.01 0.1 0.01 0.1
3rd Recaptures 0.01 0.01 0.01 0.1 0.01 0.1
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Table 3 – SARIMA models for the full dataset and its di�erent subsets. Models with a Ljung-Box Q test p-value >0.05 are a good fit for the dataset.

Goodness-of-Fit Statistics Ljung-Box Q Test
A. mystacinus Groups Models AIC RMSE MAE Statistic p-value

All Captures (0,0,1)(0,1,0)[103] 2499.11 0.88 0.61 408.32 <0.05
First Captures (0,0,1)(2,1,0)[27] 623.03 0.80 0.58 104.17 >0.05
All Recaptures (0,0,1)(1,1,0)[76] 1840.82 0.87 0.62 172.71 >0.05
1st Recapture (0,0,1)(2,1,0)[22] 531.97 0.85 0.62 60.504 >0.05
2nd Recapture (0,0,1)(0,1,1)[19] 483.74 0.91 0.66 64.034 >0.05
3rd Recapture (1,0,1)(0,1,1)[14] 398.94 1.06 0.79 22.935 >0.05

and with the first examined first recaptured individual, and reached to
T300 of the TRP for each individual. DTW aligned these trajectories
by creating a distance matrix in which the smallest distance between
these Tmax represented the cost of aligning them. The total cumulative
distance between them (optimal warping path), which must be con-
tiguous and monotonic, ended at the sequence tails (top-right corner
of the matrix) and provided their alignment (Fig. 7, S3 – S5). Compu-
tation of the minimum distance and normalised distances showed that
the “First Captures — All Recaptures” had the lowest similarity of all
the examined pairs of time series (Distance value=1247.7; Normalised
Distance value=1.21), which is caused by the inclusion of all recap-
ture events, even beyond the 3rd recapture (n=76). A greater similarity
was observed in the time series pair “First captures — 2nd Recaptures”
(Distance value=395.9; Normalised Distance value=0.86) compared
with the pair “First Captures—3rd Recaptures” (Distance value=407.6;
Normalised Distance value=0.99) or the pair “First Captures — 1st Re-
captures” (Distance value=477.1; Normalised Distance value=0.97).

Eye temperature di�erences at key points of the experi-
mental procedure

The temperature difference between the beginning of EMP and
the beginning TRP (∆TSIH ), for all captures, ranged from 0.5 to
6.6 (3.50±1.29) ◦C. Comparing groups of different trapping his-
tory, Welch one-way ANOVA gave statistically significant differences
in ∆TSIH (F3, 35=5.39; p=0.004). Games-Howell post-hoc analysis
showed that first captures differed significantly from 1st recaptures but
there was no significant difference between first captures and 2nd or 3rd
recaptures (Fig. 8). ∆TSIH was found to depend on the time interval
between the first capture and the 2nd and 3rd recaptures (F1, 27=12.75;
p<0.001; R2

adj=0.296). In terms of eye temperature differences dur-
ing TRP (i.e., between T60 and T300), ∆TT RP varied between -2.2 to 4.4
(1.01±1.18) ◦C; no differences were observed between sexes (t101=-
0.736; p>0.05), reproductive condition (t101=-0.627; p>0.05), or cap-
ture events (F3, 78=0.409; p>0.05).

E�ect of body size on ∆TSIH
´ Single morphometric traits or combinations of traits are statistically
significant predictors of ∆TSIH . Specifically, for the total of first cap-
tures the model was statistically significant (F2, 24=30.27; p<0.001).
∆TSIH increases with decreasing body size (Tab. 4). In the two sex
subsets, there were statistically significant models for both first cap-
turemales (F1, 14=30.94; p<0.001; R2=0.667), and first capture females
(F1, 9=16.56; p=0.003; R2=0.609). HBL was the only statistically sig-
nificant explanatory variable, with ∆TSIH also decreasing with body
size (Tab. 4).

Repeating the above analysis for TBW and T60 independently, stat-
istically significant results were obtained only for TBW for all first
captures and for first capture males, but not females. BW was the
only statistically significant explanatory variable for all first captures
[TBW = 36.72+(−0.096BW ); F1, 25=5.75; p=0.024; R2

adj=0.155] and
HBL for first capture males [TBW = 47.08+(−1.47HBL); F1, 14=5.97;
p=0.027; R2

adj=0.237]. In both cases, R2
adj values were much lower

than with ∆TSIH .

