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We modeled the growth in skull size of brown bears (Ursus arctos) using 11,651 individuals across 6 regions in
Alaska with the von Bertalanffy function. The study areas varied greatly in habitat types and included coastal
areas in south-central Alaska, interior regions, and the most northern reaches of the species’ North American
range. The top-ranking model supported region- and sex-specific growth curves. The large differences in
parameter estimates of asymptotic size and the growth coefficient across regions were likely influenced by
variation in habitat quality, especially the availability of salmon (Oncorhynchus spp.), and these differences
relate to other known life-history traits. Contrary to other studies of North American bears, we found a strong
hyperallometric relationship in sexual size dimorphism (SSD) where SSD increased with asymptotic size. This
relationship supports sexual selection as the driving mechanism of SSD in brown bears. However, the variable
intensity of sexual selection across these regions, as demonstrated through hyperallometry in SSD, is likely
influenced by proximate factors such as variable food resources and population densities that vary by more than
2 orders of magnitude. The ecological implications of the variation in growth, size, and SSD of brown bears
across their Alaskan range are substantial and need to be recognized and incorporated into area-specific

management and conservation strategies.
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Geographic differences in growth and body size within a
species can be influenced by various physiological, ecological,
and evolutionary constraints (Clutton-Brock and Harvey 1983;
Marquet and Taper 1998; Peters 1983). The omnivorous diet
of brown bears (Ursus arctos) allows them to live in diverse
and disparate ecological conditions and makes them apt
subjects for the investigation of geographic variation. Energy
availability for brown bears in Alaska varies from southern
coastal areas with abundant salmon (Oncorhynchus spp.) and
high primary productivity, to interior and northern regions
with harsher climates and lower quality food resources
(Ferguson and McLoughlin 2000; Miller et al. 1997). Nu-
tritional plane affects body size in bears as well as several
other life-history and demographic traits including population
density, growth, age at lst reproduction, and reproductive
rate (Blanchard 1987; Bunnell and Tait 1981; Derocher and
Stirling 1996, 1998; Hilderbrand et al. 1999b; Mowat and
Heard 2006). Theory predicts that larger and faster growing
females reproduce earlier, have higher natality rates, and
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produce offspring of better quality than do smaller females
(Sterns 1992), and this holds true empirically for brown bears
(Hilderbrand et al. 1999b; Mowat and Heard 2006; Zedrosser
et al. 2006). Therefore, quantifying growth patterns in the
body size of bears can allow for meaningful comparisons of
life-history patterns between populations or for tracking
changes in a single population over time.

Previous research on brown bears has shown that skull size
and body size varied greatly across Alaska (Hall 1984;
Hilderbrand et al. 1999b; Rausch 1963). This variation has
influenced the use of different common names according to
where the bears reside. Southern coastal populations of Alaska
have large bears that are generally termed ‘‘brown’’ bears
whereas interior and northern populations are commonly
categorized as the smaller sized ‘‘grizzly’’ bears (Schwartz
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et al. 2003). However, ‘‘brown’’ and ‘‘grizzly’’ bears are
considered the same species throughout their range. Rausch
(1963) 1st suggested the availability of salmon in the diet as
the main putative cause of body-size variation in brown bears.
This hypothesis has since gained empirical support with a
greater amount of salmon in the diet contributing to both
larger body size and higher fitness in brown bears (Hilder-
brand et al. 1999b; Mowat and Heard 2006; Robbins et al.
2007). Variation in size and growth of brown bears could
potentially have a genetic component. However, large coastal
“‘brown’” bear populations do not have absolute barriers to
gene flow with physically smaller ‘‘grizzly’’ bears of inland
areas and differences in body size have been attributed to
variation in the availability of salmon, not genetic differences
(Hilderbrand et al. 1999a; Paetkau et al. 1998a; Robbins et al.
2004). Kodiak Island is an exception in that bears have been
isolated from the mainland population for about 10,000 years
and show low genetic diversity (Paetkau et al. 1998a, 1998b;
Talbot and Shields 1996). Paetkau et al. (1998a) noted that
the genetic uniqueness of Kodiak Island bears might account
for their unusually wide skulls compared to bears in similar
coastal habitats. Salmon are not an available food source in
northern Alaska, and although bears have access to abundant
caribou (Rangifer tarandus) populations in some parts of the
region (Mowat and Heard 2006; Reynolds and Garner 1987),
access to these migratory caribou varies over space and time,
resulting in bears having a primarily vegetarian diet (Hechtel
1985). In addition, bears at high latitudes have longer denning
periods due to more severe climatic conditions (Ferguson and
McLoughlin 2000; Kojola and Laitala 2001; Rausch 1969). A
low-quality diet and a reduced period of active foraging would
reduce the ultimate size bears can attain (Rode et al. 2001;
Welch et al. 1997) and also influence productivity and
population density.

