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Abstract

Adult body size correlates strongly with fitness, but mean body sizes frequently differ among conspecific populations.
Ultimate, fitness-based explanations for these deviations in animals typically focus on community-level or physiological
processes (e.g., competition, thermoregulation). However, proximate mechanisms underlying adaptive body size adjustments
remain poorly understood. Adjustments in adult body size may result from shifts in growth-related life-history traits, such
as the length of time to achieve adult body size (i.e., growth period) and how quickly the body increases in size (i.e., growth
rate). Since insular populations often demonstrate dramatic shifts in adult body size, island populations represent a natural
experiment by which to test the proximate mechanisms of size change. Here, using dental eruption patterns, we show that
a dwarfed population of black-tailed deer (Odocoileus hemionus columbianus) experiences significant heterochronic shifts
relative to mainland conspecifics. Namely, juvenile development slowed, such that teeth erupted > 1 year later, but cranial
growth suggested no concurrent adjustments in skeletal growth period. Thus, slowed growth rate, shown here with teeth,
combined with unchanged growth period resulted in dwarfism, consistent with ultimate predictions for insular, resource-
limited populations. Therefore, selection on body size may act on life-history traits that influence body size, rather than

acting on body size directly.

Keywords Dwarfism - Growth rate - Heterochrony - Island rule - Life history

Introduction

Body size demonstrates substantial intraspecific variation
and is often under strong selective pressure (Roff 1992;
Brown et al. 1993). Within a population, body size typically
correlates positively with fitness (Clutton-Brock and Harvey
1978; Honék 1993; Wikelski and Romero 2003; Kingsolver
and Huey 2008), but variation in local conditions provides
opportunities wherein relatively small body sizes may be
selected for (Lawlor 1982; Blanckenhorn 2000). Further,
because adult body size is a function of growth rate (i.e.,
the rate of skeletal extension) and growth period (i.e., the
duration of skeletal extension) intraspecific differences in
adult body size could result from selection of life-history
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traits that influence size at maturity rather than direct selec-
tion on size (Abrams et al. 1996; Kingsolver and Pfennig
2004; Monro and Marshall 2014).

Evolution of life-history traits, and growth rates in par-
ticular, has received substantial attention in the literature;
however, most studies investigating adaptive adjustments to
developmental rate (here defined as the timing of growth-
related events including, but not limited to, skeletal exten-
sion) are performed ex situ and focus on insects or verte-
brates with indeterminate growth (Arendt 1997; Dmitriew
2011). Since body size of artiodactyls on islands often dif-
fers from mainland relatives [i.e., the island rule, wherein
large-bodied animals tend to become smaller and small-bod-
ied animals tend to become larger (Foster 1964; Lomolino
1985, 2005; Meiri et al. 2008a)], these environments may
provide useful in situ opportunities to examine ultimate
causes of variation in body size. Island communities are
often relatively devoid of both predators and interspecific
competitors; therefore, gigantism of small-bodied lineages
may occur because predation pressure is relaxed or because
larger body size may increase niche breadth and resource
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acquisition (Adler and Levins 1994; Lomolino et al. 2012).
Alternatively, island dwarfism may occur when resources
are limited, because smaller body sizes can be maintained
with less energy (Case 1978a; McNab 2010). In this way,
ultimate causes of insular size trends have typically focused
on community-level processes (e.g., competition, predation,
and resource limitation) exerting selective pressure directly
on body size.

Size variation, though, may be explained through a more
general life-history approach. Because life-history traits are
linked, and thereby subject to intrinsic tradeoffs, adaptive
adjustment of one trait (e.g., growth rate or growth period)
would likely affect other traits (e.g., age and size at matu-
rity) (Gadgil and Bossert 1970; Kohler 2010). To this end,
size trends could result from (1) altered growth rate (2)
altered growth period, or (3) a combination of these effects
(Fig. 1) (Stearns 1992; Palkovacs 2003). Actual mechanisms
of insular size trends, however, remain poorly understood
(e.g., Mori and Hasagawa 2002, Van den Bergh et al. 2016).
Previous studies suggested that dwarfing is a consequence
of selection for increased reproduction associated with a fast
life history (historically, r selection), such that insular large
mammals may approach life-history patterns seen in many
small mammals (Brown et al. 1993; Raia and Meiri 2006).
However, other studies have suggested that insular, dwarfed
large mammals may result from selection for slow life his-
tories (historically, K-selection), similar to large mammals
adapted to population densities typically near carrying

