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Abstract

Information about the age of juvenile pinnipeds is
necessary for an understanding of ontogeny-spe-
cific patterns and strategies. Exact age determina-
tion of juvenile cohorts from wild populations is
best achieved through birth observations and sub-
sequent marking, but this involves a considerable
time lag during which juveniles mature. A combi-
nation of body and teeth measurements of known-
age Galapagos sea lion juveniles taken during brief
routine captures in the field was used to create age
prediction models. Several general linear models
(GLMs) produced reliable age estimates for male
and female juveniles up to an age of 2 y. Teeth mea-
surements were important predictors of age: male
age was best estimated using upper canine length
(CL), mass, and girth, while the best predictors
for female age were CL, canine width (CW), body
length (SL), body mass, and an interaction between
CL and CW. The presented method of aging wild
unmarked juveniles in the field is applicable during
routine captures, requires little equipment, and
yields a considerable increase of information for
studies involving brief sampling periods in the field.
We suggest its adjustment, testing, and application
in studies of juveniles of other species.
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Introduction

Studies of the behaviour and ecology of species
in the wild often require knowledge of the age of
the animals. During the juvenile stage, substantial
changes in physiology, morphology, and behaviour
take place and are connected to increasing age. In
pinnipeds, for example, oxygen stores increase
(Fowler et al., 2007; Trillmich et al., 2008), age-
specific growth rates change (Chabot & Stenson,
2002), and animals begin diving and feeding
(Horning & Trillmich, 1997; Jgrgensen et al.,
2001; Guinet et al., 2005; Fowler et al., 2006).

Traditionally, seals have been sorted in broad
age categories according to their pelage and size
(Wilson, 1974; Blundell & Pendleton, 2008).
A more reliable approach is to mark cohorts of
pups just after birth, providing a pool of known
age individuals (McMabhon et al., 1999; Bradshaw
et al., 2000b). This technique yields exact infor-
mation on the study animals but requires substan-
tial field effort and leads to a considerable time lag
between the initial marking and the potential field
study on known-aged animals.

Another method is based on counts of growth
layer groups in the dentine or cementum of sec-
tioned canines, incisors, or post canine teeth
(Mansfield & Fisher, 1960; Mansfield, 1991;
Arnbom et al., 1992; Lawson et al., 1992; Bernt
et al, 1996; Oosthuizen, 1997; Blundell &
Pendleton, 2008). However, this technique is inva-
sive, with potential disadvantages for the study
animals resulting in the irreplaceable loss of an
important morphological structure. Moreover, age
cannot be estimated on site.

Field methods for age estimation using models
based on morphological measurements of known-
age juvenile Steller sea lions (Eumetopias jubatus)
and harbour seals (Phoca vitulina) have recently
been published (King et al., 2007; Blundell &
Pendleton, 2008), but the study subjects needed
to be anaesthetized in order to perform the neces-
sary measurements. Chemical immobilization of
pinnipeds has become increasingly safe and appli-
cable in field conditions (Heath et al., 1997; Gales
& Mattlin, 1998; Gales et al., 2005), and it is
routinely used during lengthy instrument deploy-
ments or sampling procedures (Fowler et al.,
2007, Villegas-Amtmann et al., 2008). Still, even
the currently favoured method using gas anaes-
thetics requires a considerable amount of time for
immobilization procedures, wake-up period, and
post immobilization animal monitoring (Raum-
Suryan et al., 2004; Gales et al., 2005), and there
is a risk of a negative impact on the health and
behaviour of the study animal (Lynch et al., 1999;
Engelhard et al., 2002). In species where body
size and behaviour allow, researchers physically
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restrain study animals for brief periods of time
without chemical immobilization (Boltnev et al.,
1998; Beauplet et al., 2005).