The availability of high-quality resources also may
influence the rate of somatic growth. Higher growth rates in
polar bears (Ursus maritimus) were suggested to be associated
with greater access to prey (Derocher and Stirling 1998;
Kingsley 1979). Zedrosser et al. (2006) suggested differences
in growth rate in brown bears were related to resource
availability. Size and growth of brown bears in northern
Alaska and Canada varied little (Kingsley et al. 1988) sug-
gesting populations with similar ecological constraints share
similar rates of growth and ultimate body size. Growth in body
size has been shown to be substantially complete near the age
at 1st reproduction for female brown bears (Glenn 1980;
Kingsley et al. 1983, 1988) and female polar bears (Derocher
and Stirling 1998; Derocher and Wiig 2002). Fast growth and,
therefore, early maturation would potentially increase fitness
levels (He and Stewart 2001; Sterns 1992; Stearns and Koella
1986).

Sexual size dimorphism (SSD) is universal in North
American bears (Derocher et al. 2005; Kingsley et al. 1988;
Mahoney et al. 2001). Variation in SSD within a species
can have important implications for its ecology, behavior,
population dynamics, and the evolution of life-history traits
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(Issac 2005). Three main mechanisms are thought to
potentially influence SSD; sexual selection, different sex roles
in reproduction, and intersexual food competition (see review
in Fairbairn et al. 2007). However, there is not likely a single
selective force directing SSD (Isaac 2005). Sexual selection
through mate competition is often cited as the principal
mechanism driving SSD for species with a male-bias in size
(Andersson 1994; Darwin 1871; Ralls 1977; Trivers 1972). In
brown bears, delayed estrus due to prolonged offspring care
limits the number of receptive females available for breeding,
ostensibly creating a competitive advantage for larger body
size in males (Clutton-Brock et al. 1977; Emlen and Oring
1977; Fairbairn et al. 2007). Indeed, male brown bears that
attained a large size showed a higher reproductive success
than smaller males (Zedrosser et al. 2007). Furthermore, as
mate competition between males increases with population
density, the intensity of sexual selection also increases
(Capellini 2007; Leutenegger 1978; Weckerly 1998) poten-
tially influencing the mating strategy employed (Emlen and
Oring 1977). Brown bears do not employ the same mating
strategy across their range. The mating strategy may be
promiscuous (Schwartz et al. 2003), polyandrous (Hornocker
1962), or polygynous (Dahle and Swenson 2003). Therefore,
determining the degree and patterns of SSD across populations
may provide insights as to the type of mating strategy
employed across populations.

Along with sexual selection as a mechanism for causing
SSD, brown bears also have different sex roles in repro-
duction, where females invest energy producing and caring
for young and therefore, have fewer resources to invest in
growth and body size. However, direct intersexual compe-
tition for food is not a likely mechanism influencing SSD in
brown bears because of their diverse and omnivorous diet.
Rather, females with cubs have been found to segregate from
males and forage on lower quality foods purportedly to avoid
infanticidal males (Ben-David et al. 2004). Rode et al.
(2006) argued that SSD was responsible for sexual se-
gregation because female brown bears are smaller than males
and can use poorer quality habitats to avoid infanticide. As
in some mustelid species (Erlinge 1979; Holmes and Powell
1994; Moors 1980), intersexual resource partitioning in
brown bears is likely the result of SSD, not a mechanism
causing SSD.

Along with the traditional mechanisms that may drive SSD
outlined above, proximate environmental factors may shape
the magnitude of SSD within populations (Cox et al. 2008).
For example, Ralls and Harvey (1985) suggested regional
differences in the abundance of prey affected adult size much
more in male weasels (Mustela erminea and M. frenata) than
in females, thus contributing to geographic variation in SSD.
A decrease in population density caused greater SSD in
bighorn sheep (Ovis canadensis) purportedly due to reduced
resource competition (LeBlanc et al. 2001). In these studies,
environmental variables are potential proximate causes of
SSD, whereas the ultimate mechanism is governed by sexual
selection. Accurate explanations of the ultimate causes of SSD
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may be dependent on understanding the underlying proximate
mechanisms (Watkins 1996). If sexual selection is the ultimate
mechanism driving SSD, dimorphism should increase with
body size across regions (hyperallometry or Rensch’s rule—
Abouheif and Fairbairn 1997; Fairbairn 1997; Fairbairn and
Preziosi 1994; Lindenfors et al. 2007; Rensch 1960), while
proximate factors would likely shape the magnitude of the
hyperallometry. North American bears are fitting subjects to
show hyperallometry in SSD due to the role sexual selection
likely plays in dictating sex-specific growth and size, and the
variability of proximate factors, such as food resources and
population densities, across their distribution. However,
hyperallometry in SSD has not been found in polar bears
(Derocher et al. 2005) or black bears (Ursus americanus—
Mahoney et al. 2001). Stirling and Derocher (1990) addressed
this question for brown bears, but their regression analysis
violated the assumption of mathematical independence of
the variables. Therefore, to our knowledge, hyperallometry in
SSD has not been adequately tested in brown bears. We
believe that brown bears that live in extremely disparate
habitats with variation in population densities exceeding 2
orders of magnitude may show hyperallometry in SSD,
whereas polar bears and black bears that live in relatively
more homogeneous habitats with lower variation in population
densities would not.