BSI*
BSM
BSI

Body size

Age

Fig. 1 Body size can be modeled as the intersection of growth rate
(GR) and an age-size reaction norm (here, the set of age-specific
sizes expressed by a single genotype over a range of environmental
conditions; RN) that determines body size at maturity. On islands,
adjustments to body size can be predicted by adaptive shifts (arrows)
in GR or RN. If reduced resource availability predominates as a
selective force on life-history traits, growth rate will decrease (GR”)
more than reaction norm increases, resulting in smaller body size on
islands (BSI’), point B, relative to mainland (BSM), point A. How-
ever, if release from predation predominates, reaction norm will
increase (RN*) more than growth rate decreases, resulting in larger
body size on islands (BSI¥), point C, relative to mainland. Figure
adapted from Palkovacs (2003)

@ Springer

capacity (Kohler 2010; Jordana and Kohler 2011; Marin-
Moratalla et al. 2011).

Much of the fundamental work relating life-history evo-
lution to insular size patterns has been conducted on island
populations of fossil mammals (Raia and Meiri 2006;
Kohler and Moya-Sola 2009; Jordana et al. 2012), but we
are unaware of comparative field-based tests of life-history
adjustments affecting body size of conspecific mammalian
populations. To test the effects of these life-history shifts
as mechanisms of adaptive size variation, we compared
morphology and age-specific development of black-tailed
deer (Odocoileus hemionus columbianus) on a predator-free
island to conspecifics on the mainland. Deer (family Cervi-
dae) are a well-studied group for which typical developmen-
tal rates, growth periods, and body sizes are well established
(Geist 1998). Additionally, deer tend to show strong insular
effects on body size (Lister 1996; Meiri et al. 2008a).

Because we were interested in detecting evolutionary
responses, we focused our investigation on development
of traits that demonstrate high heritability, low phenotypic
plasticity, and low linkage. Unlike mass accumulation
and skeletal growth rate, the timing of mammalian tooth
development and eruption are largely insensitive to envi-
ronmental stressors (Eveleth 1979; Thompson and Nelson
2000; Elamin and Liversidge 2013). Therefore, rather than
indicating phenotypic plasticity, heterochronic dental erup-
tion indicates a heritable developmental response, and tooth
development has provided a useful system to study evolution
of life histories within insular and continental mammalian
populations (Jordana and Kohler 2011; Nacarino-Meneses
et al. 2017). Within deer, tooth eruption and replacement
occur in a predictable sequence that is usually completed
within the first 3 years of life, and dental eruption patterns
are commonly used as a measure of development rate (Sev-
eringhaus 1949; Robinette et al. 1957; Thomas and Bandy
1975). Accordingly, allopatric variation in dental eruption
patterns of deer has been attributed to genotypic variation
(Loe et al. 2004). Further, because the molecular pathways
of tooth eruption and body-growth period are separate, they
need not demonstrate tight linkage. In mammals, long bone
growth period terminates as cellular and endocrine signals
trigger both the senescence of growth plates and epiphyseal
fusion (Simpson et al. 1950; Weise et al. 2001; Kjosness
et al. 2014; Shim 2015) whereas tooth eruption patterns are
determined by cell signal pathways mediated by microRNA
(Cao et al. 2010; Jin et al. 2017). Therefore, depending on
local conditions, selection may adjust developmental rate
and growth period independently.

