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Captivity, frequently used in animal research, can profoundly
alter brain size, cognitive abilities and activity levels.
Critically, persistent exposure to stressors in captive
environments can lead to chronic stress and subsequently
to a range of health issues. However, the direct implications
of captivity on research outcomes have not been thoroughly
investigated. We examined the effects of captivity on the
common shrew, Sorex araneus, a species that exhibits a
profound seasonal reversible change in brain and body size.
We compared wild shrews during summer and winter to
assess seasonal changes in brain size and behaviour and
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then contrasted these findings with shrews kept in captivity for six months. Using repeated in vivo
magnitic resonance imaging, we determined that the extent of seasonal brain size change was not
affected by the semi-natural captive conditions. However, captivity led to increased activity levels
and reduced learning motivation in the shrews, indicative of chronic stress. These results suggest
that even semi-natural conditions can significantly alter the outcome of studies and these effects
need to be quantified before experimentation.

1. Introduction
Despite most animal research being conducted in captivity, the potential effects of the captive
environment are rarely assessed. Captivity allows for controlled settings and standardized research
approaches that are difficult to implement in complex natural environments. Yet, emerging evidence
indicates captivity effects are profound and complex [1–3], making it challenging to accurately study
natural processes, such as behaviours [4] but see [5]).

Captivity can lead to long- and short-term changes. Heritable changes can affect behaviour [6],
brain size [7–9] and genome [10,11] in animals bred for laboratory research, domestication, food or
fur production. These changes are often unintended byproducts of breeding in captivity, making
many changes irreversible if animals return to the wild, resulting in lower survival [12–14] (but see
[9]). In wild-caught animals, captivity can have short-term, potentially reversible impacts on many
processes including behavioural and physiological adaptations. These changes stem directly from
commonly used captive conditions, which expose the animals to chronic stressors such as intensive
human interaction, confinement, diet, food-seeking behaviour or artificial lighting [15,16]. Such chronic
stress leads to changes in hormone balance, immune responses [17–19] and gene expression [20–22],
which can result in a variety of health issues, further affecting cognitive and physical abilities [23].
The cumulative impact of these factors can have additional behavioural effects such as altered activity
levels in captive animals, ranging from lethargy to stereotypy [24]. Interestingly, the negative cognitive
effects of captivity can be mitigated to some extent, particularly by enriched environments [25,26],
suggesting that strategic modifications can reduce the profound effects of captivity on animal well-
being.

It is essential to recognize the differences between captive and wild animals not only in behaviour
but also in physiology and the underlying genetic mechanisms to understand the confounding effects
of captivity on research [4,27]. The common shrew (Sorex araneus) serves as an ideal model for such
studies, particularly due to its unique seasonal physiological adaptation known as Dehnel’s phenom-
enon [28,29].

The life cycle of the common shrew demonstrates the profound impacts of seasonal adaptations
(see electronic supplementary material, figure S1). Born in summer, shrews grow rapidly, reaching
their maximum brain size within just a few weeks (henceforth called summer juveniles). In anticipa-
tion of winter, they undergo the first stage of Dehnel’s phenomenon, a dramatic size reduction [28].
Dehnel’s phenomenon affects the whole body, bones and internal organs, to varying degrees across
tissues and organs [30]. Even within the brain, different brain regions change size to different extents
[31]. They reach a minimum brain, body and skull size as sexually immature subadults in February
(winter subadults). The seasonal shrinkage is thought to help meet the energy demands of colder
months and reduce food availability. As relative energy consumption remains constant, shrews lower
absolute metabolic needs by reducing the body size and metabolically expensive organs, increasing
the chances of survival during winter [32,33]. This enables shrews to remain active throughout the
winter. In spring, shrews partially regrow their skull and brain and significantly increase in body
mass—by 80−100%—to prepare for reproduction reaching a second size peak in June (summer adults).
Simultaneously, shrews reach adulthood, become sexually mature, reproduce and die, their lifespan
typically lasting about a year.

Shrinking in overall size and reducing the mass of energetically expensive organs such as the brain
reduces energy consumption and food requirements, yet this reduction in brain size compromises
function. Shrews freshly caught from the wild perform less effectively in a spatial navigation task
in winter, the period of reduced brain size [34]. To work with captive shrews, it is important to be
able to distinguish the effects of Dehnel’s phenomenon from those resulting from captivity. Previous
work has identified significant changes in gene expression in this population after just two months
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of captivity, despite being kept in the semi-natural conditions described above [20], which involve
gene families involved in depression, stress responses, and neurodegeneration, further highlighting the
need to understand captivity effects.