Rausch (1963) and Hall (1984) qualitatively identified
geographic variation in skull size of brown bears, and sub-
sequent studies have modeled growth (Kingsley et al. 1988;
Mowat and Heard 2006; Ohdachi et al. 1992; Zedrosser et al.
2006). However, no study has modeled growth in brown bears
across different areas in Alaska. We compared growth of
brown bears in 6 regions of Alaska that include a diversity of
habitats. Our objective was to evaluate geographic variation
in size and growth of brown bears using the information-
theoretic approach, specifically identifying patterns in the
variation of growth curves, asymptotic skull size (a measure of
the average maximum size attained by the population), and the
growth rate coefficient. Because environmental variation can
affect body size (Hilderbrand et al. 1999b; Mowat and Heard
2006) and growth rate (Zedrosser et al. 2006), we hypothe-
sized, Ist, that bears in areas with high primary productivity
and access to salmon would show greater asymptotic size and
faster growth than bears living in harsher environments.
Through the principal of parsimony, we further refined this
hypothesis and predicted that the variation in growth rate and
asymptotic size would be best described by combining regions
as aggregate groups of coastal populations versus noncoastal
or interior populations (i.e., ‘‘grizzly’’ versus ‘‘brown’’ bears).
Given the likelihood that sexual selection and proximate factors
such as environmental variation and population density in-
fluence male and females bears differently, we also hypothe-
sized, 2nd, that an interaction between sex and region would
improve models describing size and growth in brown bears.
Regarding SSD, we hypothesized, 3rd, that an increase in adult
size across regions would result in an increase in SSD (i.e.,
hyperallometry in SSD).
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Fic. 1.—Six regions in Alaska used to compare growth of
brown bears.

MATERIALS AND METHODS

Study areas.—Our study focused on 6 regions in Alaska
(Fig. 1) with large differences in habitat types and therefore
large differences in bear densities and life-history patterns
(Table 1). Three areas are coastal habitats in south-central
Alaska (Alaska Peninsula, Kodiak Island, and Kenai Penin-
sula), where bears are large (Hilderbrand et al. 1999b) and
have access to salmon. These are all considered large-body-
sized and high-density ‘‘brown’’ bear populations. In 3 con-
trasting areas, including the Seward Peninsula, interior Alaska,
and northern Alaska, bears have greatly reduced or no access
to salmon and overall habitat quality is lower than in the 3
southern coastal regions (Miller et al. 1997). Bears in these
areas are considered ‘‘grizzly’’ bears with smaller body size
and lower population densities.

The Alaska Peninsula (87,000 km2) is 800 km long, with the
Bering Sea and Bristol Bay to the north and the Gulf of Alaska
to the south. It includes Katmai National Park and the McNeil
River area, which hold some of the highest concentrations of
brown bears in the world (Aumiller and Matt 1994). Kodiak
Island (10,000 kmz, including Afognak Island) is in the Gulf
of Alaska and lies about 40 km southeast of the Alaska
Peninsula. The Kenai Peninsula (24,000 km?) is bounded by
Prince William Sound, the Gulf of Alaska, and Cook Inlet.
These 3 southern coastal areas have abundant runs of all 5
species of Pacific salmon, which are heavily used by brown
bears (Barnes 1990; Gende et al. 2001; Hilderbrand et al.
1999a, 1999b; Rode et al. 2006). The Seward Peninsula region
(65,000 kmz) includes drainages around Norton Sound and
part of Kotzebue Sound on the west-central coast of Alaska
where salmon runs are highly variable between years and are
not as abundant or available to bears as in the southern coastal
areas (Miller et al. 1997). The interior Alaska region
(120,000 kmz) is south of the Alaska Range, east of the
Wrangell Mountain range, and includes parts of the Chugach
and Talkeetna mountains to the south. Bears in this region
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TasLE 1.—Population densities (bears/1,000 km?) and selected life-history traits from past studies of brown bears (Ursus arctos) within 6

regions in Alaska.

Region Density Mean litter size Mean age at 1st litter (years) Birth interval (years)
Kodiak Island 292-343* 2.4° 6.4° 4.0°
Alaska Peninsula 191-551° 234 6.3-7.2¢ 3.6°
Kenai Peninsula - 2.2f —_ 3.0f
Seward Peninsula 298 — — —
Interior Alaska 115410 2.14 5.6 4.1
Northern Alaska 4_24* 1.6-2.0F 7.3-9.7" 4.1%

# Barnes and Smith 1998.

® Van Daele 2007.

¢ Miller et al. 1997.

4 Miller et al. 2003.

¢ Glenn et al. 1976.

f Farley 2005.

€ Miller and Nelson 1993.

" Miller 1997.

' Miller 1993.

I Crook 1971.