Using phylogenetic comparison, Meiri et al. (2008a)
demonstrated that island populations of deer tend toward
dwarfism, suggesting resource limitation has a greater effect
than release from predation on deer populations (Palkovacs
2003). If reduced body size of insular deer populations
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results from adaptive adjustments in life-history patterns,
then these populations should demonstrate heterochronic
shifts that slow developmental rates with little change in
growth period (Fig. 1). Decreased growth period could
similarly decrease body size (Abrams et al. 1996; Dmitriew
2011), but this life-history adjustment is not predicted to
result from the increased resource competition and reduced
predation pressure experienced on islands (Stearns 1992).
Therefore, because island dwarfism is common in deer, and
our study population exists at high density with probable
nutritional stress (Long et al. 2013), we predicted that (1)
deer on the island will be smaller than mainland conspecif-
ics, and (2) dwarfism will result from slowed developmental
rate rather than shortened growth period. Consistent with
these predictions, we detected significant delays in dental
eruption but no concurrent shifts in growth period, result-
ing in dwarfism. These data from a free-ranging large mam-
mal population suggest that selection for small body size
may act by slowing life history, rather than acting on body
size directly.

Materials and methods
Study area

Blakely Island (48.55°N, 122.81°W), located in the San
Juan Archipelago in Washington, USA, is a densely for-
ested, 16.9 km? island 8 km from the mainland. Originally
timbered approximately 100 years ago, current canopy is
dominated by second growth Douglas fir (Pseudotsuga men-
ziesii), western hemlock (Tsuga heterophylla), and western
red cedar (Thuja plicata). Understory predominantly com-
prises sword fern (Polystichum munitum) and salal (Gault-
heria shallon). The temperate, seasonal climate is character-
ized by cool, wet winters (mean winter minimum = 0.4 °C)
and warm, dry summers (mean summer maximum =22.4
°C). Winter snow cover is rare. Seasonal availability of high-
quality forage for deer declines from late summer, immedi-
ately preceding breeding season, through late winter, imme-
diately preceding fawning (Long et al. 2013). Maximum
elevation is 318 m, so altitudinal variation in vegetation and
climate is minimal.

As on most other San Juan Islands, no large predators
exist; thus, island black-tailed deer densities typically exceed
mainland densities, and densities on Blakely Island (~35/
km?) are comparable with densities on other San Juan
Islands (Martin et al. 2011), but exceed nearby mainland
densities by an order of magnitude (Bender et al. 2004).
Glaciers began receding from San Juan Islands following
the last glacial maximum, around 13,500 radiocarbon years
BP, and ungulates, including deer, colonized the islands

approximately 12,000—10,000 radiocarbon years BP (Wilson
et al. 2007). Currently, humans sparsely populate Blakely
Island; there is little hunting of deer and no agriculture. Rac-
coons (Procyon lotor) are the only other mid- or large-sized
terrestrial mammal inhabiting the island.

Sample collection and measurement

From 2007 to 2015 on Blakely Island, we collected 122 par-
tial or complete black-tailed deer skulls. Most skulls were
collected opportunistically at the site of death, encountered
as we walked annual, off-trail, transect-based deer surveys.
When possible, we determined sex (N=112) by presence
of pedicles on frontal bones of males. To determine age
at death, we required at least one complete mandible from
which we could extract the first molar (M1; N=71). We
aged deer on an annual scale by counting cementum annuli,
a commonly used technique for aging mammals (Pike-Tay
1991; Burke 1993; Dammers 2006; Wall-Scheffler and Foley
2008). We used the M1 for aging because this tooth is the
only mandibular tooth that is present at birth and retained
throughout life (Mitchell 1967).

Tooth extraction, preparation, and analysis followed
procedures detailed in work by Wall-Scheffler (Wall 2004;
Wall-Scheffler 2007; Wall-Scheffler and Foley 2008). Specif-
ically, M1s were vacuum-impregnated in Buehler Epo-Thin
epoxy resin. The embedded M1s were sectioned using an
Isomet 1000 saw with a 17.8 cm-diameter diamond-tipped
blade (Buehler, Lake Bluff, Illinois, USA), mounted to a
frosted microscope slide, and ground and polished using an
EcoMet wheel with variable silicon carbide papers (Bue-
hler, Lake Bluff, Illinois, USA) to a thickness of 50-90 pm.
Cementum annuli were counted under a Leica DM EP polar-
izing microscope (Meyer instrument, Houston, Texas, USA)
equipped with a 180mm rotating stage and a rotating swing
in/out polarizer and a centerable condenser.