A practical approach for studying this cycle and its effects is to capture the shrews as newly
independent juveniles in summer, and then maintain them in captivity throughout their lifespan,
which averages 13 months in the wild. This allows for repeated measurements of brain size and
behavioural tests. Thus, it is important to determine how captivity influences these changes. When
kept in semi-natural conditions in outdoor aviaries, skull size, a proxy for brain size, showed the same
pattern of change in captive shrews as in their wild counterparts [35]. In contrast, when maintained
indoors at a natural light cycle, but at a constant temperature, skull size steadily declined throughout
their life. Those two studies showed how brain size change in shrews is flexible and influenced by
environmental factors (see table 1 for an overview of known captive and seasonal effects on shrews).

To explore the effects of captivity, we compared the cognition, brain morphology and activity of
young shrews in summer with subadults in winter. Here, we used two categories: shrews that had
been in semi-natural captivity since summer and fresh-caught ones from the wild. Summer to winter
is when the greatest change in shrew brain size occurs, and we hypothesized that even semi-natural
captive conditions would alter the shrews’ behavioural and cognitive responses. First, we followed
brain volume changes in shrews using in vivo magnetic resonance imaging (MRI), anticipating that
the semi-natural conditions would not influence the natural seasonal reduction in brain size [35].
Then, we tested shrews in an associative learning task, considering how the cognitive impairment
caused by Dehnel’s phenomenon might be influenced by captivity, which imposes environmental
constraints absent in the wild, such as limited foraging opportunities and reduced sensory stimuli,
as well as being exposed to a different diet. If these constraints significantly affected shrews kept in
captivity, we anticipated a noticeable decline in cognitive functions. Conversely, if the semi-natural
conditions sufficiently mimicked the wild environment, then the expected cognitive decline might be
less pronounced or absent. Lastly, building on the finding that all shrews immediately begin using
running wheels in captivity [38], we examined activity patterns between the three categories. Although
wild shrews are less active in winter [39], we hypothesized that even semi-natural captive conditions
would alter the shrews’ behavioural and cognitive responses. This could manifest as increased activity
levels, similar to the restlessness observed in captive migratory birds [40], potentially indicative of
chronic stress. Alternatively, if captivity does not significantly disrupt typical seasonal behaviours, we
might observe activity patterns that resemble those of wild shrews, with reduced winter activity.

The impact of captivity is increasingly recognized as a factor that can significantly mask the effects
of treatments or other experimental methods. Given the increasing interest in shrews for applied
research, it is important to measure these effects at an early stage to establish protocols that account
for the influence of captivity. These studies are crucial for understanding how captivity not only affects
animal physiology and behaviour but also influences the outcomes of experimental research.

2. Methods
All handling and sampling methods were approved by the Regierungspräsidium Freiburg, Baden-
Württemberg, Germany (35-9185.81/G-19/80 and 35-9185.81/G-22/082). Common shrew individuals
were caught from the wild in Möggingen, Germany (47°46′04.70″ N, 8°59′47.11″ E), near the Max
Planck Institute of Animal Behaviour. We caught 13 shrews with live wooden traps (PPUH A.
Marcinkiewicz, Rajgród, Poland) in August 2021 when their brain size was close to its maximum
(from now on referred to as summer wild) and kept them in captivity until February 2022 (six months)
when brain size was at a minimum (winter captive). As is typical for this species, mortality occurred
in autumn, and by February 2022, our captive group had been reduced to seven individuals. Due to
the rapid physiological changes inherent to Dehnel’s phenomenon, it was not possible to conduct both
behavioural and imaging experiments within the narrow time frame required to capture the peak of
minimum brain size. Consequently, we caught nine additional shrews (winter wild) by February 2023,
to be compared with our captive winter subadults. The mean temperature in both years was similar:
2.82 in 2022 and 2.84 in 2023 [41]. We did not determine the sex of the shrews in our experiments.
Shrews typically reach sexual maturity in spring (April–May), but we tested them in summer and
winter. Previous research indicated no significant differences between males and females regarding
brain shrinkage and cognitive abilities [34] during the non-reproductive seasons. All shrews were
housed individually in a double-cage system. The primary cage contained a thin layer of soil, a
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running wheel, food and water dishes and a small flowerpot filled with hay that served as a nest and
shelter. This cage was connected via a plastic tube to a secondary cage, which served as a nesting area,
filled with multiple layers of soil and hay (see electronic supplementary material, figure S2). Shrews
were fed daily with a specially prepared raw meat mixture [42] supplemented with 2 g of mealworms
(Tenebrio monitor larvae). The daily food amount was adjusted monthly based on the shrews’ average
body weight (e.g. an 8 g shrew would receive 8 g of food) [43]. Water was provided ad libitum.
All shrews were housed in an outdoor aviary, with each cage placed on separate shelves to prevent
individuals from seeing one another. In the aviary, shrews were exposed to natural light, temperature
and humidity, which we consider to be semi-natural captive conditions. We carried out all MRI scans
and cognitive tests and collected running wheel data within four weeks each season to coincide with
brain size peaks—its maximum in summer and minimum in winter. This method helped to minimize
the confounding effects of brain size fluctuations by capturing data at these narrow time peaks when
changes are most pronounced.

