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Animals on islands often exhibit dramatic differences in morphology and be-
haviour compared with mainland individuals, a phenomenon known as the
‘island syndrome’. These differences are thought to be adaptations to island
environments, but the extent to which they have a genetic basis or instead
represent plastic responses to environmental extremes is often unknown.
Here, we revisit a classic case of island syndrome in deer mice (Peromyscus
maniculatus) from British Columbia. We first show that Saturna Island
mice and those from neighbouring islands are approximately 35%
(approx. 5 g) heavier than mainland mice and diverged approximately
10 000 years ago. We then establish laboratory colonies and find that
Saturna Island mice are heavier both because they are longer and have
disproportionately more lean mass. These trait differences are maintained
in second-generation captive-born mice raised in a common environment.
In addition, island–mainland hybrids reveal a maternal genetic effect on
body weight. Using behavioural testing in the laboratory, we also find that
wild-caught island mice are less aggressive than mainland mice; however,
laboratory-raised mice born to these founders do not differ in aggression.
Together, our results reveal that these mice have different responses to the
environmental conditions on islands—a heritable change in a morphological
trait and a plastic response in a behavioural trait.
1. Introduction
Islands offer some of the most tractable examples of evolutionary adaptation
and diversification [1]. Because of their geographical isolation, they form self-
contained environments that facilitate the interpretation of evolutionary
patterns and processes. For example, many island populations of animals
share consistent differences in demography, body size, reproductive rate, anti-
predator behaviour and territorial aggression—a phenomenon known as the
‘island syndrome’ [2–6]. The repeated appearance of similar traits in similar eco-
logical conditions across taxa suggests that these traits evolved as adaptations
during the establishment of island populations [7,8]. Thus, one implicit
assumption is that these island traits have a genetic basis, resulting from direc-
tional selection and/or founder effects following island colonization [6,9,10].
However, island traits could also represent, in part or fully, plastic phenotypes
that are expressed in novel environments, but the role of phenotypic plasticity
in island evolution has received limited attention.

A key challenge in differentiating heritable and plastic components
underlying island traits has been that most reports are based on experiments
in the field, or for behavioural traits, wild-caught individuals subsequently
tested in the laboratory (e.g. [11–14]). The detection of heritable differences in
the wild, such as, through the quantitative-genetic analysis of trait variance
[15], can be challenging. By contrast, a genetic component can be measured
if wild-derived animals are born and raised in a common environment. By
minimizing environmental variation, one can assess the extent to which
morphological and behavioural traits have a heritable genetic basis.
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Here, we revisit a classic case of island syndrome in
deer mice (Peromyscus maniculatus). Field studies in the
1970s showed that ecological conditions differ for deer mice
on Saturna Island off the coast of British Columbia—
namely they have a higher population density, lower
dispersal rate and smaller home range size than deer mice
from a nearby mainland population [16]. In addition, wild-
caught island deer mice had a larger body size [16,17]
and displayed fewer aggressive and defensive interactions
than mainland deer mice [12,13]. Here, we investigate
the extent of and mechanisms driving the genetic and/or
environmental components underlying morphological and
behavioural island traits by measuring body size and aggres-
sive behaviour both in wild-caught island and mainland deer
mice as well as in their captive-born offspring.
R.Soc.B
286:20191697
2. Methods
(a) Body weight of museum specimens
We retrieved records from adult male museum specimens of
P. maniculatus collected in Washington and British Columbia
using the Arctos and Vertnet databases (see electronic
supplementary material, S1). Our final sample comprised
504 mice (island, n = 328; mainland, n = 176), including 53
we collected.

(b) Fieldwork
We sampled deer mice (n = 120) in the Gulf Island National Park
Reserve on Saturna Island and Pender Island (P. m. saturatus) and
in the Malcolm Knapp Research Forest (MKRF) on the mainland
(P. m. austerus and P. keeni) in October 2014. Of these, we
collected 101 individuals and accessioned them in the Harvard
Museum of Comparative Zoology (MCZ). We verified species
identity using a fragment of the cytochrome b gene (following
[18]) (electronic supplementary material, figure S1).