Eruption patterns in deer follow a well established
sequence that is frequently used to age deer (Severinghaus
1949; Robinette et al. 1957; Thomas and Bandy 1975). Neo-
nates display three erupted deciduous premolars (having lost
the ancestral first premolar, these are P2, P3, and P4), includ-
ing a deciduous tricuspid P4, and an erupted permanent M1.
In O. hemionus, a permanent second mandibular molar (M2)
erupts during the 2nd year; a permanent third mandibular
molar (M3) erupts during the 2nd or 3rd year, and a per-
manent bicuspid P4 replaces the deciduous tricuspid pre-
molar during the 3rd year (Robinette et al. 1957; Thomas
and Bandy 1975). We recorded eruption status as a binary
variable for each of the 71 deer for which we determined age
via cementum annuli. For comparison with other studies of
tooth eruption in deer that used live deer, recording visible
eruption above gum line (e.g., Robinette et al. 1957), we
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considered teeth to be erupted if the majority of the tooth
crown had emerged from the mandible.

To evaluate age-specific skeletal growth rates and size
at adulthood, we recorded four cranial measurements on
each skull: total skull length, nasal length, maxillary length,
and mandibular length. Size at adulthood (here defined as
specimens showing adult dentition with crowns of M2, M3,
and permanent P4 fully erupted from the mandible) of deer
from Blakely Island was compared to museum specimens
of adult black-tailed deer, which were retrieved from the
University of Washington Burke Museum of Natural History
and Culture (N=16) and the University of British Columbia
Beaty Biodiversity Museum (N=54). For the purpose of
size comparisons, museum specimens from mainland popu-
lations in Washington State, USA, and British Columbia,
Canada, were included. Additionally, samples from Vancou-
ver Island, British Columbia, Canada, were also included as
a possible intermediate sample. Vancouver Island is a large
island (32,134 km?), located approximately 40 km west of
Blakely Island, which supports a full suite of apex predators
that exert substantial predation pressure on deer (McNay and
Voller 1995). No other samples from islands were included.

Statistical analyses

To compare size at adulthood of deer from Blakely Island
(Npate =26, Ngepale =32), Vancouver Island (N, =27,
Niemaie = 11) and the mainland (V. =24, Neae = 8), We
performed a multivariate analysis of variance (MANOVA),
with the four skull measurements as dependent variables.
Sex and landmass were included as fixed factors. Ryan’s O
post-hoc test was used to compare size differences among
the three landmasses.

To examine growth period of deer on Blakely Island,
we plotted skull size by age, as determined from cemen-
tum annuli. Since morphometric measurements are typi-
cally highly correlated, we calculated a principal compo-
nents analysis of the four skull measurements to estimate
skull size. Missing values, due to fragmented or otherwise
incomplete skulls, were imputed using the missMDA pack-
age (Josse and Husson 2016) in R (R Core Team 2017).
Principal components analysis was then performed using
the FactoMineR package (L& et al. 2008). Since our sample
comprised subadults (i.e., here defined as individuals which
were still growing skeletally) and adults (i.e., individuals
which had terminated skeletal growth), age at which deer
stopped growing was estimated by piecewise linear regres-
sion (N1 =25, Neemare = 28) using the Segmented package
in R (Muggeo 2003, 2008). Thus, a breakpoint in growth,
interpreted as age at adulthood, could be estimated, and two
lines, one during growth and one after growth, were then
fit to the data. To control for potentially different growth
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rates and sexual dimorphism in adult body sizes, we mod-
eled males and females separately.

To estimate and model timing of eruption, we performed
Kaplan—Meier survival analysis (Kaplan and Meier 1958),
using the known-fates procedure in program MARK v. 8.1
(White and Burnham 1999). This analysis is well suited for
any temporal analysis of a binary event (Pollock et al. 1989;
Long et al. 2008). Similar to mortality in survival studies,
eruption of permanent teeth can occur only once (i.e., deer
that erupt a permanent tooth are not at risk of further erup-
tion of that tooth). When an eruption, analogous to mortality,
is a temporal event in a Kaplan—-Meier model, an estimate
of retained juvenile dentition, analogous to survival rate,
is reported. Thus, the compliment of this estimate is the
eruption rate.