2.1. Brain volumes
For summer wild, winter captive and winter wild, we scanned 11, 7 and 9 shrews, respectively.
MRI scans of the brain were performed at the Universitätsklinikum Freiburg, Germany, using a
BioSpec70/20 system (Bruker Biospin, Ettlingen, Germany) equipped with a BGA12S gradient insert,
and with a cryogenically cooled 2-channel Tx/Rx mouse head surface coil. We transported individual
shrews to Freiburg inside their home cages and returned them to their holding facilities within 10
hours. We induced anaesthesia in a knockout chamber utilizing 3.5–4% sevoflurane in O2 with a gas
flow rate of 1.9 l min−1. We then transferred them to an animal bed with a custom three-dimensional-
printed nose holder, ensuring a continuous supply of 2.5–3% sevoflurane (gas flow rate 1.2 l min−1 with
one-third O2 and two-thirds air). We maintained a constant body temperature with a warm water flow
tube under the shrew and monitored the breathing rate with a respiratory pad beneath the shrew’s
abdomen. We recorded overall brain anatomy, which took 20 min or less. Following measurements,
we returned the shrews to the knockout chamber, where they received pure oxygen until awakening,
a process that typically takes only a few seconds. We then returned the shrews to their home cage
with access to water and food and continuously observed them until the effects of anaesthesia had
completely worn off.

Table 1. Overview of known seasonal and captivity effects on common shrew traits. The table summarizes skull size, brain size,
cognition and activity findings. Seasonal effects refer to differences between summer and winter in wild populations, while captive
effects refer to differences observed under semi-natural captive conditions compared to wild counterparts. Relevant literature
references are provided in the final column.

topic seasonal effects (wild shrews) captivity effects studies

skull size in vivo and ex vivo: skull size shrinks seasonally
from summer to winter

skull size changes in captive shrews exposed to
natural temperature and light were identical
to those in free-ranging shrews. No skull
size change in shrews housed at constant
temperature, but natural daylight patterns
indoors

[28]; [36];
[35]

brain size seasonal shrinkage and regrowth patterns
previously observed ex vivo: current study
in vivo

no prior studies; this study directly examines
brain size under captive conditions in vivo

[31];
[37]; current

study

cognition seasonal effects in fresh caught wild shrews:
summer juveniles show better spatial
navigation skills than winter subadults

no prior studies; this study directly examines
cognition under captive conditions

[34]; current
study

activity lower activity in winter compared to summer no prior studies; current study examines the
effect of captivity on activity

[38]; current
study
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2.2. Magnetic resonance imaging data acquisition and validation
Following an oblique pilot scan, brain anatomy was recorded using a T2 weighted Turbo RARE
sequence with axial orientation, and the following parameters: TE/TR = 40 ms/5075 ms, 2 averages,
RARE-factor = 8, 40 slices, FOV = 16 mm × 12 mm, slice thickness of 0.3 mm, matrix size 200 × 150,
isotropic in-plane resolution 80 µm, bandwidth 35 kHz, and a total acquisition time of 3 min and 2
s. To quantify brain volume, we followed the traditional approach of voxel-based morphology [44].
Therefore, we first constructed a shrew brain template based on a group of animals. The template
is then used as a reference to coregister individual animals in a deformable manner into template
space, and the determinant of the Jacobian matrix of the warp is used to quantify the brain volume
locally. A high-resolution post-mortem scan of a shrew served as a starting point for the template
space [45]. Based on brain-masked and bias field-corrected T2w scans the ANTs toolbox was used for
co-registration into the template space. After the coregistration of 50 animals, the mean T2w contrast
in template space is computed, and the mean is again used as a reference contrast in template space
to coregister the same 50 animals, which results in a final template image. The ANTs toolbox [46] was
used for all registration steps and mutual information as a similarity measure.

