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Abstract

Structure and growth of the baculum (os penis) in arctoid carnivores have been well described for many species.
This study presents the first extensive analysis of bacular growth and variation for bears (Ursidae), based on 871
bacula of polar bears Ursus maritimus (858 of known age) that were shot in the Canadian Arctic from 1994 to
1997. Bacular length, maximal diameter and mass increased from 109 mm, 5.93 mm and 2.68 g respectively in
1-year-old bears (n = 34) to 190 (maximum 222) mm, 18.7 (24.4) mm, and 20.4 (31.9) g respectively in bears > 10
years of age (n > 200). Bacular length is ~ 8% of body length in adults. Bacula were moderately variable in size:
coefficient of variation for length, diameter, and mass'/*> were 5.2, 10.0 and 5.4% respectively (16.3% for mass).
No geographic variation in size was apparent. Bacula reached asymptotic size at 8—9 years of age. At physiological
sexual maturity (~ 6 years of age), bacula were at 89, 73 and 62% of asymptotic length, diameter and mass
respectively (compared with body length at ~ 95%). Interpretation of these findings must await behavioural and
physiological information on courtship and copulation in the polar bear, and comparative data on other ursids.
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INTRODUCTION

The baculum (os penis) is an anatomically diverse bone
that occurs in five mammalian orders (Burt, 1960). It is
large but structurally simple in some taxa (e.g. arctoid
carnivores), large and complex in others (e.g. sciurid and
arvicoline rodents) and small and simple in yet others (e.g.
aleuroid carnivores, primates). Bacula function during
intromission indirectly, for example through providing
mechanical support or affecting penile shape. In some
taxa, the complex bacula apex influences the shape of the
glans directly (e.g. sciurid rodents); in other taxa the apex
has articulating elements that may function dynamically
during copulation (e.g. arvicoline rodents) (Anderson,
1960; Burt, 1960; Arata, Negus & Downs, 1965). Corre-
spondingly, the baculum probably serves different func-
tions across species: e.g. in mechanical support; protection
of the urethra from compression; enabling protracted
copulations; stimulation of the female reproductive tract;
provision of information about male size or quality
during intromission; reproductive isolation (Long &
Frank, 1968; Patterson & Thaeler, 1982; Patterson, 1983;
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Dixson, 1987, 1995, 1998; Lariviere & Ferguson, 2002;
Baryshnikov, Bininda-Emonds & Abramov, 2003). Mul-
tiple overlapping functions within species also seem likely.

Insights into bacular evolution and function can be
obtained from comparative information about relative
size, growth and variation (Dixson, 1987, 1995, 1998).
For example, females of aquatically mating phocid seals
mate repeatedly over several days with one or more
males, and the male has a large simple baculum that may
function to facilitate deep insertion or to prevent leakage of
semen. It may also provide information about male quality
(size) because it continues to grow throughout life (Mohr,
1963; Scheffer & Kenyon, 1963; Briskie & Montgomerie,
1997; Miller, Stewart & Stenson, 1998; Miller, Jones &
Stenson, 1999; Morejohn, 2001; Miller, 2002). In contrast,
females of the terrestrially mating otariid seals (fur seals
and sea lions) usually mate only once on a single day,
and the male possesses a much smaller baculum that is
more complex apically, apical anatomy is interspecifically
diverse, and apical growth continues into late life in at
least some species (Mohr, 1963; Scheffer & Kenyon,
1963; Morejohn, 1975; Miller, Pitcher & Loughlin, 2000;
Oosthuizen & Miller, 2000; Miller, 2002). Thus the roles
played by the baculum during copulation probably differ
between and within pinniped families.