For parameterizing the Kaplan—-Meier model, we esti-
mated the proportion of deer demonstrating juvenile denti-
tion (P) in an age class (a) by,

k
. U
p Zt—a

‘ Zj;a Ji+ Z?:()Ai’

where J is the number of individuals in each age class (i)
with juvenile dentition, A is the number of individuals in
each age class with adult dentition, and & is the oldest age
class after which no new eruptions were recorded. These
age-specific eruption proportions were then multiplied by
sample size (N 10s = 28, Npemates = 33) to estimate number
of deer in each age class and sex with juvenile and adult
dentition.

From these data, for each tooth (M2, M3, P4) we tested
for sex differences in eruption timing. Further, we compared
eruption rates of Blakely Island deer with a previously pub-
lished eruption schedule of a free-ranging population of
mainland conspecifics (N, =51, Neemae = 19) (Robinette
et al. 1957). Nine candidate models of eruption rate were
developed and tested based on three grouping variables:
age, sex, and landmass. Models of eruption rates for each
of the three teeth were ranked from best to worst using
Akaike’s Information Criterion corrected for small sample
size (AIC,), and models with differences in AIC (A) <2 are
considered to have similar support (Burnham and Anderson
1998).

Results

For all four cranial landmarks considered together, there
was a significant effect of sex (Wilks’ 1=0.73, F,; 5s=35.24,
P=0.001) and landmass (Wilks’ 1=0.49, Fg,,=5.93,
P <0.001) on adult skull size, but there was not a signifi-
cant interaction between these factors (Wilks’ 1=0.83,
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Fig.2 Mean (+SE) skull 300 -
dimensions for adult female
and male black-tailed deer on 290 1
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grey bars). Females were sig- s 240

nificantly smaller than males for O 230 -

all measurements (P <0.014),
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effect of landmass (P <0.001).
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Ryan’s Q post-hoc tests sug- 210 1
gested all pairwise comparisons 200
for each cranial landmark were
significantly different among 100 -
landmasses (P <0.05), such that c
deer from Blakely Island were
smallest, except mandibles of 90 -
deer on Blakely Island were not €
significantly shorter than man- =
dibles of deer from Vancouver = 80 -
Island (P=0.29). There was §> {_
no interaction between sex and 2 70 A
landmass (P =0.20) g -
s 60 -
=
50 -
40
Female

Fg11,=1.42, P=0.20). Landmass had a significant effect on
each of the cranial measurements (F, ¢s > 12.66, P <0.001),
such that deer from Blakely Island were smallest; deer from
the mainland were largest; and deer from Vancouver Island
were intermediate in size for each (Fig. 2). Likewise, females
were smaller than males for all measurements (F; ¢5>6.42,
P <0.014). Considering all cranial metrics, mainland deer
were, on average, 17.3% (SE+4.0) and 14.0% (SE +1.6)
larger than Blakely Island females and males, respectively
(Fig. 2). Male crania were, on average, 6.7% (SE+1.3) and
3.9% (SE + 1.3) larger than females on Blakely Island and the
mainland, respectively (Fig. 2).

In multidimensional analysis of the total skull length,
nasal length, maxillary length, and mandibular length, the
first principal component (PC1) accounted for 86.5% of the
variation in skull size and was positively correlated with
the cranial measurements (R >0.90, P <0.001). Therefore,
PC1 was retained as the estimate of skull size for piecewise
regression to estimate growth period. Deer from Blakely
Island showed similar growth patterns for males (Multi-
ple R>=0.45, df=22, P=0.009) and females (Multiple
R?>=0.80, df =24, P<0.001; Fig. 3). Based on breakpoints

150

Male

Female Male

PC1 skull size

Age (yrs)