2.3. Associative learning task
For the associative learning task, we tested 11 summer wild, 7 winter captive and 8 winter wild
individuals. We evaluated the ability of shrews to associate an odour cue with a reward (associative
learning task) in a Y-maze (graphic depiction in electronic supplementary material, figure S3). For this,
we selected five artificial food flavours as cues (‘odours’, i.e. vanilla, lemon, orange, almond, sugar
cane). Before running the experiment, we ensured that the five odours were neither strongly preferred
nor actively avoided by running six exposure trials (details in electronic supplementary material). All
five odours were randomly assigned as correct or incorrect cues for each individual, except orange
and lemon, which we never presented simultaneously because their odours are isomers of the same
molecule.

We conducted the main experiment on the day after the exposure trials as follows. We food-
deprived the shrews for 2 h, slightly longer than their natural feeding interval. We transported
the shrews to the experimental room in their homecage, which was then connected to the Y-maze
apparatus with a flexible tube. Shrews were then able to decide freely when to enter the Y-maze. Each
arm of the Y-maze led to a box with a one-way door forcing the shrew to make an irreversible decision.
These boxes contained one of two odour cues, applied to a sponge in a placeholder glued to the top
of the box. Each box also contained either the scent of mealworms (unrewarded box) or a frozen
mealworm (rewarded box), which was not visible from outside the box. As shrews do not exhibit high
levels of food motivation in captivity, we additionally connected the rewarded box to the home cage
allowing the shrew to return to the safety of the homecage as an additional incentive (adapted from
[47]). An equally long dead-end tube was connected to the unrewarded box. After each shrew made a
decision and entered a box, the choice was recorded as either correct or incorrect. A correct choice was
defined as entering the rewarded box containing the mealworm. Following a correct choice, the shrew
could return to the homecage through a connecting tube. If the shrew entered the unrewarded box, it
was forced to remain in the dead-end tube for a brief period (approx. 10 min) before being returned
to the homecage by the experimenter. After each trial, we cleaned the Y-maze with alcohol to remove
scent marks, replaced the boxes and positioned them on their designated sides for the next trial. Each
shrew performed 10 consecutive trials and was then returned to the aviary in the homecage.

2.4. Running wheel activity
We designed a running wheel system using a similar approach applied to construct computerized
tethered flight mills for studying insect behaviour, to investigate activity patterns in the shrews [48].
We attached a black-and-white striped laminated paper ring (16 cm diameter, 1 cm height) to the
outside rim of a commercially available mouse running wheel (16 cm diameter). A light sensor was
fixed to an L-shaped wire arm attached to the wheel frame. The light sensor was positioned so that
the black-and-white ring could pass through the sensor to detect rotations of the wheel, with the
circumference of one rotation measuring 50 cm. The sensor was connected to a microcontroller board
with eight channels, allowing up to eight running wheels to be operated simultaneously. Data were
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captured using custom software run on Microsoft Windows 11. Data recorded were distance moved
(m), time spent running (s) and running speed (m s−1). Data for each shrew were extracted via a
MATLAB script (The MathWorks Inc. 2022). Shrews begin using the running wheel within the first
hour of being placed in captivity. Shrews had constant access to the wheels and could choose when
to run. All bouts of running were recorded in August–September 2021 for wild summer shrews and
in February–March 2022 and 2023 for the wild and captive winter shrews. Data were collected in all
three cases for four weeks. We collected a total of 19 737 running bouts. To reduce the likelihood that
recordings may have been due to movement from other influences such as the shrew brushing against
the wheel, only bouts that were at least 0.3 m were included in the analyses. This corresponds to the
wheel moving at least half a turn, or roughly four body-lengths of a shrew.