Non-pinniped arctoids are also diverse in copulatory
behaviour and bacula anatomy: e.g. some mustelids have
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multiple protracted copulations over several days; canids
exhibit a coital lock in which the male and female face
opposite directions (Ewer, 1968, 1973; Novak et al., 1987,
King, 1989). Copulatory behaviour, bacula anatomy and
bacula growth are well described for several arctoid fam-
ilies, but are poorly known for the Ursidae (eight species,
excluding the red panda Ailurus fulgens; Wilson & Reeder,
1993; Flynn et al., 2000).

In this paper we present the first quantitative description
and analysis of bacular growth and size for an ursid,
the polar bear Ursus maritimus (illustrations and some
measurements of the baculum of this species are in Didier
(1950; republished in Miller, 2002) and Lene (1970)). We
first test for the presence of geographic variation in the
sample, then describe growth, estimate asymptotic size
and quantify variation (using the coefficient of variation,
CV). It was not possible to relate baculum size to body
size because bears were not measured and no other body
parts were saved.

The polar bear evolved from within the brown bear
Ursus arctos complex, rendering the latter paraphyletic
(Shields et al., 2000; Barnes et al., 2002). Nevertheless,
for simplicity, we refer to the brown bear as a single species
below.

METHODS

Polar bears are shot in Nunavut Territory through legal
or illegal hunting, or as problem bears (Taylor, DeMaster
& Schweinsburg, 1987; Lee & Taylor, 1994). As part of
the Nunavut polar bear hunt program, hunters are required
to submit the baculum of males as proof of age and sex
(Lee & Taylor, 1994).

We studied bacula from bears shot in the former
Northwest Territories (now Northwest Territories plus
Nunavut Territory) from 1994 to 1997. Bears were aged
by counting cementum growth-layer groups in sectioned
lower premolars (Stirling et al., 1977; Calvert & Ramsay,
1998). Bacula were frozen at — 20 °C until further pro-
cessing. Thawed bacula were boiled for 1-3 h, cleaned
by hand, then air-dried at room temperature for several
months before being measured. We measured greatest
length and greatest diameter to 0.1 mm with digital
callipers and mass to 0.1 g with a digital balance. For com-
parison with linear variables, we also computed mass'/>.

Five specimens were excluded from analyses because
they were malformed or appeared to be damaged; age
estimates were judged to be incorrect for 13 other
specimens (possibly through labelling error), based on
visual inspection of growth curves, so those age estimates
(but not the associated bacula measurements) were
excluded from analyses. The final sample size was 871,
including 858 bears of known age (1-27 years). Numbers
for specimens of ages 1 through to 15 years and >15 years
were 34, 109, 158, 95, 69, 63, 38, 46, 23, 31, 19, 23,
22, 13, 14 and 101 respectively. The sample included
857 bacula from known localities: Foxe Basin (n =207),
Lancaster Sound (158), western Hudson Bay (109), Baffin
Bay (97), Gulf of Boothia (76), southern Hudson Bay (59),
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M’Clintock Channel (59), Davis Strait (43), northern
Beaufort Sea (24), southern Beaufort Sea (16), Norwegian
Bay (6) and Kane Basin (3) (Taylor et al., 2001). Body
measurements were not taken.

We investigated geographic variation with 1-way
analysis of variance across localities within age classes
3 and >10, because those age classes had largest sample
sizes. A post hoc test (MSE) was carried out to determine
significant pair-wise differences between localities, with
pair-wise P-estimates adjusted by Bonferroni correction.
Based on the results of those tests (summarized below),
geographic samples were combined for subsequent
analyses.

We estimated asymptotes with a generalized von
Bertalanffy function applied to all data. Growth curves
were slightly sigmoidal in shape so we also fitted this
function and the Gompertz equation to data on animals
> 3 years of age. Asymptotic estimates were identical to
those obtained in the first instance hence they are not
reported (McLaren, 1993; Derocher & Stirling, 1998).
The von Bertalanffy function used was:

Lo=Lo(1—e)".

where L, is size at age x, L, is asymptotic size, 0o
reflects the rate of approach to the asymptote, b reflects
the curvilinearity of that approach, k = (x—xy), and e is the
base of the natural logarithm. We set xo =0 (thus £ =x in
our computations). The specific point at which prenatal
growth begins has no effect on estimates of asymptotes.