Discussion
In this study we investigate the influence of a standard field proced-
ure on the maximum eye temperature of a wild rodent, as an index of
stress, in field conditions. Handling and trapping have been shown to
cause stress in rodents, both in the laboratory (Long et al., 1990; Briese
and De Quijada, 1970) and in the wild (Fletcher and Boonstra, 2006).
The physiological response is related to duration of capture (Bosson et
al., 2012) but it can be caused by even short-term handling (Gelling et
al., 2009). The observed rise in body temperature as a physiological
response to handling is a regulated process to be taken into considera-
tion in research involving the manipulation of rodents (Groenink et al.,
1994; Nakamori et al., 1993; Long et al., 1990). We provide substan-
tial evidence, obtained non-invasively, for a pattern of A. mystacinus
physiological response to manipulations.

Eye temperature differences observed between the EMP and the TRP
appeared in all subsets of individuals examined, as did the decrease
of eye temperature after completion of the experimental manipulations
(Fig. 3, 4). These responses appear to be a very robust but at the same

Table 4 – Final models obtained from multiple linear regression analyses using a backward procedure on morphometric traits as explanatory variables of ∆TSIH variation. All models were
statistically significant (p<0.05).

Group Response variable Predictor variable B SE B β t p Adj. R2 F

First Captures ∆TSIH

(constant) 14.93 1.80 8.28 0.00
0.692 30.27CL −1.09 0.41 −0.28 −2.64 0.01

HBL −0.74 0.10 −0.78 −7.19 0.00

Predictive regression equation ∆TSIH = 14.93+(−1.09CL)+(−0.74HBL)

First Captures – Males ∆TSIH
(constant) 13.92 1.84 7.57 0.00 0.666 30.94
HBL −1.06 0.19 −0.83 −5.56 0.00

Predictive regression equation ∆TSIH = 13.92+(−1.06HBL)

First Captures – Females ∆TSIH
(constant) 9.41 1.31 7.14 0.00 0.609 16.56
HBL −0.60 0.14 −0.80 −4.07 0.00

Predictive regression equation ∆TSIH = 9.41+(−0.60HBL)
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time complex phenomenon. During the TRP there was a gradual in-
crease in Tmax, peaking at the end of this phase though there was no
statistically significant differentiation of ∆TT RP as to sex, trapping his-
tory or breeding condition, suggesting a rather uniform response of all
animals to their stay in the RB. We suggest that the difference observed
between the EMP and the TRPmay be related to the different quality of
stressing stimuli as perceived by the animals. Handling during the EMP
is more likely to be perceived as an encounter with a predator (Hernán-
dez et al., 2018; Beale andMonaghan, 2004; Frid and Dill, 2002) while
the stay in the RBwasmore likely to induce a frustration-like state (Ma-
son, 2006; Amsel, 1958), displaying stereotypical behavioural patterns
such as freezing, grooming and attempts to find an escape route, coin-
ciding with a mildly but clearly rising eye temperature (Fig. 3, 4).
An important finding of the time series analysis is the common pat-

tern of the trend component in all subsets of the data, with a sudden de-
crease of Tmax after the end of manipulations. This pattern was retained
even after conversion to the stationary time series models. This is a
clear manifestation of the relaxation experienced when animals were
placed in the RB, however, in all cases examined, the sudden drop in
Tmax was followed by a slight upward trend. A similar effect of waiting
has been known to cause a rapid increase (i.e., within seconds) in body
temperature as part of the stress response of laboratory mice (Clement
et al., 1989). Thus, a longer stay in the RB would not be likely to in-
duce a further drop in stress levels. Consequently, a short stay of up to
about twominutes, sufficient for taking the necessary IR images, would
be recommended for implementation of our method.
The high variability among individuals’ eye temperature for each