2.5. Statistical analyses
All analyses were performed in R version 4.3.1 (R Core Team, 2015). All models were developed using
the brms package for Bayesian modelling. All our models were stable with large effective sample
sizes (Bulk ESS and Tail ESS over 1000 for all estimates) and R-hat values smaller than 1.01. Pareto
k estimates were below 0.5 for all models. We used prior and posterior predictive check functions
to visually assess priors and model fit. For all models, we included a random intercept for each
individual (ID) to account for repeated measures of some individuals (between summer wild and
winter captive). All models and data can be found in the Edmond repository (see Data Availability
statement).

Brain volumes: We conducted a Bayesian mixed effect analysis to determine differences in brain
volume between categories (summer wild, winter captive and winter wild). We compared the effect of
categories on brain volume.

Associative learning task: We compared the associative learning performance between wild
summer juveniles, wild winter subadults and captive winter subadults. The model was based on a
Bernoulli distribution for binary data (success = 1, failure = 0). We compared the effect of trial number
in each category (summer wild, winter captive, winter wild) on success with generalized additive
models (GAMs). We fitted the model with mild regularizing priors.

To ensure the accurate interpretation of our findings regarding individual associative learning
abilities, we conducted additional analyses to rule out alternative strategies, such as reinforcement
learning, side preference or random choice (see electronic supplementary material). Finally, we
investigated the effect of category on latency (described as the time from the start of the experiment
until the shrew entered the Y-maze) by implementing a hurdle model (log-normal) to account for the
large proportion of instances where latency was zero.

Running wheel activity: We used a Bayesian hierarchical model to analyse whether the logarithm
of the distance run was influenced by a cyclic spline by hour of the day for each category (summer
wild, winter wild or winter captive) and average speed. Additionally, the model allowed the scale
parameter (sigma) to vary by group. For the cyclic spline, ‘hour’ was defined as a 24 h period,
capturing the cyclical nature of time throughout the day.

Finally, to test whether success in the cognitive task was influenced by brain volume or activity
levels, we ran two additional models incorporating all three variables (see electronic supplementary
material).

3. Results
3.1. Brain volumes
When we compared wild summer juveniles with wild and captive winter subadults, brain volume
changed as predicted based on Dehnel’s phenomenon. The brain volume in summer was 224.15 µl,
which decreased to 210.19 µl in captive winter individuals and 207.25 µl in wild winter individuals
(table 2). This is a reduction of approximately 7.54% from summer to winter captive and approximately
6.22% from summer to winter wild (figure 1). Similarly, there was no difference in the changes of
individual brain regions (see electrnic supplementary material for detailed models). To address the
smaller sample sizes in winter, we calculated contrasts between winter captive and winter wild brain
sizes. The analysis revealed a mean difference in brain volume between the categories winter wild and
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winter captive of −2.94 units (95% credible interval: −13.22 to 7.22), indicating no statistically significant
difference (see electronic supplementary material).

3.2. Associative learning task
The success rate between wild summer juveniles, wild winter subadults and captive winter subadults
differed. In summer, the predicted probability of success was 0.642 (95% CI: 0.598 to 0.681). For animals
in the winter captive category, the predicted probability of success was slightly lower at 0.608 (95% CI:
0.563 to 0.653). Similarly, the predicted probability of success for animals in the winter wild category
was 0.629 (95% CI: 0.575 to 0.679). The seasonal trajectory of success rates over trial numbers also

Figure 1. Brain volume comparison across the seasonal categories. The boxplots display brain volumes in microlitres. Points with error
bars represent the posterior means and 95% credible intervals (CIs) derived from the Bayesian model.

Table 2. Result summary from Bayesian model estimates with lower and upper 95% credible interval on brain volume, associative
learning performance and running wheel activity in common shrews of three categories: summer wild, winter wild and winter captive.

brain volume category volume estimate (μl) l−95% CI u−95% CI

summer wild 224.15 217.88 230.38

winter wild 207.25 200.29 214.17

winter captive 210.19 202.29 217.72

associative learning category success (probability) l−95% CI u−95% CI

summer wild 0.642 0.598 0.681

winter wild 0.629 0.575 0.679

winter captive 0.608 0.563 0.653

running wheel
speed

category estimate (m s−1) l−95% CI u−95% CI

summer wild 0.435 0.421 0.449

winter wild 0.071 0.069 0.073

winter captive 0.496 0.488 0.503
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differed. In summer, the success rate increased from 0.504 in trial 1 to a peak of 0.894 in trial 6, then
declined to 0.235 by the last trial. Winter wild individuals mirrored this pattern but peaked slightly
later, in trial 8 (estimate trial 1 = 0.376, estimate trial 8 = 0.725) (figure 2; electronic supplementary
material, table S3). Winter captives achieved their best performance during the first trial, and after that,
performance declined with estimates 0.386 (95% CI = 0.230, 0.571) and 0.348 (95% CI = 0.136, 0.609) at
trials 8 and 10, respectively.