RESULTS

Only two samples of 3-year-old bears differed signi-
ficantly between localities: bacula were larger in
Foxe Basin (FB) than Baffin Bay (BB) (e.g., length:
Fis5,1351=3.09, P=0.01; Bonferroni-corrected P (FB-
BB)=0.036). No geographic variation occurred for
males >10 years of age: length, /{5 179 =0.59, P=10.71;
diameter, F[5,179] = 162, P= 016, mass, F[5‘179] = 145,
P=0.21.

Bacula increased in length, diameter and mass'/? by 74,
215 and 97%, respectively, between 1 year and > 10 years
of age (661% in mass; Fig. 1; Table 1). Growth was most
rapid between 1 and 2 years of age: 18% in length, 25%
in diameter and 17% in mass'/? (58% in mass), then
declined substantially; a possible increased rate of growth
at ~7 years of age is suggested by incremental growth
curves (Fig. 2). Bacula attained 95% of asymptotic size
at 8-9 years for length and 14-15 years for mass and
diameter. Bacula variation was high during growth but
modest in adults; for males > 10 years of age, CVs for
length, diameter and mass'/3 were 5.2, 10.0 and 5.4%,
respectively (16.3% for mass; Fig. 2).

DISCUSSION

The baculum of the polar bear is finer, more slender and
less curved than that of the brown bear (Vereshchagin,
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Fig. 1. The von Bertalanffy curve fitted to age and (a) bacular length
[L, =194(1-e-0.23x)0.51], (b) bacular diameter [L,=19.7(1-e-
0.22x)1.14], and (c) bacular mass [L, =21.7(1-e-0.26x)2.50], of
polar bears Ursus maritimus from the Canadian Arctic (n = 858).

1969). Bacular length in adult (> 6 years of age) polar
bears was reported as 168, 168-194 and 168 mm by
Didier (1950; » = 1) and Long (1970; n = 15) respectively,
compared with 151-222 mm (for bears > 6 years of age;
164—122 mm for > 10 years) in our study. Bacular masses
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Fig. 2. Incremental growth curves for bacular length, mass and
diameter vs age intervals of polar bears Ursus maritimus from the
Canadian Arctic (n = 858).

reported for adults by Lene (1970) fall within the range
we observed. The small bacular size in bears 1 year of age
at Svalbard agrees with the small size of bears in Svalbard,
where Long’s study took place (Derocher & Wiig, 2002).
However, animals aged 2—6 years of age from Svalbard
averaged slightly longer and heavier than in our study,
perhaps due to the small sample sizes of Leng (1970), or
because of differences in sampling, ageing or specimen
preparation. In any event, the polar bear exhibits con-
siderable geographic and temporal variation in growth rate
and body size, so it is unsurprising to find some differences
across studies (Kurtén, 1964; Manning, 1971; Wilson,
1976; Atkinson, Stirling & Ramsay, 1996; Derocher &
Stirling, 1998; Stirling & Lunn, 1998; Derocher & Wiig,
2002).

In keeping with the high environmental variation
that polar bears encounter, and the high spatiotemporal
variation in growth rates and body sizes that results, sexual
maturation occurs over a range of ages (DeMaster &
Stirling, 1981; Derocher & Stirling, 1992, 1995; Rosing-
Asvid et al., 2002; Mauritzen et al., 2003; Wiig, Born &
Pedersen, 2003). Males may mature physiologically at
3 years of age but usually do so later, and it is unlikely that
many can mate (i.e. attain social maturity) before 6 years
of age (DeMaster & Stirling, 1981; Rosing-Asvid et al.,
2002). Adult males captured while they attended females
during the spring breeding season (Leng, 1970; Howell-
Skalla et al., 2002) had a median age of 10.5 years (range:
5-24), in comparison with solitary males captured in the
same period (median, 8.9 years; range: 5-25; Ramsay &
Stirling, 1986). The weak growth spurt of bacula at
~ 7 years of age is in agreement with this general picture.