¥ Reynolds and Hechtel 1984.
! Reynolds and Garner 1987.

have either no or limited access to salmon (Hilderbrand et al.
1999b). The northern Alaska region (265,000 kmz) encom-
passes the northernmost distribution of North American brown
bears and includes parts of the eastern Brooks Range as well
as treeless tundra north of the range. Bears in this region have
no access to salmon (Hilderbrand et al. 1999b; Mowat and
Heard 2006), the nondenning period at these high latitudes is
short, and available food is of relatively low quality (Hechtel
1985).

Data.—More than 11,650 skulls were measured from 1969
to 2009 from brown bears killed by hunters or by other human
causes (Fig. 2; Table 2). Skull size has been used extensively
as an index for body size in bears (Derocher et al. 2005; Meiri
et al. 2004; Mowat and Heard 2006; Zedrosser et al. 2006) and
has been reported as a better measure for quantifying size and
growth compared to other body morphometry because of
lower measurement error (Eason et al. 1996; Glenn 1980).
Brown bears can gain 70% of their spring body mass by the
fall (Kingsley et al. 1983) and muscle strength also can vary
significantly seasonally (Lohuis et al. 2007). This level of
seasonal variation renders measures of mass or bulk much
more problematic in assessing size-at-age than linear mea-
surements. We used linear skull measurements as indexes of
body length (Derocher and Stirling 1998; Rode et al. 2010)
and assumed this to be an assessment of overall body size.
Determining what traits male bears assess in each other when
competing for mates is important when addressing questions
about causes and consequences of SSD. Inferences made
about measurements should ideally have a theoretical context
(representational measurement theory—Houle et al. 2011).
However, given that outcomes of male : male competition for
mates (a likely mechanism causing SSD) are determined by a
complex and uncertain mix of size, behavior, condition, age,
density of available females, density of competing males,
experience, prior contact, and other unknown variables, pra-
gmatic measures are needed to address questions about
complex interactions (Houle et al. 2011). Given the uncertain

complexity of how male brown bears assess each other during
mate competition, we believe, as exemplified in other studies
(Derocher et al. 2005; Rode et al. 2010), that a valid index of
body size can be used to further our understanding of complex
morphological relationships such as SSD.

State regulations in place since the late 1960s have required
that an employee of the Alaska Department of Fish and Game
inspect the skull and hide of every brown bear taken by
humans within 30 days of the kill. Data collected include
specific location of the kill, sex determined by inspecting
evidence retained on the hide, and skull measurements of
length and width. Skull length is defined as the distance
between the anterior surface of the premaxillary bone to the
most posterior dorsal process of the sagittal crest. Skull width
is defined as the widest breadth across the zygomatic arches.

Fi6. 2.—Dorsal view of 2 skulls of male Ursus arctos showing the
large size difference between a 19-year-old coastal ‘‘brown’’ bear
from the Kenai Peninsula (left) and a 22-year-old ‘‘grizzly’’ bear
from interior Alaska (right). Photograph by M. Renner.
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TaBLE 2.—Sample sizes of skulls of brown bears (Ursus arctos)
measured from 1969 to 2009 used to model growth from 6 regions
in Alaska.

Region Males Females
Alaska Peninsula 3,175 1,442
Interior Alaska 1,286 829
Kenai Peninsula 152 121
Kodiak Island 1,992 868
Northern Alaska 537 255
Seward Peninsula 638 356
Total 7,780 3,871

Measurements were taken to the nearest 1/16 inch (1.6 mm).
The age of each bear was estimated in whole years by
counting annual cementum layers in the root of a premolar
tooth (Willey 1974). Our analysis only included teeth aged
with the highest precision rating and were assumed to be aged
accurately (Matson et al. 1993). Fractional age was calculated
to the day using the reported date of death and assuming day
of birth was 1 January. Skull measurements collected over
40 years likely hold significant temporal variation due to
variability in food availability, food quality, population
densities, and other sources that would affect the growth and
body size in cohorts of brown bears. Accurate measures of
environmental variability over long time periods used to
analyze changes in size and growth in bears are rare (Rode
et al. 2010). Without area-specific data on temporal environ-
mental variation (e.g., food availability) across our large study
areas, which are largely unknown and likely vary greatly
within regions, we were unable to incorporate this likely
source of variation into our analysis. We acknowledge that
bears taken by hunters that ostensibly select the largest animal
available may be a biased sample. However, we assume that
any potential bias would be consistent for all populations
allowing for valid comparisons of the data across study areas.
This study conformed to guidelines approved by the American
Society of Mammalogists (Sikes et al. 2011).