Fig. 3 Estimation of growth period using piecewise linear regression
models of age and skull size (PC1 score) for male (solid line, closed
circles) and female (dashed line, open circles) black-tailed deer on
Blakely Island, Washington, USA. Breakpoint analysis indicated that
growth continued through 3.02 (SE=0.45) years and 3.49 (SE=0.34)
years for males and females, respectively
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in the piecewise regression, males terminated growth at T¥zgsssss
3.02 years (SE +0.45), and females terminated growth at 2l 3333 33
3.49 years (SE +0.34). The growth phase of males was mod- .
eled as. o) — O — O —
S|_nsz2583§%
Siale = 2.65 (£ 0.92) X A — 7.56 (+ 2.25)for A < 3.02, dloedes=m I oo
where S is the first principal component of skull size, Tla|ogwnwe oo xns
A is age in years, and values in parentheses are stand-
ard errors of coefficient estimates. Beyond 3.02 years for .lg58888888
males, slope (0.06, SE +0.18) did not differ from zero, Bleeee e
suggesting growth of males had stopped. Similarly, female o
growth was modeled as Jjg&tes&8R=zE€s8
<4 -y z a3
Stemales = 2.17 (£ 0.39) X A — 7.98 (£ 0.92) for A < 3.49.
Likewise, beyond 3.49 years, slope (0.10, SE+0.11) Sla|saewzomw -
of female growth did not differ from zero. In this way,
growth period of island black-tailed deer did not differ % S § § g § § § § §
from mainland conspecifics, and also completes skeletal
growth between 3 and 4 years (Lewall and Cowan 1963). Ty o o ©
To our knowledge, all previously measured mainland < 288 E g 5 § 5
populations of Odocoileus spp. complete tooth eruption dleode s ¥ =~=5d
by age three (Severinghaus 1949; Robinette et al. 1957; g “
X ~ 00 \n O ~ 0 ~ < —

Thomas and Bandy 1975), but deer on Blakely island con-
tinue tooth eruption well beyond this age. Specifically,
the most parsimonious model of tooth eruption (Table 1)
suggested that for all teeth examined, including perma-
nent P4, M2, and M3, deer on Blakely island erupted teeth
1-2 years later than mainland conspecifics. Additionally,
females on Blakely Island had significantly later erup-
tion times than males, but this difference was not detected
between sexes on the mainland (Table 1). Thus, for each
tooth, we modeled three age-specific eruption probabili-
ties: Blakely Island males, Blakely Island females, and
mainland sexes combined (Fig. 4).

All mainland deer erupted M2s as 1-year-olds (i.e.,
between the age of 1 and 2); however, no males and few
females erupted M2 at this age on Blakely Island (Fig. 4a).

Eruption timing varied between areas and by sex on Blakely Island
Eruption timing varied between areas and by sex on the mainland
Eruption timing varied between sexes and by area for males
Eruption timing varied between sexes and by area for females
Eruption timing did not vary between sexes or areas

Eruption timing varied between areas but not by sexes
Eruption timing varied between sexes but not by area

Eruption timing did not vary by sex, area, or age

Table 1 Model ranking of nine candidate models, with best model at top, estimating eruption timing (E) of second mandibular molars (M2), third mandibular molars (M3), and permanent
Eruption timing varied between areas and sexes

fourth premolars (P4) of deer (Odocoileus hemionus) on Blakely Island and the mainland. Mainland data from Robinette et al. (1957)

=}
On Blakely Island most M2 eruption occurred in 2-year- é
olds, but some deer erupted M2s beyond this age (Fig. 4a). )
Similarly, 67% of mainland deer erupted M3s as 1-year- :: %
olds, and the remainder erupted M3s as 2-year—olds; how- 2 E
ever, no deer on Blakely Island erupted M3s as 1-year-olds = u;
(Fig. 4b). For males on Blakely Island, most M3 eruptions = - :“.:
occurred in 2- and 3-year olds, but for females, most M3 5? X%" Su
eruptions occurred in 3- and 4-year olds (Fig. 4b). Finally, g 5 28 br
all mainland deer erupted permanent P4s as 2-year—olds E X % % ﬁ '§
(Fig. 4¢). However, fewer than half of the males on Blakely = 5823 2 U e
Island erupted permanent P4s during this age, whereas go . 5 < B % E %
most females on Blakely Island erupted permanent P4s X % E = & o) § §
as 3- or 4-year olds (Fig. 4c). With the exception of one & X% & E x g 3 )
female, in which the P4 erupted before the M3, all deer on L8295 s 5y 2
Blakely Island erupted teeth in the same eruption sequence 5 2 g g 2 é é ) 2 g E
as mainland deer, such that M2 eruption preceded M3 2 BsEmegiE E £ 3
= DO @m@m@o@ooo| &8 &
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Fig.4 Cumulative and age-specific timing of eruption probability for
a second mandibular molars (M2), b third mandibular molars (M3),
and ¢ permanent third mandibular premolars (P4) in black-tailed deer
from Blakely Island, USA, compared to mainland conspecifics. The
most parsimonious model of tooth eruption suggested island deer