Herein we investigate the accuracy of a
field-based age estimation method for juvenile
Galapagos sea lions (Zalophus wollebaeki), appli-
cable during such brief captures. The aim was
to establish a reliable, fast, and easily applicable
technique for estimating age in the field that had
minimal impact on the study animals and that
did not involve their chemical immobilization.
Galapagos sea lions are born during an exception-
ally long pupping season spanning at least 5 mo
and show variable mass and size at birth which
largely depends on oceanic conditions (Trillmich,
1990; Trillmich & Dellinger, 1991; Mueller et al.,
in press). Therefore, the physical appearance of
juveniles aged between 1 and 3 y is variable but
does not necessarily reflect different age classes,
which is illustrated by considerable overlap in
body mass (Mueller et al., in press). However, it
has been suggested that skeletal structure and espe-
cially teeth grow more conservatively (King et al.,
2007), and a combination of body and teeth mea-
surements should contain sufficient age-specific
information for accurate age determination. We
test this prediction by creating age determination
models based on morphological measurements for
known-age Galapagos sea lion juveniles.

Materials and Methods

Sampling Procedure

Measurements were taken as part of a demo-
graphic study on Caamafo Islet, Galapagos
Islands, Ecuador, from October through December
2007 and 2008, coinciding with the reproductive
season of the Galapagos sea lion. (For details on
the study location, see Wolf et al., 2005.) Since
2003, newborn Galapagos sea lions of this popu-
lation were individually marked by fur clipping
and later recaptured and tagged using numbered
ALLFLEX® tags. A subsample of the juveniles
with known birth dates is recaptured each year for
estimation of growth patterns. For this study, we
recaptured and measured 66 known-age Galapagos
sea lions (birth date known to the nearest week)
between the ages of 11 and 27 mo (34 females,
32 males). Additionally, we took measurements
of 15 3-y-old animals to determine whether age
estimation is feasible for this older age class as
well. The animals were captured in the morning
or evening with hoop nets (Fuhrmann Diversified,
Seabrook, TX, USA), weighed with a digital scale
(Kern, HUS 300K 100) hanging from a tripod, and
briefly restrained in a lying position on a restraint
board without chemical immobilization (Gentry &
Kooyman, 1986). We measured the dorsal straight

standard length, here termed SL (McLaren, 1993),
with a metal measuring pole to the nearest 1 cm.
The axillary girth was measured just caudal to the
axilla of the thoracic flippers to the nearest 0.5 cm
with a measuring tape. The partial length of the
thoracic flipper (FL) was measured as a straight
line from the radio-carpal joint to the tip of the
longest digit along the anterior edge, flipper width
(FW) as a straight line along the width of the flip-
per at the radio-carpal joint, and head length (HL)
as a straight line from the tip of the snout to the
upper end of the external occipital protuberances
(Figure 1A). Flipper and head measurements were
made with a metal ruler to the nearest 0.5 cm. For
tooth measurements, we placed a cloth covered
wooden pole gently between the sea lion’s jaws to
expose the teeth while the head of the animal was
firmly held. To reduce handling stress, we covered
the eyes of the restrained animal with a towel.
Teeth measurements were taken with a digital cal-
liper to the nearest 0.01 mm. Upper canine length
(CL), upper third incisive length (IL), and lower
canine length (LCL) were measured as a straight
lateral line from the gum to the tip of the crown.
Width of canine (CW), upper third incisive (IW),
and lower canine (LCW) were measured laterally
from the caudal to the cranial base of the tooth at
the gum level (Figure 1B). All measurements were
taken from the right body side of the animal. Total
handling time was about 10 to 15 min from cap-
ture to release, and sea lions spent at most 8 min
on the restraint board being measured. All animals
were released immediately after completion of
teeth measurements by gently opening the upper
flap of the restraint board, while the personnel
silently retreated several metres away. All animals
continued sitting on or beside the restraint board
for several minutes. Frequently, animals explored
the restraint board and surrounding measurement
tools before slowly moving away. Some animals
lay down and rested on the restraint board. In
this case, we waited until the sea lion had left the
immediate area before beginning another capture,
or delayed further captures until the following day.
We measured the teeth of 19 animals two to four
times and the FL, FW, and SL of 17 animals twice
to determine the measurement error. Repeated
teeth measurements resulted in a mean maximum
measurement error of 0.08 + 0.05 cm (coefficient
of variation: 0.54); repeated FL, FW, and SL mea-
surements produced a mean maximum measure-
ment error of 0.7 + 0.6 cm, 0.4 + 0.4 cm, and 4.0
+ 4.0 cm (coefficients of variation: 0.87, 1.24, and
1.02, respectively).

