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The growth of the vertebrate skull and brain is usually unidirectional and more or less stops when
animals are adult. Red-toothed shrews break this rule. They seasonally shrink and regrow brain and
skull size by 20% or more, presumably to save energy when conditions are harsh. The size change is
anticipatory of environmental change and occurs in all individuals, but it is unknown whether its extent
can be modulated by environmental conditions. We kept shrews under different conditions, monitored
seasonal changes in skull size with series of X-rays, and compared them with free ranging animals. We
found extensive differences in the pattern of skull size change between experimental groups. Skull
size of shrews kept at constant temperature showed a steady decline, while the skull size changes of
free ranging shrews and captive individuals exposed to natural temperature regimes were identical. In
contrast, body mass never reached the spring values of free ranging shrews in either captive regime.
The extent of this adaptive seasonal pattern can thus be flexibly adapted to current environmental
conditions. Combining reversible size changes with such strong phenotypic plasticity may allow these
small, non-hibernating predators with high metabolic rates to continue being successful in today’s
changing environments.

Phenotypic plasticity is the capacity of individuals and populations to change their phenotype in response to
changes in the environment'. Describing phenotypic plasticity can elucidate important questions about the mech-
anisms of organismal and tissue change at different levels, and also give insight into its role during evolution (e.g.
genetic assimilation'). Determining the flexibility of a trait across a range of external conditions (i.e. the reaction
norm), would allow predicting the adaptive capacity of a population when facing an expected change in the envi-
ronment, such as climate change?.

In many vertebrates there are individual morphological and physiological adaptive transformations between
seasons that aid survival during periods of low resources, or increase performance during the breeding season.
The cyclic, predictable fluctuations in the environment caused by seasons thus provide a good framework for the
study of phenotypic plasticity’. An outstanding case of seasonal transformation is the morphological change
of some species of shrews and mustelids”~'. This has been best studied in the common shrew, Sorex araneus, a
small non-hibernating predator with exceptionally high metabolic rates'!. Born in early summer, juvenile shrews
quickly reach a first growth peak (“summer juveniles”). Then, in anticipation of harsh winter conditions, body size
begins to decrease in late summer reaching a minimum size around February (“winter subadults”). Finally, the
shrews regrow with the onset of spring and reach a second size peak as they become sexually mature in the second
and last summer of their short lives (“second summer adults”). This seasonal size change, called Dehnel’s phe-
nomenon'>"?, includes a shrinking of the braincase by 15-20% from first summer to winter and a later regrowth

. by 8-15% in spring along with a profound variation in overall body mass'®!>!4-16, Simultaneously, brain mass of
these shrews decreases by 10-26% followed by a regrowth of 9-16%'°-"°. These individual, seasonal, reversible
size changes are thought to be a plastic adaptation to winter conditions”*!62*2!. A smaller animal also needs
to find and ingest fewer resources in the winter, which may mean the difference between death and survival.
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Disproportionally reducing energetically expensive tissues such as the brain?*?* might further decrease shrews’
energy expenditure during the period of low resource availability'**-26, However, bone and brain size are not
usually flexible traits, thus this phenomenon is an unusual and remarkable case of phenotypic plasticity.

The size change occurs in every individual and in anticipation of harsh conditions. Unlike the similar size change
in marine iguanas? it is thus clearly not a reaction to exceptional harsh conditions, but a regular seasonal pat-
tern>!%16, Previous studies of S. araneus described greater intensity of the skull size changes in Northern and Eastern
populations compared to Central Europe’. This, supports that the severity of winters may be a driver of the evolution
of this phenomenon. In contrast, there is no latitudinal difference in the changes in body mass?. However, body
mass, which commonly changes seasonally in many animals, does not follow the same pattern as the skull, brain and
other organs in the shrews and may not be a good measure for this phenomenon'®"®. Similarly, the environmental
cues that trigger the shrinkage/regrowth process are not yet understood. For example, skull height changes of cap-
tive shrews under different day length regimes were not affected by photoperiod”. Importantly, previous studies
used measurements from different individuals during each season instead of time series of the same individual.
Therefore, it remained unclear whether this phenomenon is fixed in its pattern or can be modulated at the individual
level. Only detailed comparative studies that follow individual responses under different environmental conditions
will help us tease apart the baseline seasonal pattern from modulations caused by current environmental conditions.
The common shrew offers a unique opportunity to link the ontogeny of skull and brain to external triggers, which
will ultimately reveal the evolutionary drivers that determine skull and brain size in a mammal.