Statistical analysis.—Skull measurements were analyzed
with nonlinear regression (PROC NLMIXED—SAS Institute
Inc. 2003) fitting the von Bertalanffy growth function (von
Bertalanffy 1938, 1960):

L,=L., — (L, —Lo)e ™,

where L, is the skull size at age a, L. is the asymptotic or
average maximum skull size, L, is the skull size at birth, k is the
growth coefficient, and e is the base of the natural logarithm.
This version of the von Bertalanffy function also has been
called the monomolecular function when used to model growth
in weight (Garel et al. 2006, 2009). To minimize bias when
fitting models with a lack of data during the early growth period
(Garel et al. 2006, 2009; Shrader et al. 2006; Solberg et al.
2008), skull size at birth was fixed by taking the average skull
size from 6 neonate brown bears < 1 week old measured from
collections at the Alaska Department of Fish and Game, the
American Museum of Natural History, the Museum of
Southwestern Biology, and the Royal Ontario Museum. The
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mean neonate skull length was 5.62 cm (coefficient of variation
[CV] = 4.5%); the mean neonate skull width was 3.44 cm
(CV = 16.2%). The relatively low variation in neonate skull
measurements is likely due to the short 6- to 8-week gesta-
tion period in brown bears, which limits fetal development
(Pasitschniak-Arts 1993). Therefore, we believe our sample
adequately describes size at birth.

Variation in growth and asymptotic size by region, sex, and
their interaction were explored and competing models were
assessed by Akaike’s information criterion, with a correction for
sample bias (AIC.—Akaike 1973; Burnham and Anderson
2002), and model probabilities (Burnham et al. 2010). We did
not include models where asymptotic size was constant across
sexes or regions because of a posteriori knowledge of SSD and
regional differences (Hilderbrand et al. 1999b). Also, we did not
include models where growth rate was equal across sexes
because of a posteriori knowledge of intersexual variation in
growth rate where male bears grew slower to achieve their
greater size (Kingsley et al. 1988; Mowat and Heard 20006).
Additionally, to assess the hypothesis that bears could be
described as coastal versus noncoastal or interior (i.e., ‘‘grizzly’’
versus ‘‘brown’’ bears), models using these 2 aggregated re-
gions were explored along with models with 6 distinct regions.
Interactions between region and sex for both asymptotic skull
size and growth coefficient parameters were modeled as a linear
offset in male size by region so the full model was:

L., (region, sex) = Oregion + Isex =male (B + Yregion)

k(region, sex) = 8region + Isex = mate (€ + Nregion) -

where o, B, v, 9, &, and m are all regression parameters to be
estimated and Igex—mate 18 an indicator function, which equals 1
for males and O for females. The growth coefficient (k) has units
of reciprocal age and, although comparisons across populations
are valid, is difficult to interpret biologically. To assess k in a
biological context, we used age when 97% of asymptotic skull
size was attained to compare growth patterns of bears across
regions (Derocher and Stirling 1998; Rode et al. 2010).

We assessed SSD by modeling a linear relationship between
male and female asymptotic skull size from each region for
both skull length and width with the model:

Lw (region; SEX) = O(region + Isex =male (B + Y * O(region)

k(l’egion, sex) = 6region + Isex:male (8 + nregion) .

A hyperallometric relationship would be supported if the slope
of this relationship is significantly >1 (Blackenhorn et al.
2006; Lindenfors et al. 2007). The P parameter allows for a
common male increase in asymptotic size and is essentially
the intercept for the relationship between male and female
asymptotic size. Directly modeling the linear relationship
in this way incorporates the variability in the estimated
parameters in contrast to simply regressing the point estimates
of the asymptotic size parameters, which could lead to in-
creased type I errors.
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TasBLE 3.—Model selection results using the von Bertalanffy function for skull growth in brown bears. Model structure of asymptotic skull
size (L..) and the growth coefficient (k) were allowed to vary by 6 regions (Reg), sex (Sex), and their interaction. Region also was allowed to
vary by 2 aggregate categories of coastal versus interior (Reg v i)). Shown are the number of parameters for L., k, and the variance (V') for each
model; Akaike information criterion corrected for small sample sizes (AIC,); difference of AIC. from the lowest model value in the suite
(AAIC,); and model weights (©;s).

Model structure

No. parameters

Skull width

Skull length

L. k L. k % Total AIC, AAIC, ; AIC, AAIC, ;
Reg X Sex Reg X Sex 12 12 12 36 41,489 0 1.0 49,782 0 1.0
Reg X Sex Sex 12 2 12 26 41,846 357 0 49,984 202 0
Reg X Sex Reg 12 6 12 30 42,764 1,275 0 50,792 1,010 0
Reg X Sex Constant 12 1 12 25 43,213 1,724 0 51,059 1,277 0
Rege v i) X Sex Rege v i) X Sex 4 4 4 12 43,709 2,220 0 50,863 1,081 0
Rege v i) X Sex Sex 4 2 4 10 44,019 2,530 0 51,110 1,328 0
Rege v i) X Sex Rege v i) 4 2 4 10 44,769 3,280 0 51,792 2,010 0
Reg v i) X Sex Constant 4 1 4 9 45,155 3,666 0 52,089 2,307 0
Sex Reg X Sex 2 12 12 26 44,509 3,020 0 53,020 3,238 0
Sex Reg 2 6 12 20 45,657 4,168 0 54,074 4,292 0
Sex Rege v i) X Sex 2 4 4 10 46,030 4,541 0 53,927 4,145 0
Sex Sex 2 2 2 6 47,868 6,379 0 56,408 6,626 0
Sex Constant 2 1 2 5 48,813 7,324 0 57,146 7,364 0

@ Parameterization allowed both region- and sex-specific variances when region was included in the model.