(c) Admixture analysis and divergence dating
We extracted genomic DNA from 65 wild-caught mice (Saturna
Island, n = 28; Pender Island, n = 9; mainland, n = 28). We used
a genotype-by-sequencing approach (ddRADseq [19]) to obtain
genome-wide markers, filtered the dataset and then ran genetic
principal component (PC) (based on n = 54 specimens after filter-
ing), admixture (n = 54) and divergence time (n = 14) analyses
(see electronic supplementary material, S1).

(d) Establishment of laboratory colonies and animal
husbandry

After quarantine of the wild-caught mice at Charles River
Laboratories, we established colonies at Harvard (Saturna
Island, n = 9 females and 9 males; mainland, n = 8 females and
3 males; electronic supplementary material, S1). Subsequent
experiments were conducted using either wild-caught mice or
first-, second- and third-generation captive-born mice as noted.

(e) Weight measurements
Mice in the field were weighed using a Pesola spring scale to
the nearest gram. Mice in the laboratory were weighed with a
Jennings TB500 digital precision scale to the nearest 0.01 g. To
weigh newborn litters before their first milk meal, we isolated
and monitored pregnant females through remote cage surveil-
lance, allowing us to intercept pups within 20–60 min of birth.
We then checked for the presence of milk in the stomach.
( f ) EchoMRI
Experiments to measure body composition were conducted in
the Metabolic Core of Brigham and Women’s Hospital Boston.
Frozen mice were thawed to room temperature and measured
individually in a calibrated EchoMRI 3-in-1 machine.

(g) X-ray measurements
To measure skeletal traits, we imaged mice on a digital X-ray
system in the Digital Imaging Facility of the MCZ. We used
IMAGEJ to measure 10 skeletal elements: length of the sacrum,
skull, zygomatic bone, humerus, femur, ulna, tibia and metatarsal
calcaneus, as well as the width of the skull and zygomatic bone.

(h) F1 hybrids
We reciprocally paired one female and one male litter mate
each from five island and mainland parents. Of these 10 pairs,
four island female ×mainland male and three mainland female ×
island male pairs successfully reproduced. We weighed litters at
birth and then a subset every 4 days until weaning.

(i) Cross-fostering
To test if parental care contributes to the differences in growth,
we swapped island and mainland litters (i.e. island pups raised
by mainland parents and vice versa) within 48 h of birth. We
fostered the same number of pups from each litter. We then
weighed the pups every 4 days until weaning (P23).

( j) Behavioural experiments
We measured territorial aggression using a resident–intruder
paradigm. To induce territoriality, residents were first paired
with a female. For one set of experiments, wild-caught residents
were paired with a female for several months. For a second set of
experiments, 9- to 13-week-old (non-breeding) residents were
isolated with a female for one week. For a third set of exper-
iments, 5- to 16-month-old (breeding) residents had been
paired with a female for several months. Conspecific intruders
were raised in social groups with at least two other mice, and
were 9–13 weeks old. Resident and intruder had different parents
and had not previously met. We tested each resident twice
against different intruders on consecutive days. We conducted
all behavioural experiments during the dark phase under red
light (see electronic supplementary material, S1).

(k) Behavioural analysis
We annotated videos blind to population identity using the
software OBSERVER (Noldus). We scored aggressive (lunging,
pindown, upright threats, boxing, wrestling and chasing),
defensive (submission, defensive threat and defeat) and cohesive
behaviours (following, mounting, grooming and huddling)
[20,21] as start–stop events (duration) performed by both the
resident and the intruder, and averaged behaviours across trials.

(l) Statistical analysis
We fitted linear models with lm {stats} or lmer {lme4} using
R software [22]. p-values were calculated using lsmeans and
contrast {lsmeans} or summary {lmerTest} (see electronic sup-
plementary material, S1).
3. Results
(a) Island mice are heavier than mainland mice
Using data from museum specimens, we first compared
weight records of adult deer mice in and around coastal
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British Columbia. As expected, island populations had a greater
median weight than neighbouring mainland populations, with
few exceptions (figure 1a). The overall median weight of island
specimens was 21 g compared with 16 g in the mainland speci-
mens (Kruskal–Wallis test, p< 0.0001), an increase of 31.25%
(electronic supplementary material, figure S2).