In a recent study we documented the individual nature of the seasonal changes in skull size of recaptured
wild shrews using repeated X-rays!®. We now compared these data with changes in skull size and body mass of
captive shrews kept under different conditions using the same method. Building on the evidence for latitudinal
differences in the extent of the phenomenon between populations, we hypothesized that even though Dehnel’s
phenomenon is a regular seasonal pattern in this species, the intensity of the changes in skull size and body mass
can be modulated by current environmental conditions. We tested our predictions by comparing four groups
where we manipulated temperature and food availability. The first group was kept in captivity with ad libitum diet,
natural daylight cycles, but constant temperature (“constant temperature” experimental group). If temperature is a
trigger or modulator of Dehnel’s phenomenon we expected the pattern to be less pronounced in these individuals.
The second group was kept under natural daylight cycles, and the same food regime as the first group, but at the
temperatures that wild conspecifics would experience (“natural temperature”). This setup allowed us to test for
the effect of food availability on Dehnel’s phenomenon. We expected the pattern in these individuals to be less
pronounced than in the free-ranging animals, which depended on food they foraged for themselves. Both, “con-
stant temperature” and “natural temperature” consisted of individuals captured as juveniles in summer during the
first size peak. A third group consisted of individuals that were kept under the same conditions as “natural tem-
perature’, but were caught later, during the winter size minimum (“natural late”). This allowed us to test if the age
at which wild individuals are brought in captivity can affect Dehnel’s phenomenon. We then compared changes
in skull size and body mass of these three experimental groups with the previously collected data from recaptured
free ranging individuals (“free-ranging”'?). Our results show the astounding flexibility of the seasonal changes of
individual skull size and body mass of common shrews.

Results

Skull measures. Our data for standardized brain case height (BCH, Fig. 1a) revealed changes across the sea-
sons in significant non-linear patterns in all four groups (GAMM (Generalized Additive Mixed-effects Model),
n=271, e.d.f. (“constant temperature”) = 1.861, e.d.f. (“natural temperature”) = 3.605, e.d.f. (“natural late”) =3.103,
e.d.f. (“free-ranging”) = 3.889, P (smooth term) < 0.001, adjusted r-squared = 0.54). The curve for animals where
we modified only one parameter (i.e. ad libitum food, but natural temperature and day length “natural tempera-
ture”) followed the same seasonal decrease-regrowth patterns as those from the wild recapture study (“free-ranging”;
Fig. 1a). In contrast, measurements from individuals where two parameters were modified (ad libitum food and
constant temperature, but natural day length, i.e. “constant temperature”), showed a continuous decline in BCH over
time, but not the expected reversible seasonal pattern. Finally and confusingly, those animals (“natural late”) that
were also exposed to the same single modified parameter as the “natural temperature” ones (i.e. ad libitum food, but
natural temperature and day length), but which we only took into captivity during winter when their BCH was low-
est, did not show the regrowth observed in “free-ranging” and “natural temperature’, but a parabolic curve instead.

The comparison between LMMs (Linear Mixed-effects Models) for BCH revealed M1 (AICc = —455.5) as the
best fitted model, which significantly differed from both M2 (AICc = —435.9) and M3 (AICc = —432.0, Anova
P <0.001). M1 indicated a significant effect of season and group as well as their interaction. We therefore pro-
ceeded to compare the differences in BCH between all groups between and within seasons with a Tukey test. For
P values from pairwise comparisons see Table 1.

Shrews kept under “constant temperature” significantly declined in BCH from summer juveniles to winter
subadults, but this decline was less intense than the decline experienced by the “free-ranging” shrews which were
exposed to natural conditions, leading to a difference between the subadults of these two groups (Fig. 2, Table 1).
Also, “constant temperature” shrews did not regrow their BCH from winter to their adult stage in the following
spring, but continued to decline. BCH of both “natural temperature” shrews where only food availability was
modified and “free-ranging” shrews recaptured from the wild, decreased significantly from juveniles to subadults
and then regrew from subadults to adults (Figs 1b, 2, Tables 1 and 2). We found no differences between these two
groups at any of the main life/size stages (Table 1). Thus, captive shrews kept under natural daylight and tempera-
ture, but with artificial ad libitum food showed the same seasonal pattern as “free-ranging” animals. Interestingly,
we did not observe the regrowth from subadults to adults in the “natural late”. They remained smaller than both
“natural temperature” (P < 0.01) and “free-ranging” although just like in the “natural temperature” shrews, only
food availability was modified once they were captured (Fig. 2, Table 1).
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Figure 1. (a) Variation in BCH over time in the four groups. Lines and shadowed areas represent fitted
GAMMs and 95% confident intervals respectively. (b) Means (symbols), medians and quantiles (boxes) for each
group in the three seasons. Vertical segments indicate significant differences from the posthoc comparisons
between groups in each season, as revealed by the LMM. Only comparisons within seasons are shown here.
P=0.06; *P < 0.05; **P < 0.01; ***P < 0.001. Examples of short-term changes in BCH of four individuals from
() “constant temperature’, (d) “natural temperature’, (e) “natural late” and (f) “free-ranging”. Dots connected
with dashed lines indicate repeated measurements of BCH for each individual. Solid lines and shadowed areas
represent fitted GAMMSs and 95% confident intervals respectively, each individual’s panels includes the curve
corresponding to all animals from its group. (g) Repeated measurements of BCH in a long lived individual
illustrating a second shrink-regrowth cycle. Vertical black lines at the left of each panel (c-g) represent the
technical error of measurement as calculated in Lézaro ef al.'’.
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Table 1. P-values derived from Tukey pair-wise comparisons between seasons of each treatment group and
between treatments of the same season. The upper part of the table depicts the results from BCH; the lower part
shows the results from body mass. “juv” = summer juveniles; “sub” = winter subadults; “ad” = second summer
adults. When statistically significant, P-values were symbolized by “*” < 0.05, “**” < 0.01 and “***” < 0.001.