RESuULTS

We used the von Bertalanffy equation to model growth of
brown bears from 6 regions of Alaska (Fig. 1). The top-
ranking model with the lowest AIC. value supported an
interaction between region and sex for both parameters
(asymptotic size and growth coefficient) and, therefore,
region- and sex-specific curves (Table 3). The hypothesis that
size and growth would be best described through aggregate
groups of coastal versus noncoastal or interior bears (i.e.,
“‘grizzly’’ versus ‘‘brown’’ bears) was not supported (Ta-
ble 3). The top model not only minimized the information lost
compared to the other models but had all the evidence (model
probability = 1.0), precluding the need to calculate evidence
ratios or multimodel inference (Table 3). Differences in
growth curves across the 6 regions were due to variation in
either the growth coefficient or asymptotic size, or both
parameters (Figs. 3 and 4).

Geographic variation in asymptotic size—The percent
difference across regional estimates of asymptotic skull length
in our study was 15% for female brown bears and 18% for
males (Fig. 3A). The percent difference across regional
estimates of asymptotic skull width was 18% for females
and 25% for males (Fig. 3B). Bears from the 3 southern
coastal populations (Kodiak Island, Alaska Peninsula, and
Kenai Peninsula) attained much larger asymptotic skull size
than the regions of lower habitat quality (Seward Peninsula,
interior Alaska, and northern Alaska; Fig. 3). However,
differences were not discrete; the model with 2 aggregate
regions of coastal (Kodiak Island, Alaska Peninsula, and
Kenai Peninsula) and noncoastal or interior areas (northern
Alaska, interior Alaska, and Seward Peninsula) received no
evidentiary support (Table 3). Alaska Peninsula bears showed
the greatest asymptotic skull length but Kodiak Island bears
showed the greatest asymptotic skull width (Fig. 3). Northern
Alaska bears had the smallest asymptotic skull size for both

sexes (Fig. 3). Of the 30 regional comparisons made for both
skull length and width of male bears, the only pairwise
comparisons that showed no significant differences for
asymptotic size were for the skull width between Kenai

Peninsula and Alaska Peninsula bears (f;;65; = 0.4, P =
0.70), and skull length between Kodiak Island and Kenai
Peninsula bears (f;;651 = 1.9, P > 0.05). Of the 30

comparisons made across regions for both length and width
for female bears, the only pairwise comparison across regions
that showed no significant differences for asymptotic size
were for the skull width between Seward Peninsula and
interior Alaska females (#1651 = 0.5, P = 0.63). All other
pairwise comparisons across regions for both sexes and both
skull measurements were significantly different (all tests P <
0.02).

Geographic variation in growth coefficients.—The age
when 97% of the asymptotic size was achieved allows the
growth coefficient to be interpreted biologically. The percent
difference across regions for the age to achieve 97% of
asymptotic length was 24% for females and 21% for males;
asymptotic width was 38% for females and 32% for males
(Fig. 4). Males had lower growth coefficients than females,
resulting in a greater age to achieve 97% of asymptotic size
(Fig. 4). Across all regions, males took 1.4-2.3 years longer
to reach 97% of asymptotic skull length, and 2.0-4.1 years
longer to attain 97% of asymptotic skull width than did
females (Fig. 4).

In contrast to differences in the estimates of asymptotic size,
there were many similarities in the age to achieve 97% of
asymptotic size across regions (Fig. 4). However, there were
some notable differences. Growth in the 3 southern coastal
populations was not similar. Kenai Peninsula females reached
97% of asymptotic skull length significantly faster than
Alaska Peninsula (11651 = 5.2, P < 0.0001) and Kodiak
Island females (f;;65;7 = 4.0, P < 0.001) as did Kenai

FWS_LIT_026051



692 JOURNAL OF MAMMALOGY

A
45
—— ! N
£ f
=40
= ot
b
C g P
T
z
354 % $
" T
E
30 T T T T T 1
& N o o & L
3 {s‘ﬁ 6\@’(\ ‘\bq@ (8:2 L) 6\‘3&. \E?Q @
= .:_.,6"@ & «© ?@a
B
30 q
x
£
2 25 E =
£
o E
= ) =
E =
20 A o T E
=
1 5 T T T T T 1
<& o) o S & o
N & e N &
& @ < R B Q
o S ) 2 >
o q)ém@ \l-é\ *_Ob v},g}"

FiG. 3.—Estimates of asymptotic skull A) length and B) width for
female (open circles) and male (filled circles) brown bears (£ 95%
CI) derived from region- and sex-specific von Bertalanftfy growth
functions from 6 regions of Alaska.