We next collected wild mice from two focal populations,
one island (Saturna Island, n = 21) and one on the
mainland (MKRF, n = 23; figure 1a), following [12,13,16].
The median weight of adult Saturna Island mice was
20 g (±1 s.d. 16.8–23.2 g) compared with a median weight
of 14.5 g (±1 s.d. 12.7–16.3 g) in mainland mice (Kruskal–
Wallis test, p < 0.0001), an increase of 37.93% (electronic
supplementary material, figure S2), largely recapitulating
the general pattern of body weight observed in this region.
(b) Island and mainland mice are genetically distinct
populations

To determine the genetic relatedness of our focal island and
mainland populations, we conducted a genetic principal
component analysis (PCA) using genome-wide SNPs. We
found that these populations are genetically separable
(figure 1b), and none of the individuals showed evidence of
recent admixture, consistent with previous results based on
electrophoresis of a single protein [17] (figure 1c). Next,
we obtained time-calibrated divergence times of these
populations, using P. keeni as an outgroup (figure 1d ). We
estimated island mice diverged from mainland mice
approximately 9.6 (6.8–12.5, 95% highest posterior density
interval) thousand years ago (ka), while Saturna Island
mice diverged from Pender Island mice approximately 5.1
(3.5–6.9) ka. These data are consistent with a postglacial iso-
lation of deer mice on islands in the Strait of Georgia [23]
and little to no ongoing gene flow between island and
mainland or among island populations.

(c) Differences in body weight appear heritable and are
driven by both differences in body length and
proportional lean mass

To test whether differences in weight between island and
mainland mice observed in the field were retained across gen-
erations in a common environment, we established laboratory
colonies and then compared wild-caught and captive-born
mice. We used captive-born mice that were themselves
born to captive-born parents (as two generations in captivity
should minimize environmental, maternal and other non-
heritable variation), and focused our analyses on males,
the sex with the larger difference in weight (figure 2a; elec-
tronic supplementary material, figure S3). We found that
the magnitude of difference in the median weight between
island and mainland mice observed in the field was retained
in the laboratory: island mice are 37.93% bigger in the field
and 34.02% bigger in the laboratory (figure 2a). However,
the overall weight of all mice was higher in the laboratory:
captive-born mice were on average 34.99% heavier than
wild-caught mice (figure 2a), probably due to an enriched
and ad libitum diet.

We next tested whether island mice were heavier because
they are larger (i.e. longer) and/or because they are heavier
relative to their body length. We found that the median
sacrum length, a proxy for body length, was approximately
14.39% larger in island than mainland mice for both field
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and laboratory individuals, but did not differ between field
and laboratory populations (figure 2b), suggesting that
environmental conditions had little effect on body length.
This pattern was largely recapitulated in other skeletal traits
(electronic supplementary material, figure S4).

We next quantified body composition and found that
island mice had more lean mass (figure 2c), but not fat
mass (electronic supplementary material, figure S5), than
mainland mice. Moreover, this increase in lean mass was
not simply due to differences in body length (figure 2d ).
Collectively, these data show that island mice are heavier
both because they are larger (i.e. longer) and because they
have disproportionately more lean mass than mainland
mice. In addition, because these trait differences are main-
tained both in a common environment and across
generations, they probably have a strong genetic basis.
Figure 3. A maternal effect contributes to birth weight in island mice. Birth
weight in island and mainland litters (left panel) and F1 hybrids by maternal
strain (right panel). Points represent the mean weight of litter. See Methods
for statistical details. *p < 0.05, ****p < 0.0001. (Online version in colour.)
(d) Island mice are born heavier with growth pulses at
birth and weaning