experimental manipulation during EMP can be affected by either or
both of two factors: the way animals are manipulated during the dif-
ferent measurements, and the time elapsed during the manipulation
procedure. Regarding the first factor, initially, each individual was
firmly grasped behind the nape with the index and thumb fingers, as re-
commended by small mammal handling protocols (Sikes and Gannon,
2011), and then the animal was placed in a different posture, depend-
ing on the manipulation, without touching a solid surface. BW, CL,
HFL, and EL were measured with the animal’s body inclined, while
HBL and TL with the animal upside down. The lowest Tmax occurred
when measuring HBL, while the highest Tmax occurred on measuring
BW on the first 50 s of handling (Fig. 3 and Tab. S1 in Supplemental
Material). Since these manipulations were in the same fixed order for
all subjects, we cannot check the effect of each one on its own. In terms
of the second factor, we tested the effect of time elapsed on the range of
values among individuals at each time interval using a simple linear re-
gression model. The result was a strong positive effect during the EMP
for first captures (F1, 4=24.70; p=0.008; R2=0.823) but not statistically
significant for EMP of recaptures nor for TRP of either first captures or
recaptures, nor was there any apparent connection when tested with re-
spect to sex or breeding condition. A possible explanation for this could
be a more variable response to handling in first captures compared with
recaptures but there are many confounding factors that may also be re-
sponsible for these variations. Since a variety of stressors such as the
length of time spent in live traps (Harper and Austad, 2000), predator
presence (Navarro-Castilla and Barja, 2014), reproduction (Barja et al.,
2011), social environment and dominance (Avitsur et al., 2003; Creel,
2001), habitat change due to grazing (Navarro-Castilla et al., 2017),
food availability (Navarro-Castilla and Barja, 2019), age at first expos-
ure to a stressor (Beery and Kaufer, 2015), and the way animals per-
ceive stressors (Lucas et al., 2014) have been shown to affect animals
in the wild, we believe that further research is required towards a better
understanding of this result.
To assess SIH it is necessary to have temperature measurements both

when the animal is calm and when it is stressed. Established protocols
for measuring SIH (Van Der Heyden et al., 1997; Borsini et al., 1989)
are not applicable in field conditions. For this reason we tried to fol-
low the protocol described by Careau et al. (2012), at least in terms of
the time frame of the IRT readings simultaneously with the manipula-
tions, but our protocol (a) enhances the importance of the first moment
of handling a wild animal, (b) emphasises the significance of obtaining

temperature values non-invasively using IRT, (c) provides time for the
study animal to calm down, (d) uses eye temperature instead of rectal
temperature, and (e) the measuring intervals are related to the duration
of each manipulation (50 s per manipulation). We based the measure-
ment of SIH (∆TSIH ) on Tmax at two critical points of the experimental
procedure. These two points were the first moment when a wild rodent
came into contact with a human being, on measuring TBW, and the first
minute of the TRP (T60) which immediately followed the most influen-
tial step of the experimental procedure— the release of the researcher’s
grasp and the return of the animal to solid footing. It should be noted
that later during the TRP there was no further significant reduction in
Tmax. A stay for more than 60 to 120 s in temporary confinement does
not appear to be effective in further reducing the stress level of the an-
imals.

The choice of measuring SIH in the way described is ideal for field
conditions as it is relatively fast and simple to perform and has minimal
impact on the animal’s stress condition. Yet, SIH is a complex process
(Nakamura, 2015; Olivier, 2015; McGivern et al., 2009; Peloso et al.,
2002) and there is no standardised method for its assessment in field
conditions. This lack of standardisation becomes apparent when ex-
amining the differences observed in ∆TSIH in first captures in relation
to recaptures. We were expecting that in all recaptures (1st, 2nd, 3rd)
SIH would be lower than for the first capture due to increased famili-
arity of the animals with the procedure. In fact, we observed frequent
recapture events, contra-indicating trap avoidance. However, the post
hoc Games-Howell test for differences in ∆TSIH showed that the first
captures (∆TSIH=3.86±0.80 ◦C) were significantly differentiated only
from the 1st recaptures (∆TSIH=2.76±1.03 ◦C) (Fig. 8). Paradoxic-
ally, in later recaptures, the SIH was almost the same as in first cap-
tures (∆TSIH=3.41±1.50 ◦C for the 2nd and ∆TSIH=3.65±1.38 ◦C for
the 3rd recapture). These results are confirmed by the comparisons of
time series for animals with different trapping history, whereby a much
higher dissimilarity measure was found in the “First captures — 1st re-
captures” pair than in pairs comprising 2nd or 3rd recaptures (Fig. S3 –
S5). Even though these findings contradict the results of Careau et al.
(2012) on chipmunks (at least for 2nd and later recaptures), they may be
explained by the effect of time elapsed between successive recaptures.
This lends support to the hypothesis of several researchers (Yang et
al., 2019; Gros and Wang, 2018; Cès et al., 2018), that rodents exhibit
spatial and functional memory impairments which can start before old
age sets in. Thus, mature A. mystacinus might experience long-term
memory decline leading to 2nd and 3rd recapture SIH levels as high as
on their first capture.