Peninsula males over Alaska Peninsula (¢;,651 = 5.2, P <
0.0001) and Kodiak Island males (¢;, 65, = 5.7, P < 0.0001).
For skull width, Kenai Peninsula males reached 97% of
asymptotic size significantly faster than Alaska Peninsula
(t11.651 = 5.8, P < 0.0001) and Kodiak Island males (t11 651 =
8.5, P < 0.0001). Kenai Peninsula females reached 97% of
asymptotic skull width significantly faster than bears from all
other regions (all tests P < 0.0001).

Sexual dimorphism.—Males attained a much larger skull
size than females (Fig. 3). However, there were varying
degrees of sexual dimorphism in skull size across the 6
regions, with the males showing 11-17% greater asymptotic
skull length and 15-24% greater asymptotic skull width than
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females (Fig. 5). The test for a hyperallometric relationship
was supported with the slope of the relationship between male
and female asymptotic size significantly >1 for both skull
length (y = 1.49, 95% confidence interval [95% CI]: 1.41-
1.58) and skull width (y = 1.69, 95% CI: 1.58-1.81).

Discussion

Geographic variation.—Our results confirmed previous
research (Hall 1984; Rausch 1963) showing significant
regional variation in skull size of brown bears. However, our
study quantified this variation using known-aged bears and
growth curves and is also the 1st study to show a

FWS_LIT_026052



June 2012

A

1.25

1.20 A

115 - g

Ratio of malefemale size

1.10 T T T T T 1

1.25 1
t

1.20 1 I
el gl |

1.10 T T I T I 1

Ratio of male female size

\;‘0

Fi6. 5.—Ratio of male : female asymptotic skull A) length and B)
width (= 95% CI) derived from region- and sex-specific von
Bertalanffy growth functions from 6 regions of Alaska.

hyperallometric relationship in SSD of brown bears in Alaska.
Aside from a purported genetic influence on the large skull
width of Kodiak Island bears (Fig. 3B; Paetkau et al. 1998a),
the phenotypic plasticity in skull size we report reflects
different nutritional planes across the 6 regions (Hilderbrand
et al. 1999b; Mowat and Heard 2006). The correspondence
of nutritional condition in bears to life-history traits such as
body size, age at 1st reproduction, litter size, and the interval
between litters has been well established (Blanchard 1987,
Bunnell and Tait 1981; Ferguson and McLoughlin 2000;
Hilderbrand et al. 1999b; Mowat and Heard 2006; Schwartz
et al. 2003). Although bears with the largest estimates of
asymptotic size (Fig. 3) came from locations with higher
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densities and life-history patterns reflecting greater population
productivity (Table 1), variation in growth rates was unpre-
dicted.

Asymptotic skull size was greatest in coastal bears, but
growth rates were not higher in coastal areas (Fig. 3 versus
Fig. 4). Although it is more costly to grow to a larger size, we
hypothesized that habitats filled with lipid-rich resources
would allow individuals to grow to a larger size at a faster rate
than bears in environments with few lipid-rich resources,
longer denning times, and reduced primary productivity. This
was not the case (Fig. 4). Also, the lack of support for
aggregate groups of coastal versus noncoastal or interior bears
(i.e., “‘grizzly’’ versus ‘‘brown’’ bears) was exemplified by
the variation in growth found within the 3 southern coastal
areas where bears attain a large size. Specifically, both male
and female bears from the Kenai Peninsula grew to 97% of
maximum skull size significantly faster than the other
southern coastal populations (Fig. 4). Although the exact
cause of this relatively fast growth is unknown, it may be tied
to food availability to a greater degree than we predicted.
Bears on the Kenai Peninsula were shown to have similar or
greater amounts of salmon in their diets compared to
populations on Kodiak Island and the Alaska Peninsula
(Hilderbrand et al. 1999b) but greater levels of terrestrial
meat in their diet than bears from those populations (Mowat
and Heard 2006). The difference of terrestrial meat in the diet
of Kenai Peninsula bears may contribute to their growth rate
exceeding that of bears without terrestrial meat but still with
abundant salmon. Although terrestrial meat was not found to
significantly affect body size, there may be more seasonality
in the consumption of terrestrial meat compared to that of
salmon (Mowat and Heard 2006). If the use of terrestrial meat
comes early in the spring before salmon is available and other
food sources are scare, access to terrestrial meat at this time
may contribute to fast growth. Future studies that determine
the seasonal use of terrestrial meat on the Kenai Peninsula
may help reveal contributions this food source has on somatic
growth. Clearly, the Kenai Peninsula, as judged from our
analysis showing fast growth and large size, and judged from
other studies comparing the utilization of high-quality foods
(Hilderbrand et al. 1999b; Mowat and Heard 2006), is an
especially rich environment for bears.

It was unexpected to find such a fast growth rate in interior
Alaska bears compared to other regions (Fig. 4). There has
been heavy hunting pressure on interior Alaska bears for
decades (Miller 1993, 1997; Miller et al. 2003). The high
growth rate of bears from this region may relate to a positive
density-dependent response to heavy hunting pressure (Fowler
1988). Previous work suggesting density-dependent effects on
brown bear populations showed lower growth rates in the
area with lower densities (Zedrosser et al. 2006). However,
the populations in their study have had a long history of
exploitation and are more limited in potential population
densities than bears in interior Alaska (Zedrosser et al. 2011).