Selection for large size in male polar bears reflects the
intense and physical nature of intrasexual competition for
access to and guarding of oestrous females, and has led
to growth in body size being faster and lasting longer
in males than females. Intersexual dietary differences
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Table 1. Summary of descriptive statistics for bacula of polar bears in our study and the study by Lene (1970). Data in each column are

summarized as: mean =+ SE (range; N)

Baculum mass (g)

Baculum length (mm) Baculum diameter (mm)

Age (years) This study Loneg This study Long This study
1 2.68+0.760 1.60+0.141 109 +£11.7 89.2+3.96 5.934+0.709
(1.2-5.2; 34) (1.4-1.8;5) (78—133; 34) (84-95;5) (4.5-7.8; 34)
2 4.23+1.103 4.154+0.926 128+ 11.2 126 £7.7 74441112
(2.1-7.6; 109) (3.3-5.0;4) (100—151; 109) (118—134; 4) (4.9-10.2; 109)
3 5.92£2.031 8.10£0.872 140+ 13.5 155+11.0 9.12+1.844
(2.5—13.3; 158) (7.1-8.7; 3) (108—178; 158) (144—166; 3) (5.6—14.3; 158)
4 8.16 £2.937 11.8£1.56 152+ 16.6 157+19.5 11.0£2.42
(3.2—17.8;95) (9.9-13.8;7) (115—198; 95) (115—-172;7) (6.5—16.4; 95)
5 10.9+3.18 17.5+0.98 165+ 14.0 188+£10.2 13.24+2.33
(4.8-21.1; 69) (16.4—18.9; 6) (136—198; 69) (174—203; 6) (7.8—20.4; 69)
6 12.8£3.17 18.7+£0.44 171+ 14.2 183 £11.8 1424+2.17
(5.6—19.1; 62) (18.2—19.0; 3) (129—196; 63) (169—190; 3) (8.5—17.9; 63)
7 159+3.16 - 180+10.2 - 16.2£1.99
(11.3-26.5; 38) (161—-208; 38) (11.9-21.9; 38)
8 16.9+2.50 - 183+£10.5 - 16.4+1.15
(12.4—23.0; 46) (151-205; 46) (13.8—19.0; 46)
9 19.2+2.98 - 187£9.6 - 17.5+1.68
(14.1-27.0; 22) (169—203; 23) (14.1-20.5; 31)
>6 19.3+£3.59 19.7+1.92 187 £10.6 185+6.3 18.0+2.05
(11.3-31.9; 325) (14.5-22.1; 15) (151-222; 330) (168—194; 15) (10.2—24.4; 330)
>9 20.4+3.32 - 190+£9.9 - 18.7+1.86

(12.2-31.9; 219)

(164—222; 223)

(10.2—-24.4; 223)

probably followed from the evolution of sexual dimor-
phism (Kingsley, 1979; Stirling, 1988; Atkinson et al.,
1996; Derocher & Stirling, 1998; Badyaev, 2002;
Derocher & Wiig, 2002). Males continue to grow in body
size after they reach physiological sexual maturity, and
bacula reach asymptotic size (especially in diameter and
mass) later than when asymptotic body length is reached.
Furthermore, at physiological sexual maturity (~ 6 years
of age), bacula are at 89, 73 and 62% of asymptotic
length, diameter and mass respectively, but body length is
~95% of asymptotic length (based on data in Derocher
& Stirling, 1998). In polar bears from Greenland, testes
also reach 95% of their asymptotic length at 5.8 years of
age (Rosing-Asvid et al., 2002).