Statistical Analysis
We used a principal component analysis to reduce
the number of variables. All variables were highly
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Figure 1. Body (A) and teeth measurements (B) taken from juvenile Galapagos sea lions (Zalophus wollebaeki) < 28 mo; for
further description, see text. Abbreviations are explained in the “Materials and Methods” section.

correlated and formed only one component.
However, IL and IW explained the smallest pro-
portion of the variance and were excluded from
the analysis. General linear models were con-
structed to predict the age of the 66 1- and 2-y-
old animals, and separate models included the
15 older animals. The factor season (the year in
which an animal had been captured) was included
in all models to check if there were year-specific
differences in morphometric measurements.
Galapagos sea lions exhibit significant sexual
size dimorphism and sex-specific growth patterns,
so we analysed males and females separately. We
fitted a series of simple models using one predic-
tor at a time and models containing one predic-
tor and its quadratic term (King et al., 2007). We
then fitted more complex models containing the
most important single predictors and reduced the
models in a stepwise manner using AIC. We also
tested a model containing only body measurements
(SL, FL, FW, HL, mass, and girth) as estimating
age using these measures alone would reduce han-
dling time substantially. A further model contain-
ing SL, mass, and girth was tested to determine
whether this approach could be used as success-
fully in otariids as in harbour seals (Blundell &
Pendleton, 2008). We calculated the maximum
residuals between known age and estimated age
and the standard deviation (SD) of the residuals
for all models to determine the applicability of the
models for age prediction (see Table 1). Model
selection was based on AIC and model simplic-
ity (Bozdogan, 1987; Crawley, 2007) as well as
on the discrepancy between modelled and true
age of animals (King et al., 2007). We considered

models producing an SD of residuals of calculated
age below 4 mo as appropriate for reliable age
estimation because a misclassification of + 4 mo
still assigns pulse breeders like the Galapagos sea
lion into the correct age class. We decided against
using maximum over- and underestimation (King
et al., 2007) to reduce the weight of single out-
liers. Statistical analysis was performed using
R, Version 2.11.1 (R Development Core Team,
2005).

Results

Sampling year had no significant influence in
any of the age prediction models and was con-
sequently removed during model simplification.
Models including all animals up to the age of
3 y had higher AIC values than models contain-
ing only 1- and 2-y-old animals and exceeded the
4 mo limit of the SD of the residuals. Three-year-
old juveniles were therefore excluded from sub-
sequent modelling. Male age could successfully
be determined using a model containing only
CL or CL? while simple models containing only
one predictor were not sufficient to estimate age
of 1- and 2-y-old females reliably (see Table 1).
In single predictor models, those containing CL,
CW, or LCL had the lowest AIC values and SD
of residuals for male age, while LCW, SL, and
mass were the best single predictors in females.
A number of more complex models, containing
more than one predictor, estimated age within our
range of acceptable accuracy for both sexes.

The best model in males contained CL, mass,
and girth. In female juveniles, the best model
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contained the predictors CL, CW, SL, mass, girth,
and an interaction between CL and CW (Table 1).
Figure 2 shows a linear regression between true
and estimated age of 1- and 2-y-old Galapagos
sea lions using the best models for males and
females.

In all models, the SD of residuals was larger in
females than in males, and models for female juve-
niles were more complex than models for males.
Models containing only body measurements or
condition measurements did not perform well
enough for estimating age in both sexes (Table 1).
Table 2 shows the equations for age estimation
of the three best models. Likelihood ratio tests
of the best models for male and female juveniles,

respectively, revealed no significant differences
between the models. We suggest, therefore, based
on the smallest AIC and SD of residuals, the use
of equation M 1.1 for males and M 2.1 for females
(Table 2) to obtain reliable age estimates for 1-
and 2-y-old Galapagos sea lion juveniles.