Season Summer Juveniles Winter Subadults Second Summer Adults Dif. Dif.
Juv.- Sub.-
sub. ad.

treatment n | mean=+SE SD n | mean+SE SD n | mean=+SE SD (%) (%)

constant temperature 12 | 0.892+0.008 0.029 11 |0.807+0.011 0.036 8 0.780+0.010 0.027 —-9.6 —-3.3

natural temperature 11 | 0.8774+0.012 | 0.039 17 | 0.7734£0.007 | 0.031 10 | 0.83440.011 0.034 —11.8 7.9

natural late — | = — 9 0.742+0.012 0.036 3 0.744+0.011 0.019 — 0.4

free-ranging 9 0.902+£0.009 | 0.026 17 10.770£0.007 | 0.029 8 0.825+£0.013 0.036 —14.6 7.1

Table 2. Corrected braincase height of the shrews in the four groups at the three age/size stages.

summer juvenile

constant
temperature

natural
temperature

natural late

free-ranging

winter subadult

second summer adult

10 mm

Figure 2. X-ray images of shrew skulls from the four groups. Each row depicts images of the same individual
along the three stages (two stages for “natural late”). The images of the “free-ranging” individual are adapted

from Lézaro et al.'°.
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Figure 3. Seasonal variation of body mass in the four groups of shrews with (a) fitted GAMMs, and (b) means,
medians and quantiles for each group, indicating significant differences from pairwise posthoc comparisons.
Symbols and colours are the same as in Fig. 1a,b.

constant temperature 13 19.09£0.30 1.10 |12 |8.45+0.36 126 |9 | 7.96+£0.38 1.13 -7.0 —6.2
natural temperature 12 | 7.51+0.25 0.86 18 | 6.61+0.17 0.75 8 8.6240.37 1.06 —12.0 23.3
natural late - | = — 8 7.544+0.25 071 |4 | 8.6740.67 134 | — 13.0
free-ranging 9 8.46+£0.21 0.64 |14 |6.9040.09 035 |8 | 13.6440.49 139 | —184 97.7

Table 3. Body mass (g) of the shrews in the four groups at the three age stages.

Our data also revealed some variation in skull length (SKL) and braincase width (BCW) across time. However,
the seasonal changes in the patterns, although similar, were less profound than those in BCH, and similar to what
was found in previous studies. For details on SKL and BCW see the Supplementary Information (Figs S1 and S2).

Obtaining monthly measurements in captive shrews provided relatively high time resolution data. In contrast,
in the mark-recapture study with the free ranging individuals, animals were captured much less often and irreg-
ularly (although trapping efforts were also made monthly). We found small short-term fluctuations in BCH of
captive individuals (Fig. 1c—e). Such short-term directional changes may or may not occur in free-ranging shrews,
but were not detectable at the temporal resolution at which we were able to catch them (Fig. 1f).

One captive individual from the “natural late” shrews, captured during winter as small-brained subadults,
passed a second winter and survived until October of its third calendar year. This allowed us to collect exceptional
albeit anecdotal data from this long-lived individual, as shrews rarely pass a second autumn in the wild. The X-ray
images of this individual's BCH revealed a complete decrease-regrowth cycle during the second year (Fig. 1g).
BCH increased 7.8% from February to June; then it decreased 9.2% from June to January and finally regrew 8.9%
until the shrew’s death in July.

Body mass. Body mass also followed a seasonal pattern of decrease and regrowth (Fig. 3a), but here all exper-
imental groups (“constant temperature”, “natural temperature” and “natural late”) differed from the “free-ranging”
one. Even “natural temperature” shrews, which showed the same skull regrowth pattern, differed from the
“free-ranging” ones in mass during the spring increase. While mass of second summer adults in the free-ranging
shrews was 61.2% higher than during their first summer, second summer mass was only 14.8% higher than
during their first summer in “natural temperature” (Fig. 3a; Table 3). This is surprising as “natural tempera-
ture” shrews differed from free-ranging ones only in that they received ad libitum food. In contrast, the seasonal
mass pattern was not significant in the “constant temperature” shrews. The curve in body mass changes was
most pronounced in “free-ranging” shrews, both during the decrease and the regrowth (Fig. 3a; Table 3). Mass
gain patterns of “natural temperature” and “natural late” were similar in shape, but weaker (GAMM, n=275;
e.d.f. (“constant temperature”) = 1.000; e.d.f. (“natural temperature”) = 3.877; e.d.f. (“natural late”) =2.615; e.d.f.
(“free-ranging”) = 3.972; P(smooth term for “free-ranging” and “natural temperature”) < 0.001; P(smooth term
for “constant temperature”) > 0.05; P(smooth term for “ambient late”) < 0.05; adjusted r-squared = 0.53).

LMM comparisons for body mass revealed a best model M1 (AICc=316.34), which significantly differed
from M2 (AICc=431.38, Anova P < 0.001) and from M3 (AICc =440.38, Anova P < 0.001). This indicated a
significant effect of season and group at both factor and interaction levels.

As already suggested by the GAMM, shrews kept at “constant temperature” did not change their body mass
significantly, neither from juveniles to subadults, nor from subadults to adults (Fig. 3b, Table 1). “Natural tem-
perature” and “free-ranging” declined in body mass from juvenile to subadult (P < 0.001). This was followed by
a regain of mass from subadults to adults. The shrews kept at natural conditions with ad libitum food that were
captured only as subadults (“natural late”), which had shown no spring regrowth of the skull, showed a mass
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increase here. However, the regrowth of body mass in all experimental groups was less pronounced than in the
free-ranging shrews, leading to a significant difference at the adult stage (Fig. 3b, Table 1).