Latency to enter the setup was higher in summer (estimate = 8.68 min, 95% CI = 5.77 to 12.28),
compared to winter captive (estimate = 6.09 min, 95% CI = 3.70 to 9.39) and winter wild (estimate = 7.55
min, 95% CI = 4.41 to 12.17). The probability of zero latency was lowest in the winter captive category

Figure 2. Success rate by category in the associative learning task. The solid lines show the estimated success rate across trials for
three categories: summer wild (orange), winter captive (light blue) and winter wild (dark blue). Shaded areas indicate the 95%
credible intervals (CIs). Jittered points are the observed values recorded in each trial for the respective categories.

Figure 3. Running distances (metres, log-transformed) across the day for summer wild (orange line), winter captive (light-blue)
and winter wild (dark-blue) shrews, with corresponding 95% CIs. Individual observations are shown as jittered points for each hour
and category. Vertical grey lines separate day (white) from night (grey shaded) periods. In the summer wild category, sunrise and
sunset occur at 06.00 and 20.00, respectively, while in winter captive and winter wild, sunrise and sunset were at 08.00 and 17.00,
respectively.
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(0.015, 95% CI = 0.0009 to 0.056), followed by the summer wild category (0.11, 95% CI = 0.065 to 0.173).
The highest probability of zero latency was observed in the winter wild category (0.39, 95% CI = 0.284
to 0.504), meaning that winter wild individuals entered the arena within a minute in 39% of the trials.

Regarding the model testing the effects of brain volume and activity on success, neither brain size
nor activity explained variation in cognitive task performance (see electronic supplementary material).

3.3. Running wheel activity
All numerical results are presented in their original units (metres) in table 2, while figure 3 illustrates
the data on a log-transformed scale to enhance the visualization of differences across groups. In
summer wild individuals, the minimum run distance was observed at 17.00 with a value of 1.27 m
(95% CI: 1.08, 1.49), and the maximum was observed at 23.00 with a value of 25.7 m (95% CI: 24.2, 27.3).
For key hours corresponding to sunrise (06.00) and sunset (20.00), the estimated run distances were
7.62 m (95% CI: 6.97, 8.31) and 14.5 m (95% CI: 13.4, 15.7), respectively. In the winter captive category,
the minimum run distance was observed at 12.00 with a value of 2.16 m (95% CI: 1.99, 2.34), and the
maximum was observed at 21.00 with a value of 21.0 m (95% CI: 20.3, 21.7). At sunrise (08.00) and
sunset (17.00), the estimated run distances were 12.6 m (95% CI: 11.9, 13.3) and 12.1 m (95% CI: 11.5,
12.8), respectively. For the winter wild category, the minimum run distance was observed at 16.00 with
a value of 0.336 m (95% CI: 0.264, 0.425), and the maximum was observed at 2.00 with a value of 1.79
m (95% CI: 1.67, 1.91). At sunrise (08.00) and sunset (17.00), the estimated run distances were 1.35 m
(95% CI: 1.24, 1.47) and 1.39 m (95% CI: 1.24, 1.56), respectively (see electronic supplementary material,
table S5, for hour specific run distances). The winter wild group exhibited the lowest run distances
overall, with less pronounced fluctuations throughout the day compared to the other categories. For all
categories, run distance for daytime was generally lower compared to nighttime.

Regarding average speed, summer wild individuals exhibited an average speed estimate of 0.435
m s−1 (95% CI: 0.421, 0.449). In comparison, the winter wild category had a lower average speed
estimate of 0.071 m s−1 (95% CI: 0.069, 0.073). The winter captive category showed the highest average
speed among the groups, with an estimate of 0.496 m s−1 (95% CI: 0.448, 0.503).

4. Discussion
We assessed seasonal and captivity effects on common shrews, to tease apart their influence on
patterns in brain volume, cognitive performance and activity. Brain volume decreased significantly
from summer to winter, with no notable difference between wild and captive individuals. Cognitive
performance varied across seasons and captivity status. Activity patterns demonstrated pronounced
differences, with summer wild and winter captive individuals being more active overall, while winter
wild individuals showed the lowest levels of activity and less variation throughout the day.