We consider that the dependence of ∆TSIH from body size measures
in first captures may provide valuable clues in the study of acute stress
caused by handling. Themanipulation procedure is a novel stressor that
affects an animal’s physiological response and which may be altered
over subsequent recapture occasions (Boonstra, 2013; Fletcher and
Boonstra, 2006) — this is the reason that recaptures were not used in
the body size analysis. The high explanatory power of the linear re-
gression models of ∆TSIH on CL and HBL for first captures (both sexes
R2

adj=0.692; males R2
adj=0.666; females R2

adj=0.609) (Tab. 4) indic-
ates a strong inverse dependence of the levels of stress on body size.
The weak dependence of TBW on body size measures, with lower ex-
planatory power than for the ∆TSIH models, and the absence of a stat-
istically significant result for T60, are in contrast with the above results.
Therefore, the dependence of ∆TSIH from body size appears not to be
a simple consequence of different Tmax at the beginning of the EMP
or of the TRP for different body sizes but a combination of the two.
The ability of mammals to control surface temperature increases with
their body size due to their smaller surface-to-volume ratio (Gordon,
2017). Vasomotor control of the body surface temperature has been
shown to be the most important way to achieve thermal homeostasis
in mammals across a range of sizes from 20 g to 4000 kg (Phillips
and Heath, 1995) but these effects are unlikely to be important in our
case because body size variability of captured A. mystacinus was low
(BW: x=37.65, SD=7.16, interquartile range (IQR)=11.0; CL: x=3.79,
SD=0.21, IQR=0.30; HBL: x=9.27, SD=0.84, IQR=1.1). Amore likely
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explanation would be based on social dominance relationships, as has
been shown for laboratory mice (Drews, 1993), presuming larger indi-
viduals tend to be nearer to the top of the hierarchy and, thus, be less
stressed than smaller-sized ones. Future studies should focus on estim-
ating a precise indicator, equivalent to the one described as “vasomotor
index” (Phillips and Heath, 1995), for A. mystacinus (or any other ro-
dent species) that includes the species’ effective body surface area, its
standard metabolic rate, core body temperature a critical body temper-
ature. Our hypothesis may be strengthened, and interesting research
questions may be raised concerning factors inducing stress in rodents
with further field data. Eventually, this could also allow the develop-
ment of improved trapping and handling protocols for wild rodents to
minimise stress and its long-term side-effects, such as on survival or
reproduction, in carrying out field studies.
To summarize, this study has shown that eye temperature, measured

non-invasively, is an effective index for monitoring the physiological
response of a wild rodent to manipulations in field conditions. A limit-
ation of this method is the need for a short stay in calming conditions,
such as our RB, to obtain an eye temperature measurement represent-
ing a relative calm state. The highest stress occurred at the start of the
experimental manipulations i.e., in the beginning of the handling pro-
cedure. The lowest stress was found upon releasing the grip on the
animal’s nape and placing the animal on solid ground. Further keep-
ing the animal in a confined unfamiliar space appeared to gradually
increase stress. Trapping history and body size appear to affect the an-
imals’ physiology significantly and, thus, should be taken into account
when using this method for monitoring SIH. The advantage of our ex-
perimental protocol was that the manipulated individuals were stressed
solely by the human intervention and not by the methodological tools.
IRT,when used on awild rodent in field conditions, appears to give sim-
ilar results to those found in studying stress in laboratory and captive
animals and, thus, can be a very useful tool in Conservation Physiology
studies and should be considered as a priority method for monitoring
SIH non-invasively.
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