Discussion

Our results indicate that seasonal plasticity in shrews’ skull size and body mass can be strongly modified by
external factors, even though the changes are anticipatory of a change in conditions and naturally occur in all
individuals. The differences that we observed between our experimental groups clearly support a link between
the morphological changes and environmental variables. They also emphasize the flexibility of this phenomenon.
Captive shrews kept at constant temperature (“constant temperature”) steadily decreased in size and did not
regrow, completely breaking the curved pattern observed in shrews exposed to natural temperature (“natural
temperature’, “free-ranging” and, to a lesser extent, “natural late”). Ambient temperature thus clearly had an
effect on the process, even though the lack of a significant regrowth in the animals caught during the minimum
size stage (“natural late”) cannot be explained by temperature. However, even at constant temperature shrews
exhibited a size change, i.e. a steady decrease in BCH. Such a pattern is rarely observed in vertebrates and then
usually in response to harsh conditions, which these ad libitum fed animals did not experience?”*. Clearly, there
are additional intrinsic or external triggers involved in the change in skull size.

Also, the temperature at which we kept “constant temperature” animals (18 °C) was randomly selected as a
rough mean of what the shrews experience in the wild. Triggers inducing a change in the pattern such as switch-
ing to the regrowth, could also be the interplay between external variables (for example a certain temperature
coinciding with a certain day length). Thus, this relationship and especially also a potential role of photoperiod
- an important trigger for seasonal changes in other species - remains far from resolved. That both temperature
and photoperiod play a role here is likely, as they are more stable over time and therefore more reliable as seasonal
cues than food supply. In fact, some animals respond to photoperiod with changes in bone growth®-%. As our
experimental groups were all exposed to the same — natural - photoperiod, we cannot draw conclusions about the
role of photoperiod based on our results. The only study to date that assessed this variable did not find any effect
of photoperiod on Dehnel’s phenomenon?®. However, as our results show, captive conditions can play a large role
here, potentially also masking effects and more studies using longitudinal data will be necessary to disentangle the
role of photoperiod from that of other environmental cues.

One important parameter we modified in captive animals was diet: while the free-ranging shrews consumed
their natural diet, all of our captives received the same ad libitum food mixture. We found no effect of this change
in diet on the seasonal patterns of morphological change, as the size change patterns of “free-ranging” and “nat-
ural temperature” animals (natural daylight and temperature) were identical. This indicates that the observed
winter decrease in skull size and body mass was not a reaction to the current resource landscape, but may be
the result of a more long-term evolutionary adaptation?. Therefore, although it does not seem to be a trigger,
resource availability and/or quality may still have been an important evolutionary driver of the phenomenon.

The short-term direction changes in the size change from month to month in some of the captive individuals
emphasizes our lack of understanding of the triggers and modifiers of this seasonal phenomenon (Fig. 1c-g). At
the same time, these short-term fluctuations in BCH emphasize the incredible flexibility of this process at the
individual level. We can only speculate whether similar patterns underlie the more general curve of size change
also in the wild. However we would need much higher recapture rates than the ones achieved with great effort in
our mark-recapture study'® to document this. Most studies in the past have focused on the three size extremes,
summer juveniles, winter subadults, and second summer adults. Our data demonstrate the importance of increas-
ing the temporal resolution, as well as the necessity for more carefully designed captive studies.

Importantly, the repeated seasonal pattern we observed in the example of an exceptionally long-lived female,
which showed a second cycle of the pattern, demonstrates that the phenomenon is not purely an ontogenetic pro-
cess (Fig. 1g). The short natural life-span of wild common shrews usually prevents similar observations although
abeginning of a second decrease in late summer adults can sometimes be observed”!*121,

We designed our experiments based on the evidence for a geographical pattern in Dehnel’s phenomenon.
Seasonal differences in skull size are more pronounced in northern and eastern populations in Europe’, where
winter conditions are harsher. Our results indicate that in addition to these large-scale regional patterns, the
short-term intensity of the size changes can also be modified by environmental cues and therefore the severity
of seasons. Over time, such differences may then have become fixed or partially fixed in different populations
by means of genetic assimilation'. Similarly, we would also expect an altitudinal gradient, but so far no studies
have addressed this aspect. Finally, following this line of thought, one may also predict a severe effect of the cur-
rently rising global temperatures on animals exhibiting this phenomenon. In areas where winters are becoming
milder®, the intensity of the seasonal size changes may diminish or disappear depending on the effects on prey
and other aspects of community structure. This is supported by the fact that in a southernmost Spanish popula-
tion of a closely related species, S. coronatus, no evidence for Dehnel’s phenomenon was found*.