Sexual dimorphism.—The hyperallometric relationship
(Rensch’s rule—Abouheif and Fairbairn 1997; Rensch 1960)
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we found in our study, where SSD increases with body size, is
widely accepted to be caused by sexual selection (Fairbairn
1997). However, hyperallometry in SSD was not found in polar
bears (Derocher et al. 2005) or black bears (Mahoney et al.
2001) despite a high degree of SSD in these species. The
magnitude of the hyperallometry in SSD of brown bears may be
influenced by proximate environmental factors such as variable
environmental conditions (Ferguson and McLoughlin 2000).
Specifically, coastal areas with high-quality food resources
(Hilderbrand et al. 1999b; Mowat and Heard 2006) produce
large bears (Fig. 3) and these populations appear to respond to
these proximate cues by showing greater SSD than interior or
northern populations (Fig. 5). Another likely proximate factor
influencing hyperallometry in SSD is the substantial variation
in population densities, which exceeds 2 orders of magnitude in
Alaska (Table 1). These densities are more variable than those
found across studied polar bear or black bear populations
(Derocher et al. 2005; Mahoney et al. 2001) and would logically
influence the intensity of sexual selection and, therefore, the
magnitude of the SSD across regions. The highest dimorphism
ratios (Fig. 5) and the largest asymptotic sizes (Fig. 3) come
from bears living in areas with the highest population densities
(Table 1). However, even in areas with high densities, such as
the southern coastal regions in our study (Table 1) where bears
were large (Fig. 3), differences in SSD were variable (Fig. 5)
and likely influenced by factors such as the quality of available
food resources and the intensity of polygyny (Capellini 2007;
Leutenegger 1978; Weckerly 1998). Without explicit testing of
how these proximate environmental factors influence SSD, our
explanations remain hypothetical. However, this shortcoming
could be overcome. Each of the bears used in our analysis were
measured by staff at the Alaska Department of Fish and Game.
During the process of measuring skulls and determining sex and
location of the kill, hair and tissue samples could be collected
for isotope analysis to determine components of diet on a large
scale. With >1,000 hunter-killed brown bears tallied each year
in Alaska, comprehensive insights on the diet composition of
bears across these study sites could allow for a much more
expansive analysis of how diet influences size and SSD than
addressed previously (Hilderbrand et al. 1999b; Mowat and
Heard 2006). Furthermore, samples collected and archived over
time would provide means for future studies investigating
potential changes in diet over time as a result of environmental
change.

Patterns we found in SSD also may have important
implications for understanding variation in sexual segregation.
Rode et al. (2006) argued that SSD was responsible for sexual
segregation because female brown bears are smaller than
males and can use poorer quality habitats to avoid infanticide.
The variation in SSD found in our study may correlate with
variable degrees of sexual segregation. There have been few
studies quantifying sexual segregation in brown bears (Ben-
David et al. 2004; Rode et al. 2006), and no study has com-
pared the degree of sexual segregation in Alaska where
variation in density, SSD, and other factors likely influence
or allow for the segregation. Potential patterns of sexual
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segregation across populations of brown bears in Alaska
warrant future study.

The hyperallometric relationship in SSD we found, and the
variable intensity of polygyny it may indicate, would likely
help predict the type of mating system employed across the
regions. Areas with the highest relative levels of SSD (Kodiak
Island, Alaska Peninsula, and Kenai Peninsula) likely show
variable intensity of polygyny, whereas a region such as
northern Alaska with low population densities (Table 1) and
low SSD (Fig. 5) may display a more promiscuous strategy.
Genetic studies determining patterns of paternity (Kovach and
Powell 2003) in areas with disparate levels of SSD might
clarify questions of both mating strategy and the degree of
mate competition in highly polygynous systems.

Implications for conservation.—The variation in growth,
size, and SSD of brown bears found in our study illustrates
their highly variable life-history patterns across Alaska.
Brown bear populations in Alaska are clearly more complex
than simplistic categories of ‘‘brown’’ versus ‘‘grizzly’’ bears.
This variability reflects complex interactions between growth
and body size and a diversity of factors including the
availability of high-quality food resources (Hilderbrand et al.
1999b; Mowat and Heard 2006), climate (Ferguson and
McLoughlin 2000; Kojola and Laitala 2001; Rausch 1969),
population density (Zedrosser et al. 2006), and the intensity
of polygyny (Capellini 2007; Leutenegger 1978; Weckerly
1998). Despite this variation, management actions such as
sustainable exploitation rates (Miller 1990) are often accepted
as fixed across diverse brown bear populations. Considering
recent criticism of brown bear management in Alaska (Miller
et al. 2011), sustainable management of diverse brown bear
populations in Alaska will require identifying variation in
life-history patterns, such as body size and growth rate, and
incorporating this area-specific variation into management and
conservation strategies.
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