Despite the attenuated environment of captivity, there were no significant differences in over-
all brain volume in winter between wild common shrews and those held in semi-natural captive
conditions for six months (figure 1, table 2). This aligns with skull measurements by Lázaro et al.
[35] suggesting that Dehnel’s phenomenon remains unaffected under the same captive conditions.
However, the range of the 95% credible interval (−13.22 to 7.22 ml; electronic supplementary mate-
rial, table S1) suggests that the data are compatible with both a significant reduction and a mod-
est increase in brain volume due to captivity. For instance, the interval includes effect sizes that
could represent either half the brain size reduction observed in wild individuals or nearly twice the
reduction. Therefore, while our results do not show a statistically significant difference, the potential
biological impact of captivity on brain volume remains uncertain. While the reduction is generally
consistent across regions, there is a slight variance in the degree of the reduction among brain regions
with the detailed neuroimaging presented here (see electronic supplementary material). Although
these differences are not statistically significant, they suggest some brain regions respond differently
to captivity. Overall brain volume reduction from summer to winter was approximately 5.63% in
shrews caught in summer and kept until winter, and 6.78% between the same summer shrews and
freshly caught individuals in winter. Size reduction was less pronounced than the 10–26% decrease
in braincase height from the same population in recent years [34]. While MRI directly measures the
brain’s soft tissue, X-ray and braincase height measurements are based on the external dimensions of
the skull, likely explaining the much lower estimates of size plasticity noted here. Non-exclusively the
increasingly warm winters could be affecting the changes, which are known to be flexible [35].
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Summer wild shrews outperformed their wild winter counterparts in the associative learning task
(figure 2). This matches our expectations based on the reduced volume of the brain and specific brain
regions associated with cognitive processing in winter. Lázaro et al. [35] reported a similar seasonal
pattern in cognitive abilities in a spatial navigation task. However, the winter captive group performed
even more poorly than the wild winter shrews. This could be due to additional cognitive impairment
caused by captivity or lower motivation to participate in the task similar to the loss of interest in
reward and pleasure in chronically stressed mice [49]. Winter captives also took longer to enter the
arena for the cognitive test (see electronic supplementary material). Forty percent of the wild winter
shrews entered the arena within a minute, but none of the winter captives did so. Poor performance
and increased latency indicate that captivity affected the shrews’ overall behaviour, lowering their
interest to participate in tasks they had previously engaged with. Various captivity-related factors,
such as stress, altered environmental dynamics or a lack of natural stimuli, may explain the reduced
motivation observed in the winter captive group. Differences between wild and captive winter shrews
might be enhanced by cognitive impairment. Although even slight differences in specific brain regions
may influence behaviour, the consistent brain size change observed in wild and captive categories links
behavioural differences observed here to captivity instead. In a dynamic environment teeming with
challenges, despite similar brain volume, wild shrews may have developed stronger cognitive skills,
while captive shrews lack this environmental stimulation resulting in altered behaviour.

Continuous access to food in captivity may also diminish food-related motivation, which could
explain the observed lower success rates and increased latencies in the behavioural test among winter
captives. Conversely, while wild individuals might initially exhibit higher food motivation, the decline
in correct choices in later trials could be attributed to the monotony of the same reward. Before the
associative task with summer wild juveniles, we observed food preference, presenting them with two
food items in different combinations (mealwork, earthworm, raw meat, low-sodium dog food). Shrews
did not show a clear preference for any of the food types. Despite the inconclusive result from the food
preference test, the consistent use of the same reward might have led to the observed decline in correct
choices. Providing a different set of food rewards in later trials would account for this in the future (i.e.
‘variety effect’ [50,51]).