Our results clearly show a large reaction norm of this phenomenon to environmental factors. Temperature and
possibly also other environmental cues play an important role. However, our results from shrews kept at constant
temperature and those captured later in the size change cycle show that this is not nearly the entire story. Some
differences between groups might be at least partially due to physiological stress-induced reactions®*>*’. Shrews
have exceptionally high metabolic rates and are sensitive to stress. Captive conditions are likely to be extremely
important. In a previous study, for example, captive shrews showed less pronounced seasonal changes than wild
ones?. Others had problems with shrews becoming obese in captivity?*$, evidence of reduced activity and or
energy expenditure, which may also have had effects on the expression of Dehnel’s phenomenon. We added a
running wheel, which the animals use extensively, as well as a more structured and large home cage (Fig. S3). This
seems to have alleviated these effects in our study.
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However, mimicking natural conditions is difficult. For example, the light regime our indoor captives (“con-
stant temperature”) were exposed to, was as natural as possible. We used daylight-spectrum lamps and relatively
dim settings to mimic the environment of these litter dwelling animals. Nonetheless, we cannot exclude a poten-
tial lab artifact of light influencing the pattern of decrease we observed in this treatment. Similarly, we do not
entirely understand the faint, almost absent regrowth of BCH in the “natural late” animals, which we caught
during the small subadult winter stage. Here, in particular, greater stress sensitivity of this specific age/seasonal
stage may have played a role. Thus, we want to use our results to emphasize the great flexibility of the size change
at the individual level rather than weighing the influence of various environmental variables on Dehnel’s phenom-
enon against each other in too much detail. More targeted research, incorporating hormones and other physio-
logical processes will be necessary to tease apart the evolutionary drivers from the triggers of this phenomenon.

Our results from body mass also indicate that we are far from completely understanding the triggers and mod-
ifiers of Dehnel’s phenomenon. While the modeled results from the BCH of “free-ranging” shrews and those kept
at natural daylight and temperatures were identical, there were large differences between the body mass curves of
these two groups. The “natural temperature” animals did not show the typical profound weight gain along with
the skull regrowth in spring. This indicates that there was an influence of captivity even in the ad libitum-fed “nat-
ural temperature” group. We suspect that the regrowth in spring happens in preparation for the terminal repro-
ductive period. By preventing the shrews, which were housed in individual cages, from meeting potential mating
partners in the spring we may have removed a potential trigger for body mass growth. Mass has been frequently
used as a proxy for Dehnel’'s phenomenon?*#, and some mass change is to be expected as not only the brain, but
also several other organs exhibit strong size changes between seasons'>. However, many species show reversible
mass changes as a result of fat storage and use in the course of winter. Thus, how strongly mass changes in other
organs and tissues are a fundamental part of Dehnel’s phenomenon also remains unresolved.

Our main response variable, BCH, is strongly correlated with brain mass'¢. During the seasonal shrinking and
regrowth of brain size, there are also profound changes in brain structure!®*"*! with consequences for cognitive
performance’®. This demonstrates that though probably adaptive as an energy saving strategy, the seasonal loss
in brain size incurs a compromise. The extreme plasticity of the skull and correlated brain size and structure, may
force the shrew to optimize the trade-off between responding to energetic limitation and maximizing cognitive
performance. The high level of individual flexibility we observed may contribute to this. A better understanding
of this process, and of its triggers, causes, and mechanisms, will help us understand the forces that shape the
ontogeny and evolution of the skull and brain. Finally, researching the genetic, cellular and molecular processes
beneath the seasonal but flexible changes in bone and brain might lead to promising medical applications related
to tissue regeneration.

Methods

Trapping and recapturing specimens.  All fieldwork took place in the surroundings of our Institute in
Moggingen, Germany (47°46/04.70"N, 8°59'47.11"E). We trapped common shrews (Sorex araneus) with wooden
live-traps baited with mealworms and checked them at two-hour intervals (PPUH A. Marcinkiewicz, Rajgrdd,
Poland). We determined shrews’ age (first summer juveniles, winter subadults or second spring/summer adults)
mainly based on the season of capture. To distinguish between juveniles and adults during the brief period of
overlap, we checked for the degree of development of the testes and mammary glands, body mass, and fur appear-
ance*>*. We assigned shrews to four groups: “constant temperature” (N = 12 individuals); “natural temperature”
(N = 14); “natural late” (natural temperature, trapped in winter, N =5); and “free-ranging” (n=37). Data from
“free-ranging” animals were collected during a previous mark-recapture study'’, from June 2014 to October 2015
with monthly trapping/recapture efforts. At each recapture, we took the shrews’ body mass and obtained an X-ray
image of the skull for measuring (see details below). We kept shrews, assigned to the other groups, in captivity
after first capture, and weighed and X-rayed them monthly until they died. We individually marked all shrews at
first capture with subcutaneous passive integrated transponders (UNO PICO, 7 x 1.5mm, UNO BV, Zevenaar,
Netherlands). We trapped shrews for “constant temperature” from August 2014 to January 2015 and for “natural
temperature” between June and December 2015 and 2016, i.e. during the shrinking phase of the phenomenon.
For the last group, “natural late”, we trapped new animals in January and February 2016, i.e. during the expected
minimum size in winter.

Captive conditions. We kept animals assigned to each of the three captive groups (“constant temperature”,
“natural temperature” and “natural late”) in double-cage systems. One cage (38 x 25 x 30 cm) contained a thick
layer of natural soil, and a second layer of hay in which a plastic tube and a terracotta flowerpot were buried for
nesting. This cage was connected to a second one via a plastic tube and contained a thin layer of soil, a running
wheel, food and water dishes, and another inverted terracotta pot with hay for bedding (Fig. S3). We fed all
captives daily ad libitum with a special food mixture**. In addition, they received 2 g of mealworms (larvae of
Tenebrio molitor) and 2 earthworms (Lumbricus terrestris). Water was provided ad libitum (Fig. 4).