eruption, which preceded eruption of replacement P4s.
Using dental eruption as an indicator of developmental
rate and cranial growth patterns as an indicator of growth
period, we found that island deer developed slower over
the same time as mainland conspecifics, which resulted in
smaller adult body size.

erupted teeth later than mainland deer, and females on the island
erupted teeth later than males, but there were no sex differences in
the mainland population. Lines are slightly offset for clarity Mainland
data are from Robinette et al. (1957)

Discussion

Populations may adapt to chronic resource limitation and
release from predation by decreasing growth rates, and
dwarfism results if reduced growth rates are not accompa-
nied by prolonged growth period (Fig. 1) (Palkovacs 2003).
Consistent with this, relative to mainland conspecifics,
black-tailed deer on Blakely Island were smaller, did not
grow over a longer period, and developed slower, such that
tooth eruption occurred 1-2 years later than any other Odo-
coileus population of which we are aware. Our observation
of smaller body sizes in this population is consistent with
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island dwarfism observed in other artiodactyls, and specifi-
cally deer (Raia and Meiri 2006; Meiri et al. 2008a). Further,
our finding of slowed growth rate is consistent with patterns
seen in other insular large mammals in which slowed life his-
tory has been interpreted as an adaptation to high population
densities in a resource-limited environment (Fig. 1) (Kohler
2010; Jordana and Kohler 2011). Additionally, deer from
Vancouver Island, a nearby large island with a full suite of
predators, grew to intermediate body sizes relative to deer
from Blakely Island and the mainland, suggesting release
from predation was not the only selective pressure toward
small body size. Similarly, Meiri et al. (2008b) observed that
large mammals on the large island of Borneo (743,000 km?)
demonstrated dwarfism, a pattern they related to resource
limitation due to poor soils.

Numerous animal lineages display adaptive adjustments
to growth rate, demonstrating the underlying genetic vari-
ation in this life history trait on which selection could act
(Rauter and Moore 2002; Wilson et al. 2009; Dmitriew et al.
2010). Studies of growth-rate evolution typically focus on
insects, fish, or amphibians, and these model organisms pro-
vide broadly applicable predictions that generally accord
with the specific predictions associated with populations in
insular environments (Dmitriew 2011). For instance, Roff
(1992) and Stearns (1992) predicted food restriction would
decrease growth rates, similar to patterns observed in our
island population of deer. Growth period has also been well
studied in deer in both enclosures (Lewall and Cowan 1963;
Serrano et al. 2007) and natural field conditions (Purdue
1983; Flinn et al. 2013). Unlike tooth eruption, growth
period in deer may display plasticity, showing prolonged
growth when nutrition is poor. For example, in a controlled
feeding experiment, Lewall and Cowan (1963) found that
nutritionally deprived, mainland black-tailed deer extended
growth period up to 1 year. Thus, environmentally induced
plasticity of growth period in populations from relatively
resource-rich environments may be an adaptive response to
attain large body size during periods of food shortage, where
large body size would otherwise be selected. However, we
did not detect evidence of prolonged growth period in the
Blakely Island population of deer, which are likely adapted
to a relatively resource-poor, predator-free environment,
where smaller body size is likely adaptive.

Most studies investigating effects of predation on
growth rate suggest that presence of predators ultimately
decreases growth rates of prey because prey cannot for-
age as freely in the presence of predators (Abrams and
Rowe 1996; Abrams et al. 1996; Dmitriew 2011). Consist-
ent with this, nocturnal and crepuscular feeding sched-
ules in mainland deer have been attributed to predator
avoidance strategies, but these constraints are relaxed in
populations of deer on predator-free islands (Loe et al.
2007), including our study population (Long et al. 2013).