To determine when these weight differences emerge, we
weighed litters across postnatal development. We noted
that island mice have slightly smaller litter sizes than main-
land mice (electronic supplementary material, figure S6;
Kruskal–Wallis test, p = 0.034); as litter size is often inversely
correlated with birth weight, we included litter size as an
explanatory variable in subsequent analyses. We first found
that island litters are heavier than mainland litters at birth
(figure 3; linear fixed effects model, t =−6.259, p≤ 0.0001).
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This difference is not simply due to island mice ingesting
more milk because island litters were already heavier before
their first milk meal (electronic supplementary material,
figure S7; repeated-measures linear mixed-effects model;
t = 6.901, p = 6.96 × 10−5 (pre- versus post-feeding); t = 3.602,
p = 0.004 (strain)). Furthermore, growth at birth in island mice
is greater than in mainland mice (electronic supplementary
material, figure S8A; linear fixed effects model, t =−2.852,
p = 0.033), but this significant difference disappears by post-
natal day 4 (P4), and only reappears around weaning at
P23 (electronic supplementary material, figure S8A; linear
fixed effects model, t =−2.748, p = 0.039). Together, these
results suggest that growth pulses around birth, and with
the onset of sexual maturity at weaning, underlie the main
differences in weight between island and mainland mice.
(e) A maternal effect contributes to birth weight and
early growth in island mice

We next asked if these differences in weight are influenced by
a maternal genetic effect. We found that F1 litters born to
island mothers are on average 14.11% heavier at birth than
those born to mainland mothers (figure 3; linear fixed effects
model, t =−2.386, p = 0.0241), even when we controlled for
family effects (wild cluster bootstrapped generalized linear
model, 95% CI = 0.0022, 0.1749, p = 0.029). Furthermore,
growth differences were greatest at birth but not different
on days 8–20 or at weaning (electronic supplementary
material, figure S8B). Finally, in F1 adults in which sex
could be determined, we found a larger difference between
offspring with island versus mainland mothers in male
hybrids compared to female hybrids (electronic supplemen-
tary material, figure S8C,D). These results suggest that the
growth difference in island versus mainland mice around
birth, but not at the onset of sexual maturity at weaning, is
likely to be governed by a maternal effect.

( f ) Parental care does not affect early growth
differences

We found little evidence that cross-fostering affected growth
in either island or mainland mice (electronic supplementary
material, figure S9A,B). For example, mainland litters raised
by island parents grew the same (days 0–20) or slower (day
23) compared with non-fostered mainland litters (electronic
supplementary material, figure S9A). These data show that
the increases in growth in island litters and F1 hybrids born
to island mothers are not due to increased parental care by
island parents.

(g) Wild-caught island mice are less aggressive than
wild-caught mainland mice

We next compared levels of territorial aggression in wild-
caught males from island and mainland populations
(figure 4a). We performed a PCA to reduce the dimensional-
ity of the behavioural dataset (figure 4b). The first two PCs
explained a cumulative proportion of 47.92% of the variance;
95% confidence intervals for the two strains only partially
overlapped, and 67% of mainland mice were outside the con-
fidence interval for island mice. The main behavioural
contributors to the first PC were wrestling (12.94%), chasing
(12.65%) and pindown duration (11.42%).

We next tested for differences in these three behaviours
between wild-caught island and mainland males. We used
a two-stage hurdle model approach to separately test for
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differences in the proportion of mice displaying a behaviour
as well as the number and duration of bouts once a behaviour
was initiated. We found no significant difference in the pro-
portion of wild-caught island and mainland mice showing
wrestling behaviour (83.3 versus 42.86%, logistic regression
model, z =−1.421, p = 0.155), but mainland mice that wrestled
did so significantly longer than island mice (figure 4c;
electronic supplementary material, figure S10A; linear fixed
effects model, t =−2.512, p = 0.0458). In addition, significantly
more mainland mice chased than island mice (83.3 versus
14.29%, logistic regression model, z =−2.211, p = 0.027), but
we found no difference in duration once mice chased
(figure 4c; electronic supplementary material, figure S10A;
linear fixed effects model, t =−0.666, p = 0.5418). Similar to
wrestling behaviour, we found no significant difference
in the proportion of mice exhibiting pindown behaviour
(83.3 versus 71.43%, logistic regression model, z =−0.503,
p = 0.615), but mainland mice that exhibited pindown behav-
iour did so significantly longer than island mice (figure 4c;
electronic supplementary material, figure S10A; linear fixed
effects model, t =−3.460, p = 0.0086). These differences in
aggression could not be explained by differences in the time
that mice had spent in captivity, the time since a litter was last
sired, or the weight difference between resident and intruder
(electronic supplementary material, figure S11). Together,
these results suggest thatwild-caught islandmice showreduced
territorial aggression compared with wild-caught mainland
mice, consistent with previous observations [12,13].
(h) Captive-born mice do not differ in aggression levels,
regardless of reproductive experience