“Constant temperature” shrews were kept in a room under controlled ambient conditions. The room was illu-
minated with artificial light (using daylight spectrum bulbs) that followed the local natural light/dark regime. The
room temperature was kept constant (18 °C) throughout the experiment. Outdoors captives (“natural tempera-
ture” and “natural late”) were kept in an outside aviary, protected with a roof and exposed to natural temperature
and daylight (Fig. 4).

X-ray images. We X-rayed the skull at each capture for “free-ranging” shrews and once a month for cap-
tives. For the X-ray images, we anesthetized shrews in an induction chamber (oxygen flow rate 11/min, 5%
Isoflurane) with a Titus anaesthesia system (Dréger, Liibeck, Germany). Once anesthetized, we placed animals into
a form-fitting foam bed that ensured standardized skull position for all individuals. We then placed the foam bed
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Figure 4. Illustration of the experimental design showing the configuration of external factors in the four
experimental groups.

into a Faxitron MX 20 cabinet (26 kV, 6 sec) and took ventral and lateral X-ray images of the skull. We used an OPG
Imaging Plate (Gendex) and a scanner (DenOptix/Gendex) to develop images. For details see also Lazaro et al.'°.

Skull measurements. We measured skull dimensions on the digital X-ray files using the software Image-J*.
We measured braincase width (BCW) as the greatest lateral diameter of the braincase; skull length (SKL), from
the anterior most projection of I1 to the occipital condyle; and braincase height (BCH), from the dorsal outline of
the braincase to the orthogonal line defined by the ventral outlines of the pterygoid process and occipital condyle,
passing over a constant proportional distance (k) on the line defined by SKL' (Fig. S4). We divided these three
measurements by the maxillary tooth row length, which remains constant across seasons, for standardization'.
All measurements were taken blind by a single observer (JL) to avoid any possible biases.

Statistical analyses. To assess the seasonal variation in skull dimensions and body mass in all groups, we
first tested for the expected non-linear patterns using Generalized Additive Mixed-effects Models (GAMMSs)*6
for our four variables of interest (BCH, SKL, BCW and body mass). For these GAMMs we used an age-corrected
Julian day of the year (jday) as a non-parametric term to quantify potential nonlinear patterns. To calculate jday
for juveniles (trapped in their year 1), we set 1 of June of year 1 to jday = 1 until 31* of May of the following year
(jday = 365). For adults (trapped in their year 2) jday is 365 + jday of year 2. We included group as a parametric
term and individual as a random effect. We added a smoothing function to jday which included five knots in a
thin regression spline and we used a Gaussian distribution. This approach allowed us to test for significance of
nonlinear patterns in each group. We checked for temporal autocorrelation and partial autocorrelation in the
models using the functions acf and pacf in R. GAMMs were performed with the R package mgcv?’.

In addition to describing the continuous curves, we also assessed the differences between groups in each of the
three main stages of the phenotypic cycle: juveniles in June and July of their first summer; size decreased subadults in
January and February; and regrown adults in June and July of their second summer. To analyse patterns of each of our
four response variables (BCH, SKL, BCW and body mass) we used four sets of Linear Mixed-effects Models (LMM)
with Gaussian distribution and fitted with the maximum likelihood criterion. For each response variable, we ran three
LMMs and compared them using Anova. In the first model (M1) we included size/age, stage and group as well as
their interactions as fixed effects, and individual as random effect. In the second model (M2) we removed the interac-
tion, so we treated stage and group only as factors. In the third model (M3) we removed group, leaving season as the
only fixed effect. We chose the best fit model for each response variable based on the corrected Akaike Information
Criterion (AICc). Next, we did pairwise comparisons between groups based on the chosen model. As the different
models include different numbers of factors and interactions, the choice of one model lead to a different possible set
of pairwise comparisons between all the factors’ levels. Thus, once we had chosen the best model, we performed pair-
wise comparisons between groups using Tukey tests for multiple comparisons. LMMs were fitted with the R package
Ime4*8. Tukey tests were performed with the emmeans R package®. All analyses were performed in R 3.5.0%".

Ethical statement. All methods were performed in strict accordance with the protocols for trap-
ping and handling animals, as well as the guidelines for captivity conditions, which were all approved by the
Regierungsprasidium Freiburg, Baden-Wiirttemberg (Permit Numbers 35-9185.81/G-11/21, 35-9185.81/G-14/28
and G-15/128).

Data Availability
The dataset supporting this article has been uploaded as part of the Supplementary Material. Additionally, the
data on free ranging shrews is available in the Dryad repository: https://doi.org/10.5061/dryad.15r51.

References
1. Pigliucci, M., Murren, C. J. & Schlichting, C. D. Phenotypic plasticity and evolution by genetic assimilation. J. Exp. Biol. 209,
2362-2367 (2006).
2. Nussey, D. H., Wilson, A. J. & Brommer, J. E. The evolutionary ecology of individual phenotypic plasticity in wild populations. J.
Evol. Biol. 20, 831-844 (2007).
3. Piersma, T. & Drent, J. Phenotypic flexibility and the evolution of organismal design. Trends Ecol. Evol. 18, 228-233 (2003).