Discussion

Our results show that it is possible to estimate the
age of juvenile Galapagos sea lions between 11 and
27 mo using body and teeth measurements taken
during routine captures without chemical immo-
bilization of the animals. The duration of restraint
was well below the time required by studies
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Figure 2. Linear model of true age and predicted age for male (dashed: R? = 0.8386, p < 0.01) and female (solid: R*=0.7076,
p < 0.01) Galapagos sea lion juveniles; dashed boxes limit age class 1y (lower left box, based on a standard age of 12 mo +
4 mo of tolerated overestimation) and age class 2 y (upper right box, based on a standard age of 24 mo - 4 mo of tolerated
underestimation). Note that due to the seasonality of the breeding season, all animals outside the boxes apart from one female

would still be assigned to the correct age class (in years).
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Table 1. Performance of the best age prediction models (M 1.1, M 1.2, M 1.3, M 2.1, M 2.2, and M 2.3), condition models
(M 1.4 and M 2.4), and body measurement models (M 1.5 and M 2.5) for Galapagos sea lions < 28 mo; condition and body
measurements model (M 2.4 and M 2.5) in females result in the same set of most important predictors. SD = standard devia-
tion of the residuals of estimated age, Max.U = maximum underestimate, and Max.O = maximum overestimate. Age is given

in months.

Model Predictors AIC SD Max.U Max.O
Males

MI.1 CL + mass + girth 158.9 2.5 4.6 5.1
M1.2 CL? 159.9 2.7 8.6 6.6
M 1.3 CL 164.1 2.9 8.7 6.0
M14 SL 204.6 5.5 8.1 9.8
M L5 Mass + girth + HL 203.1 5.0 7.0 9.3
Females

M2.1 CL + CW + SL + mass + CL*CW 198.7 3.6 6.5 7.1
M2.2 CL + SL + CL*CW 199.8 3.9 6.5 7.1
M23 CW + LCW + mass + girth 200.2 39 7.9 7.1
M 2.4/2.5 SL + mass 202.2 4.3 8.3 9.9

CL = canine length, CW = canine width, LCL = lower canine length, LCW = lower canine width, FL = flipper length, FW =
flipper width, SL = standard length, and HL = head length; all measurements are in cm, and mass is in kg.

Table 2. Equations of the three best age prediction models for Galapagos sea lions < 28 mo; age is given in months. Further

abbreviations are cited in Table 1.

Model Formula

Males

Ml1.1 Age = 12.045 + (18.578*CL) + (0.378*mass) — (0.419*girth)

M1.2 Age =3.890 + (7.972*CL?)

M 1.3 Age =-6.375 + (18.699*CL)

Females

M2.1 Age =42.137 — (48.359*CL) — (56.147*CW) + (0.195*SL) + (0.556*mass) — (0.395*girth) + (73.823*
[CL*CW]

M2.2 Age = 16.956 — (43.175*CL) + (0.304*SL) — (57.929*CW) + (68.814*[CL*CW])

M2.3 Age =3.097 + (21.70*LCW) + (26.801*CW) + (0.681*mass) + (0.525*girth)

involving immobilization (Raum-Suryan et al.,
2004; Gales et al., 2005) and within the range of
physical restraint periods reported in other studies
(Wolf et al., 2007).The behaviour of the animals
did not suggest that the procedure put them under
unacceptably high stress. Galapagos sea lions are
very docile animals that can be approached, after
brief habituation, up to a distance of 1 m for cap-
ture and observation without showing signs of
distress, fear, or aggression (Jeglinski, pers. obs.).
Size and/or behaviour of other species might
require anaesthesia to minimize stress and facili-
tate capture and handling in general and, therefore,
also for the application of the method presented
herein. In Galapagos sea lions and species of simi-
lar size and docility, however, the use of anaesthet-
ics does not seem necessary. Also, a much smaller
number of predictors (one to three in male and
three to five in female juveniles, respectively) than

the 12 originally measured variables were needed
for accurate age estimation. Therefore, handling
time can be reduced substantially in future appli-
cations of the method, further decreasing potential
discomfort for the study animals.