@ Springer

However, if predation pressure is focused on small-sized
prey, then there is strong selection for faster growth to
reach a size-refuge quickly (Werner and Gilliam 1984;
Day et al. 2002), and Sibly et al. (1985) noted that faster
growth with predation is predicted when models include a
time constraint on development. Predation of deer is often
focused on juveniles and smaller individuals (Pierce et al
2000; Vreeland et al. 2004); therefore, despite predator-
induced limitations on feeding schedules, mainland popu-
lations are likely under selective pressure to grow larger
more quickly. In this way, observed mainland growth rates
may not represent theoretically optimal rates; rather, the
presence of predators may speed growth beyond optimal
rates, and fast growth in animals has been shown to be
physiologically costly (Rollo 2002; Mangel and Munch
2005; Alonso—Alvarez et al. 2007; Nussey et al. 2009).
Therefore, relatively fast growth rates of deer on the main-
land and slow growth rates on islands may both be locally
adapted deviations from a theoretical optimum, emphasiz-
ing the tradeoffs associated with selection of life-history
traits and the selective advantage of maintaining underly-
ing genetic variation in growth rate (Case 1978b; Houle
1998; Gillespie and Turelli 1989; Turelli and Barton
2004).

Although we did not detect sex differences in tooth erup-
tion rates for mainland deer, we demonstrated that female
deer on Blakely Island tended to erupt teeth later than males.
Loe et al. (2004) detected sex differences in eruption tim-
ing of red deer (Cervus elephus), but females tended to
erupt teeth earlier in that study. Explanations of observed
patterns are speculative, but female deer and male deer are
likely under sex-specific selection pressures, and life-history
evolution under resource limitation may operate differently
between the sexes. Sexual segregation, sexual size dimor-
phism, and sex-specific activity patterns are common in
deer (Bowyer et al 1996; Long et al. 2013), thus patterns of
resource acquisition and allocation likely differ by sex. As
shown in this study, male deer are larger than females, a pat-
tern often attributed to mate competition; therefore, devel-
opmental rate in males may be more constrained than in
females, as substantial delays to adult size may reduce repro-
ductive opportunities for males more than females (Clutton-
Brock 1988). Further, because fast growth is energetically
expensive and likely trades off with survival, females may
develop slower under resource limitation to facilitate greater
allocation to the energetic demands of gestation and lacta-
tion (Mateo 2009). Related to this, developmental rate likely
influences age at first reproduction, a life history trait we
were unable to determine directly in our study. However,
numerous studies have suggested the reproductive maturity
positively correlates with timing of tooth development, indi-
cating that populations with delayed tooth eruption may also
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delay reproductive maturity (Dean 2006; Dirks and Bowman
2007; Anders et al. 2011).

Previous studies have suggested that timing of tooth erup-
tion, relative to other teeth in the same individual, may relate
to life history strategies; specifically, Schultz’s rule predicts
that replacement teeth appear earlier, relative to molars, in
populations with slow life history (Smith 2000; Jordana
et al. 2013). The resolution of our data (i.e., annual incre-
ments) was insufficient to test this prediction robustly, but
in addition to delaying overall eruption, the time between
M3 and P4 eruption tended to be shorter in deer on Blakely
Island relative to the mainland (Fig. 4). Overall, however,
more research is needed to examine sex-specific selection in
mammalian growth rates, allopatric variation in growth rates
relative to age at first reproduction, and population-specific
variation in timing of tooth eruption.

Adult body size is recognized as an important predictor
of fitness that experiences strong selection. Yet, the mecha-
nism of this selection may target heterochronic adjustments
to life-history traits that influence adult body size, rather
than operating on size directly. Field-based studies of evo-
lutionary adjustments of growth rates remain rare, especially
for mammals. To our knowledge, this study represents the
first demonstration in a free-living population of large mam-
mals that adjustments to developmental rates affect adult
body size. These changes are consistent both with the gen-
eral predictions of growth rate evolution, and more specifi-
cally, with adaptive responses of life-history traits of insular
populations.
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