SCIENTIFICREPORTS| (2019) 9:2489 | https://doi.org/10.1038/s41598-019-38884-1 8


https://doi.org/10.1038/s41598-019-38884-1
https://doi.org/10.5061/dryad.15r51

www.nature.com/scientificreports/

10.
11.
12.
. Dehnel, A. Studies on the genus Neomys Kaup. Ann. Univ. Marie Curie-Sklodowska, Sect. C 4, 1-63 (1950).
14.

15.
. Lazaro, J. et al. Cognitive skills of common shrews (Sorex araneus) vary with seasonal changes in skull size and brain mass. J. Exp.

17.

18.
. Lazaro, J., Hertel, M., Sherwood, C. C., Marion, M. & Dechmann, D. K. N. Profound seasonal changes in brain size and architecture

20.
21.

22.
23.
24.
25.
26.

27.
28.

29.
30.

31.
32.

33.

39.
40.
41.

42.
43.
44.
45.
46.
47.

48.
49.
50.

. Geiser, F. Metabolic rate and body temperature reduction during hibernation and daily torpor. Annu. Rev. Physiol. 66, 239-274

(2004).

. Ruf, T. & Geiser, E Daily torpor and hibernation in birds and mammals. Biol. Rev. 90, 891-926 (2015).

. Andrews, M. T. Advances in molecular biology of hibernation in mammals. BioEssays 29, 431-440 (2007).

. Pucek, Z. Seasonal and age change in shrews as an adaptive process. Symp. Zool. Soc. Lond. 26, 189-207 (1970).

. LaPoint, S., Keicher, L., Wikelski, M., Zub, K. & Dechmann, D. K. N. Growth overshoot and seasonal size changes in the skulls of two

weasel species. Open Sci. (2017).

. Dechmann, D. K. N. et al. Profound seasonal shrinking and regrowth of the ossified braincase in phylogenetically distant mammals

with similar life histories. Sci. Rep. 7, 42443 (2017).

Lazaro, J., Dechmann, D. K. N., LaPoint, S., Wikelski, M. & Hertel, M. Profound reversible seasonal changes of individual skull size
in a mammal. Curr. Biol. 27, R1106-R1107 (2017).

Ochocinska, D. & Taylor, J. R. E. Living at the physiological limits: field and maximum metabolic rates of the common shrew (Sorex
araneus). Physiol. Biochem. Zool. 78, 808-18 (2005).

Dehnel, A. Studies on the genus Sorex L. Ann. Univ. Marie Curie-Sklodowska, Sect. C 4, 17-102 (1949).

Crowcroft, P. & Ingles, J. M. Seasonal changes in the brain-case of the common shrew (Sorex araneus L.). Nature 193, 907-908
(1959).
Pucek, Z. Seasonal and age changes in the weight of internal organs of shrews. Acta Theriol. 10, 369-438 (1965).

Biol. 221 (2018).
Bielak, T. & Pucek, Z. Seasonal changes in the brain weight of the common shrew (Sorex araneus Linnaeus: 1758). Acta Theriol. 13,
297-300 (1960).
Yaskin, V. A. Seasonal changes in brain morphology in small mammals. Spec. Publ. Carnegie Museum Nat. Hist. 10, 183-191 (1984).

in the common shrew. Brain Struct. Funct. 223, 2823-2840 (2018).

Mezhzherin, V. A. Dehnel’s phenomenon and its possible explanation. Acta Theriol. 8,95-114 (1964).

Yaskin, V. A. In Advances in the Biology of Shrews (eds Merrit, J. F, Kirkland, G. L. & Rose, R. K.) 155-161 (Carnegie Museum of
Natural History, special publication, 1994).

Bullmore, E. & Sporns, O. The economy of brain network organization. Nat. Rev. Neurosci. 13, 336-349 (2012).

Aiello, L. C. & Wheeler, P. The Expensive-Tissue Hypothesis. Curr. Anthropol. 36, 199-221 (1995).

Churchfield, S., Rychlik, L. & Taylor, J. R. E. Food resources and foraging habits of the common shrew, Sorex araneus: does winter
food shortage explain Dehnel’s phenomenon? Oikos 121, 1593-1602 (2012).

Taylor, J. R. E., Rychlik, L. & Churchfield, S. Winter reduction in body mass in a very small, nonhibernating mammal: consequences
for heat loss and metabolic rates. Physiol. Biochem. Zool. 86, 9-18 (2013).

Keicher, L., O’'Mara, M. T., Voigt, C. C. & Dechmann, D. K. N. Stable carbon isotopes in breath reveal fast metabolic incorporation
rates and seasonally variable but rapid fat turnover in the common shrew (Sorex araneus). J. Exp. Biol. 220, 2834-2841 (2017).
Wikelski, M. & Thom, C. Marine iguanas shrink to survive El Nifio. Nature 403, 37-38 (2000).

Ochocinska, D. & Taylor, J. R. E. Bergmann’s rule in shrews: geographical variation of body size in Palearctic Sorex species. Biol. J.
Linn. Soc. 78, 365-381 (2003).

Pucek, Z. Morphological changes in shrews kept in captivity. Acta Theriol. 8, 137-166 (1964).