Measurement error of teeth was smaller than
the smallest difference between age groups (0.15
and 0.17 cm for females and males, respectively).
Comparing coefficients of variation, teeth mea-
surements were very precisely performed, while
the coefficient of variation was highest for FW.
However, FW did not play an important role in
any of the best models. A model with a combina-
tion of body and teeth measurements estimated age
most accurately in males and females. CL was an
important predictor in both sexes, but more so in
male juveniles: two models using only CL or CL?
as a single predictor estimated age with sufficient
precision. The canines of adult male otariids are
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much longer than those of females (Lowry &
Folk, 1990; Molina-Schiller & Pinedo, 2004), and
our data show that this difference is developing
already at an early stage. In contrast, the growth
of the incisors slows down at an earlier age in both
sexes. In 1-y-old juveniles, incisors were as long
as or longer than upper canines, while 2-y-old
animals had substantially longer canines. These
two predictors (IL and IW) were discarded from
models due to their low explanatory value.

Our results suggest that tooth growth has lower
developmental plasticity than body growth and,
thus, that tooth measurements are better pre-
dictors of age than body measurements (King
et al., 2007). Linear models of tooth length and
body measurements support these findings (best
models: LCL~SL, R* = 0.3858, p < 0.01 and
LCL~FL, R*=0.4527, p < 0.01, male and female
data, respectively). In contrast to recent findings
in harbour seals (Blundell & Pendleton, 2008),
age estimation models for Galapagos sea lion
juveniles containing only SL, mass, and girth
did not result in reliable age estimates. Mass and
girth in relation to body length are commonly
used to estimate condition rather than age (e.g.,
Antarctic fur seals [Arctocephalus gazella] and
New Zealand fur seals [Arctocephalus forsteri]
(Arnould, 1995; Bradshaw et al., 2000a), and our
results suggest that these variables should not be
used for age estimation for Galapagos sea lions
and possibly closely related species. The models
that provided accurate age estimates were more
complex than those published for Steller sea lion
juveniles (King et al., 2007), which indicates
higher variation in growth for Galapagos sea
lions. Galapagos sea lions live in a highly unstable
environment with seasonally fluctuating sea sur-
face temperatures and nutrient supplies (Palacios,
2004). Additionally, irregularly occurring El Nifio
events cause unpredictable major declines in
food abundance (Barber & Chavez, 1983; Cane,
1983), which, in turn, strongly affects the growth
and survival of juveniles (Trillmich & Limberger,
1985). The variation in size and in growth rates in
Galapagos sea lion juveniles is, therefore, higher
than in Steller sea lions, resulting in less uniform
relationships between age and body or teeth mea-
surements (Mueller et al., in press). Also, models
in King et al. (2007) and Blundell & Pendleton
(2008) contained a larger number of 1 y old and
younger animals than this study, which improved
the quality of the models due to near linear growth
in young age classes. However, otariid pups are
easy to distinguish from older juveniles because
of their longer and differently coloured pup fur
before they moult; thus, a modelling approach is
not necessary to distinguish this age class from
older juveniles.

Similar to the findings of King et al. (2007) and
Blundell & Pendleton (2008), models containing
3-y-old animals did not produce reliable age esti-
mates. This is in line with the slow decrease in
growth rate of juvenile pinnipeds between the ages
of 2 and 3 y (Mueller et al., in press). Their growth
rate reaches asymptotic values at these ages and is
sufficiently variable to blur distinctions between
age classes > 2 y. In Galapagos sea lion juveniles,
growth is particularly strongly correlated with
environmental conditions and varies considerably
between years (Mueller et al., in press). The appli-
cation of our technique is, therefore, limited to
juveniles up to 2 y of age. However, when apply-
ing our method to other pinniped and mammal
species with less variable growth patterns, it might
be possible to include older cohorts of juveniles.

Even so, major life history changes occur
between the ages of 11 and 27 mo. Galapagos sea
lion juveniles can be self-sufficient foragers, in the
process of being weaned, still dependent, or even
sharing their mothers’ milk with a younger sibling
of a trio (Trillmich & Wolf, 2008). Accurate age
estimation, therefore, assists greatly in the detec-
tion of individual and age-specific ecological and
behavioural differences in an otherwise non-dif-
ferentiable group of young animals.

We consider this a practicable and reliable
method that requires only brief periods of physical
restraint of the study animals. We encourage the
development of similar models in other species.
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