We next tested if these behavioural differences observed in
wild mice were retained in a controlled laboratory environ-
ment over generations. We initially paired residents with a
virgin female for one week prior to behavioural testing
(figure 5a), a well-established procedure to induce territorial-
ity and aggression in laboratory mice [24]. However, both
captive-born island and mainland mice displayed low levels
of aggression (figure 5b; electronic supplementary material,
figure S10B). We found no significant difference in the pro-
portion of island versus mainland mice that displayed
wrestling (21.73 versus 24.39%, logistic regression model,
z = 0.240, p = 0.81), chasing (30.43 versus 17.07%, z =−1.227,
p = 0.22) or pindown (47.83 versus 53.66%, z = 0.448, p =
0.654), nor did we find a significant difference in the
duration of wrestling (linear fixed effects model, t =−1.938,
p = 0.0746), chasing (t = −1.432, p = 0.1777) or pindown
(t = 0.268, p = 0.7905) once mice engaged in these behaviours.
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While one week of pairing with a female typically induces
sexual activity and territoriality in male laboratory mice,
it may not be sufficient for deer mice. Indeed, we found
that the majority of males sired litters approximately three
weeks after pairing (electronic supplementary material,
figure S12A), suggesting that few mice had become sexually
active in the one week before testing. We thus identified
mice among this subset that had not sired a litter by the
time of first testing, and retested them after they had sired
and been co-housed with a litter until weaning. As expected,
residents wrestled significantly more after they had repro-
duced (electronic supplementary material, figure S12B;
repeated-measures linear mixed-effects model; t = 2.578,
p = 0.0327 (trial); t = 0.337, p = 0.7462 (strain)), suggesting
that reproductive experience is crucial to induce aggression
in these populations.

As aggression in male deer mice peaks at the time of and
just following copulation with a receptive female [25–27], we
next aimed to test for island–mainland differences in aggres-
sion at this time (figure 5c). We identified pregnant females
and continuously video-monitored their behaviour in their
home cage. We found that male mice will begin to attempt
copulation, as evidenced by vigorous pursuit [28], about
12 h after the birth of a litter for about 1–2 h (electronic
supplementary material, figure S13). Therefore, we tested
male mice in our assay approximately 1 hour after the onset
of copulation and again 1 day later.

As expected, aggression levels were high in reproduc-
tively active mice. Nearly all residents of both populations
exhibited wrestling, chasing and pindown behaviours
(figure 5d; electronic supplementary material, figure S10C).
Surprisingly, however, there was no significant difference
in the proportion of island and mainland mice exhibiting
wrestling (100 versus 85.71%, logistic regression model,
z =−0.003, p = 0.998), chasing (100 versus 85.71%, z =−0.003,
p = 0.998) or pindown behaviour (100 versus 100%, z = 0,
p = 1), nor was there a difference in the duration of
wrestling (linear fixed effects model, t = 1.309, p = 0.2199),
chasing (t = 0.725, p= 0.4851) or pindowns (t= 1.409, p= 0.186).
Thus, different levels of reproductive experience are unlikely
to drive the behavioural differences between wild-caught
island and mainland mice. Consistent with this, direct com-
parison of data from mice that were exposed to comparable
reproductive experience and experimental conditions in
captivity (i.e. data from captive-born mice in electronic
supplementary material, figure S12B and from wild-caught
mice in figure 4) shows that wild-caught island mice are
less aggressive than wild-caught mainland mice, but that
both island and mainland captive-born mice match the
aggressiveness of wild-caught mainland mice (electronic
supplementary material, figure S14), implying that the
aggression differences observed in wild-caught mice are
driven, at least in large part, by environmental effects.
4. Discussion
Here,we investigated the genetic basis ofmorphological andbe-
havioural traits associated with the island syndrome in deer
mice. Previous work in the 1970s reported that wild-caught
Saturna Island deer mice had higher body weight [16,17] and
reduced aggression levels compared with mainland mice
[12,13]. As an initial step, we confirmed these differences in
our populations of wild-caught deer mice. First, body weight
is indeed higher on Saturna Island (as well as most other
islands in the region) than mainland mice, which we show is
driven by both the increased body length and disproportio-
nately larger lean mass. Second, we found striking differences
in aggression:wild-caught islandmice showed reduced aggres-
sion in several behaviours compared to mainland mice. Thus,
wild Saturna Island mice conform to the predicted island syn-
drome phenotype. However, because measurements were
taken only using wild-caught individuals, it was unclear if
these differences had a genetic basis or instead were plastic
responses to environmental extremes [12,13].