We lacked data on body size of polar bears whose
bacula we measured. Asymptotic body length across six
geographic sites in the Canadian Arctic averaged 231 cm
(Derocher & Stirling, 1998). We estimated mean bacular
length at 190 mm, or 8.2% of asymptotic body length.
Using condylobasal length as a measure of body size,
Baryshnikov et al. (2003) found that relative bacular size
in the polar bear is about average for ursids (and for
arctoids generally); among ursids, only the sloth bear
Melursus ursinus has an unusually long bacular. In the
American black bear Ursus americanus, bacular length
averages 10.0% of body length (for 16 bacula lengths
and 24 body lengths in males aged > 4 years of age;
Powell, Zimmerman & Seaman, 1997). Bacula of older
male brown bears can attain 216 mm in length, about 8%
of length of head plus body (Pasitschniak-Arts, 1993).

High variation in sexually-selected mensural traits such
as baculum size is reported frequently, but comparison of
variation across traits must consider whether the variation
results from steep allometric slope or wide scatter about
the slope of allometric regression (Eberhard er al.,
1998; Miller & Burton, 2001). Therefore, measures and
comparisons of variation need to consider allometric
relationships of traits of interest. In this study we
lacked information on body size so could not investigate
allometric influences on variation in bacula size. Never-
theless, we note that bacula of adults were only moderately
variable in size: CVs for length, diameter, and mass!/3
were 5.2, 10.0 and 5.4% respectively. For comparison,
Manning (1971) reported CVs of 3.3-6.5% (mean, 4.5)
for 17 cranial variables on adult male polar bears. In
contrast, bacular size is substantially more variable than
body size in the harp seal and several mustelids (E. H.
Miller, pers. obs.). In the context of mate choice under
sexual selection, low variation for honest signals of
quality is predicted (Pomiankowski & Iwasa, 1998) but
information on baculum function and allometry is needed
before such a prediction can be made for the polar bear.
Finally, our knowledge of variation is strongly biased
toward arctoids; comparative data on aeluroids (felids,
hyaenids, viverrids, herpestids) — whose bacula are small,
rudimentary or even lacking (Burt, 1960) — are badly
needed to balance this picture.

Copulatory behaviour of the polar bear occurs in
a ventro-dorsal position on land or ice, as in the
American black bear and brown bear (Ludlow, 1976;
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Craighead, Sumner & Mitchell, 1995). Meyer-Holzapfel
(1957) includes a photograph of captive polar bears in
copulation, and Lene (1970:71) shows a photograph
of a male apparently mounting a dead female. Malyov
(1988) observed breeding polar bears in captivity where
copulations were 25-30 min long and described as being
‘rough’. Stirling (1988) reports brief copulations (3—
10 min) in the wild but it seems unlikely that these are
typical, judging by the aforementioned estimates plus
information on other species. For example, copulations
average 23 min long in the brown bear (range: 10—60 min;
Pasitschniak-Arts, 1993; Craighead et al., 1995). Rough
copulations could explain the malformed or broken bacula
we observed. Direct and indirect evidence from wild
and captive polar bears indicates repeated copulation over
several days with one or multiple males, as in the American
black bear and brown bear (female brown bears in the
wild copulate with 1-11 individual males in a single
season; Meyer-Holzapfel, 1957; Ludlow, 1976; Ramsay
& Stirling, 1986; Stirling, 1988; Pasitschniak-Arts, 1993;
Craighead et al., 1995; Schenk & Kovacs, 1995). Such a
breeding system must be characterized by various forms
of internal selection on sperm competition and penile
form and function, both intra- and intersexually (Eberhard,
1985, 1996). Selection for choice of mates must be
particularly important in the polar bear because of its
low reproductive rate; furthermore, because females re-
produce only every few years, available males out-number
available females in any given year, increasing intermale
competition and affording more choice to females. More
information on reproduction and physiology are needed
to elaborate on these possibilities.
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