If the stress of captivity and not impaired cognition caused cognitive test performance declines,
changes in overall activity should also be evident. Supporting a captivity effect, the captive winter
group increased running compared to their wild counterparts. To conserve energy and resources in
the wild, common shrews naturally decrease their activity in winter when food is more scarce and
conditions are harsh [39]. This was also the pattern in both wild categories, with summer shrews
running longer distances, mostly during the night, than winter shrews. In line with this result, winter
captives also showed the highest average running speeds. The conditions of captivity resulted in
higher running speeds compared to the wild conditions in both summer and winter. Several factors
may contribute to this. Chronic stress or anxiety in captive animals is often tied to their housing
conditions (e.g. long-term confinement, limited space and constant human presence) [16], which can
disrupt the animals’ normal behaviour and physiological state. This matches the lack of motivation
our captive shrews showed in the associative learning task. In some cases, anxiety or chronic stress
can result in stereotypic activity, e.g. pacing, over-grooming, or, as in our shrews, excessive use of
running wheels [52]. Hyperlocomotion has been identified as a confounding response in chronically
stressed laboratory mice [53], and in captive wild animals this could be an attempt to cope with the
psychological impact of confinement or to self-stimulate in an environment that lacks natural stimuli.
Both heightened physical activity and a decrease in motivation for a reward can be adaptive responses
to chronic stress caused by the artificial conditions of captivity.

Another non-exclusive explanation is the stress caused by the inability to perform natural foraging
behaviour. In their natural habitat, common shrews forage frequently because of an extremely high
metabolism that requires them to eat every few hours to survive [54,55]. In captivity, food is delivered
every 24 h at the same time and location. As a result, the energy that wild shrews would typically
expend on foraging may be redirected in captivity, leading to excessive running in winter.

The detailed mechanisms underlying the changes in activity and cognition we found remain
unknown. However, our observations match recent findings from a parallel study comparing wild
shrews with shrews kept in captivity for two months, which documented significant changes in gene
expression related to the stress response [20]. Specifically, captive shrews show downregulation of
FKBP5 across three brain regions (−1.56 LFC in the cortex, −1.38 LFC in the hippocampus, −1.70 in
the olfactory bulb), whose encoded protein is found in a negative feedback loop with the glucocorti-
coid receptors which has been shown to induce changes in mood, behaviour and other downstream
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physiological stress responses. Human individuals with post-traumatic stress disorder consistently
have decreased levels of FKBP5, which dampens the cortisol response [56]. Coupled with increased
running and lower cognitive performance or motivation, the downregulation of FKBP5 in captive
shrews suggests a complex adaptive response to the stress of captivity. Downregulation of FKBP5
might be an attempt to enhance stress resilience by improving glucocorticoid receptor sensitivity to
cortisol [57]. This improved sensitivity allows the body to regulate the stress response, facilitating the
shutdown of the stress pathway once the stressor is removed. While stress resilience may enhance
the ability to cope with stress, it can also lead to diminished cognitive performance and motivation
due to the prioritization of coping mechanisms over other functions. In a chronically stressed state,
the organism allocates resources towards survival and stress management, which can impair functions
like learning, memory and motivation [58]. This shift in resource allocation can result in a tradeoff, in
which increased resilience to stress comes at the expense of cognitive capabilities and engagement in
tasks requiring higher cognitive effort.

Investigating epigenetic and expression changes in genes in this and other pathways known to
be involved in chronic stress, such as the serotonin or dopamine systems in the brain or regions of
the brain will help us better understand observed differences between wild and captive shrews and
interpret results, especially those gathered for applied research [59–61].

In conclusion, semi-natural captive conditions did not significantly disrupt the natural pattern of
seasonal brain size variation in common shrews over six months. Our study showed the effect of
semi-natural captivity on common shrews, but it is important to use these findings carefully when
applying them to other species. Shrews are characterized by their high metabolic rates and insectiv-
orous diet, which necessitate continuous activity throughout the year as they do not hibernate or
enter torpor. These traits may limit the applicability of our results to species with different ecological
roles or environmental adaptations. Furthermore, the semi-natural conditions of our study, designed
to replicate the shrews' natural daylight and temperature, may not directly compare with those
used in conventional laboratory studies involving other species. Such differences in captive environ-
ments could influence the typical stress responses associated with captivity, potentially affecting the
generalizability of our results. However, our research has shown the profound impact of captivity
on the behaviour and possibly cognition of common shrews that we attribute to the complex inter-
play between environmental stimulation and stress responses. There is surprisingly little information
on such captive effects and how they have been dealt with in other species, but quantifying these
behavioural changes is crucial for both the welfare of animals in captivity and to interpret the results of
research studies that use captive animals, as these conditions can influence the results of experiments.

Moving forward, it would be valuable to conduct comparative studies involving species with
varying ecological and physiological traits to gain a more comprehensive understanding of how
captivity affects behaviour across different taxa. By doing so, we can contribute to a broader under-
standing of the implications of captivity on animal cognition and behaviour while accounting for the
diverse ecological and physiological factors that shape these responses.
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