By establishing wild-derived colonies in the laboratory,
we minimized environmental variation and found that
body size differences persisted in captive-born mice,
suggesting these differences are largely heritable. Although
examples of density-dependent plasticity in body weight
are known from natural populations (e.g. [29]), our results
are consistent with studies that have demonstrated the gen-
etic basis of gigantism and skeletal evolution in island
rodents [30–32]. In addition, our data on island–mainland
hybrid growth showed that the larger body weight in
island mice was also partly driven by a maternal genetic
effect. The maternal effect was not recapitulated by cross-
fostering, suggesting that it cannot be explained simply by
postnatal nursing differences. A study in island and mainland
deer mice from California showed that 4-day-old mainland
embryos that were transferred into island foster mothers had
a significantly increased neonatal weight [31], suggesting
that increased maternal uterine investment also could contrib-
ute to the large size of Saturna Island deer mice. However, we
cannot exclude the possibility of maternal genomic imprinting
(e.g. [33]) without similar experiments. Regardless, it is clear
that both offspring and maternal genotypes driving larger
body size have evolved in island deer mice.

Unlike body size differences, however, our laboratory-
based behavioural experiments demonstrated that aggression
levels in captive-born island and mainland deer mice
remained indistinguishable across a spectrum of low to
high overall aggression intensity. These results suggest that
additional environmental factors are necessary to induce
the aggression differences observed in wild-caught mice.
One important factor may be population density [5,6,34].
Consistent with our findings in P. maniculatus, increased
body size and reduced aggression have been documented
in other island rodents with high population density (e.g.
Microtus breweri [35,36] and Myodes glareolus skomerensis
[37]). Population density in island rodents is typically
increased, probably because of the absence of emigration,
fewer competing species and thus more available resources,
and fewer predators on islands. The rate of social interactions,
and thereby the cost of territorial defence, increases with
density. In addition, reproductive output is often adjusted
to population density. Rodents in high-density island popu-
lations could thus face pressure to reduce direct conflict in
favour of indirect competition (territorial defence hypothesis)
and to reallocate resources to produce fewer, but more
competitive offspring (reallocation hypothesis).

Adaptive evolution is the result of selection on heritable
variation, and both the strength of selection and the degree
of heritability can influence trait evolution, raising the
question of why, in this case, differences in body weight,
but not aggressive behaviour, appear genetically encoded.
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One possibility is that behaviour in general is less heritable
than morphology. However, data on the heritability of behav-
iour and morphology do not fully support this hypothesis
[38,39]. Heritability of behaviours varies substantially: for
example, a comparative study of captive and wild insular
macropodid marsupials suggested that the loss of some
anti-predator behaviours is heritable, while the loss of other
behaviours is phenotypically plastic [40]. Moreover, selection
on certain behaviours, like aggression, may be labile over
time (e.g. if selection was density-dependent and density
changed periodically). Thus, if selection on aggression
was weak and/or heritability low, 10 000 years (or approx.
25 000 generations) simply may not be enough time for a
behavioural difference to evolve between island and main-
land populations. By contrast, plasticity in aggression could
facilitate the evolution of heritable changes in body size by
enabling the selective environment, that is, high population
density, in which the maternal and offspring genotypes
driving larger offspring body size became advantageous,
consistent with growing evidence that behavioural plasticity
often precedes and promotes the adaptive evolution of
other traits, especially morphology [41–51].

In summary, while the island syndrome has been
reported in a wide range of organisms, few studies have
tested if these traits are genetically encoded. More research
is needed into the drivers, sequence and mechanisms of
trait evolution during the colonization of islands and sub-
sequent establishment of populations to fully understand
one of the most iconic and widespread patterns of repeated
evolution in nature.
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