Loehr, V. J. T., Hofmeyr, M. D. & Henen, B. T. Growing and shrinking in the smallest tortoise, Homopus signatus signatus: The
importance of rain. Oecologia 153, 479-488 (2007).

Rolf, H. J. & Fischer, K. Serum testosterone, 5-a-dihydrotestosterone and different sex characteristics in male fallow deer (Ceruus
danta): a long-term experiment with accelerated photoperiods. Comp. Biochem. Physiol. 115A, 207-221 (1996).

Hyvarinen, H. On the seasonal changes in the skeleton of the common shrew (Sorex araneus L.) and their physiological background.
Aquil. Series Zool. 7, 2-32 (1969).

Castanet, J. et al. Lines of arrested growth in bone and age estimation in a small primate: Microcebus murinus. J. Zool. 263, 31-39
(2004).

. Hughes, L. Biological consequences of global warming: is the signal already apparent? Trends Ecol. Evol. 15, 56-61 (2000).
. Lopez-Fuster, M. J. & Ventura, ]. Remarks on the somatometry of Sorex coronatus Millet, 1828 from the northern Iberian Peninsula.

Rev. suisse Zool. 98, 251-254 (1991).

. Mason, G. J. Species differences in responses to captivity: Stress, welfare and the comparative method. Trends Ecol. Evol. 25,713-721

(2010).

. Bayazit, V. Evaluation of cortisol and stress in captive animals. Aust. J. Basic Appl. Sci. 3,1022-1031 (2009).
. Mock, O. B. In Advances in the Biology of Shrews II (eds Merritt, J. F, Churchfield, S., Hutterer, R. & Sheftel, B. 1.) 439-448 (Carnegie

Museum, 2005).

Hays, W. S. T. & Lidicker, W. Z. Jr. Winter aggregations, Dehnel Effect, and habitat relations in the Suisun shrew Sorex ornatus
sinuosus. Acta Theriol. 45, 433-442 (2000).

Grainger, J. P. & Farley, J. S. Studies on the biology of the pygmy shrew Sorex minutus in the West of Ireland. J. Zool. 186, 109-141
(1978).

Yaskin, V. A. In Advances in the Biology of Shrews II (eds Merrit, J. F, Churchfield, S., Hutterer, R. & Sheftel, B. 1.) 373-385
(International Society of Shrew Biologists, 2005).

Churchfield, S. The Natural History of Shrews (Christopher Helm, 1990).

Pankakoski, E. Variation in the tooth wear of the shrews Sorex araneus and S. minutus. Ann. Zool. Fennici 26, 445-457 (1989).
Searle, J. B. Breeding the common shrew (Sorex araneus) in captivity. Lab. Anim. 18, 359-63 (1984).

Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NTH Image to Image]: 25 years of image analysis. Nat. Methods 9, 671-675 (2012).
Wood, S. N. Generalized Additive Models: an Introduction with R (Chapman & Hall, 2006).

Wood, S. N. Stable and efficient multiple smoothing parameter estimation for generalized additive models. J. Am. Stat. Assoc. 99,
673-686 (2015).

Bates, D., Machler, M., Bolker, B. M. & Walker, S. C. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-48 (2014).
Lenth, R. emmeans: Estimated Marginal Means, aka Least-Squares Means. R package version 1.2.1 (2018).

R Core Team. R: A language and environment for statistical computing (2015).

Acknowledgements

We thank several students and technicians who helped in the field and took care of the captive animals. We are
grateful to Paul Schaeffer for comments and improving the English. This study was funded by the Max Planck-
Poland Biodiversity Initiative.

SCIENTIFIC REPORTS | (2019) 9:2489 | https://doi.org/10.1038/s41598-019-38884-1 9


https://doi.org/10.1038/s41598-019-38884-1

www.nature.com/scientificreports/

Author Contributions

J.L. and D.D. wrote the paper; J.L., M.H. and D.D. designed the experiment; J.L. and M.M. performed the
fieldwork; J.L. analysed the data; M.M. obtained the X-ray images; all authors contributed to the final draft of the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-38884-1.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:2489 | https://doi.org/10.1038/s41598-019-38884-1 10


https://doi.org/10.1038/s41598-019-38884-1
https://doi.org/10.1038/s41598-019-38884-1
http://creativecommons.org/licenses/by/4.0/

	Seasonal reversible size changes in the braincase and mass of common shrews are flexibly modified by environmental conditio ...
	Results

	Skull measures. 
	Body mass. 

	Discussion

	Methods

	Trapping and recapturing specimens. 
	Captive conditions. 
	X-ray images. 
	Skull measurements. 
	Statistical analyses. 
	Ethical statement. 

	Acknowledgements

	Figure 1 (a) Variation in BCH over time in the four groups.
	Figure 2 X-ray images of shrew skulls from the four groups.
	Figure 3 Seasonal variation of body mass in the four groups of shrews with (a) fitted GAMMs, and (b) means, medians and quantiles for each group, indicating significant differences from pairwise posthoc comparisons.
	Figure 4 Illustration of the experimental design showing the configuration of external factors in the four experimental groups.
	Table 1 P-values derived from Tukey pair-wise comparisons between seasons of each treatment group and between treatments of the same season.
	Table 2 Corrected braincase height of the shrews in the four groups at the three age/size stages.
	Table 3 Body mass (g) of the shrews in the four groups at the three age stages.




