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A sample of 834 female New Zealand sea lions (Phocarctos hookeri), which were aged and measured, was
obtained between 1998 and 2001. In addition, the reproductive histories of 505 marked females from the
Auckland Islands were recorded from 1998 to 2005. These data sets were used to investigate growth and
reproductive rates. Length and weight ranged from 134 to 197 cm and 49 to 156 kg, respectively. A Gompertz
growth model best described growth and predicted that females attained 90% of asymptotic length (161.7 cm)
and weight (112.0) at ages 4 and 11 years, respectively. No significant differences were found in growth rates
among years, nor between the 2 major breeding colonies in the Auckland Islands. Females reproduced between
the ages of 3 and 26 years, with evidence of reproductive senescence starting at age 23 years. Although females
up to age 28 years were observed, no females over 26 years were recorded as reproductive. Age-specific
reproductive rate p(x) increased rapidly between ages 3 and 7 years, reached a plateau between ages 7 and 23
years, and then declined rapidly after age 23 years. Mean observed reproductive rate was p(x); »g = 0.67 (SE =
0.01). This is the 1st robust estimate of reproductive rate for this species, is consistent with rates reported for
other sea lions, and is considerably lower than assumed rates used in recent population modeling for this
species. This calls into question the current method for estimating levels of sustainable bycatch. Low growth
and reproductive rates are consistent with a population that is occupying a marginal foraging environment.
These factors, along with a recent significant decline in pup production, suggest that current management is
insufficient to ensure population stasis, let alone meet the statutory goal of recovery. DOI: 00.0000/00-MAMM-

X-000.1.
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An understanding of life-history parameters is essential for
appropriate conservation and management of any species,
especially of a threatened species. The New Zealand sea lion
(NZSL; Phocarctos hookeri) is endemic to New Zealand and
is listed as threatened by the International Union for
Conservation of Nature and Natural Resources (International
Union for Conservation of Nature and Natural Resources
2009). NZSLs are caught regularly as bycatch in the New
Zealand southern trawl fishery for arrow squid (Nototodarus
sloanii). On average, >70 NZSLs, and up to 140, have been
estimated as being killed each year since observations began
in 1986 (Ministry of Fisheries 2005). This bycatch is managed
by the New Zealand government via the application of a
NZSL catch limit or fishing related mortality limit imposed on
the commercial fishery. When it is estimated that either the
fishing related mortality limit or the 6T squid total allowable
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catch has been reached, the fishery is closed. In recent years
the former has closed the fishery much more often than the
latter (Ministry of Fisheries 2005).

Since 2003 fishing related mortality limits have been
calculated using an age-structured Bayesian model of NZSLs
developed specifically for this purpose (Breen and Kim 2006;
Ministry of Fisheries 2005). A constraint of this model is that
the values for most life-history parameters have been assumed
or are based on limited data. One of the parameters, maximum
number of pups per mature female, is presently estimated from
a limited number of 317 observations of 135 marked females
from a limited age range (Breen and Kim 2006). Although the
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Bayesian framework allows for flexibility in fitting the model
to the limited amount of observed data, it is essential that
reliable and robust estimates of reproductive rates are
available for use in the model. Estimates of reproductive rate
generated by the model (Breen and Kim 2006) are consider-
ably higher than rates reported for any other pinniped and are
biologically unrealistic (York 1994). Sensitivity analysis has
indicated that the model is particularly sensitive to input
values for reproductive rate, confirming the need for better
input data.

In addition to the direct removal of individuals from the
population as bycatch, potential also exists for indirect
competition between NZSLs and the commercial fishery via
the removal of sea lion prey by the fishery (Chilvers et al.
2005). This resource competition could reduce growth rates,
and comparison of inter- and intraspecific growth rates could
provide an insight into potential resource competition.
Mathematical models have been applied widely to describe
growth in pinnipeds (Kastelein et al. 2000; Lima and Paez
1995; Rosas et al. 1993; Winship et al. 2001). Although it is
generally accepted that simple growth models are unable to
describe adequately the growth of pinnipeds over the entire
life cycle (Aldrich and Lawler 1996; McLaren 1993; Winship
et al. 2001), such models do allow for comparison between
sexes and among populations and species (McLaren 1993).

Estimation of reproductive rates for pinnipeds has relied
largely on the autopsy and tooth-ageing of animals collected
for research, during subsistence hunts, or killed incidental to
fisheries operations (Dabin et al. 2004; Dickie and Dawson
2003; Lima and Paez 1995; Pitcher and Calkins 1981). Mark—
recapture and other models also have been used to estimate
reproductive rates of pinnipeds (Boyd et al. 1995; Hernandez-
Camacho et al. 2008).

Using data gained from capture and ageing of female NZSLs,
and subsequent resightings, the aims of this study were to
describe growth patterns, to investigate intersite and interannual
variation in growth patterns, and to estimate age-specific
reproductive rates of female NZSLs at the Auckland Islands.

MATERIALS AND METHODS

Growth modeling—Capture and sampling of lactating
female NZSLs was undertaken in January and February
during the austral summer in 1998, 1999, 2000, and 2001 at 2
breeding colonies approximately 9 km apart, Dundas Island
and Sandy Bay on Enderby Island (50°S, 166°E). Random
selection of lactating females was not possible because not all
females were accessible for capture. We attempted to mitigate
this by spreading capture effort evenly throughout the
accessible parts of the colony and throughout the season.
Females seen nursing or calling pups were selected for
capture. Once captured, individuals were checked for milk
production by expressing milk to confirm lactation.

Female NZSLs were captured, physically restrained, and
anesthetized (Childerhouse et al., in press). All individuals were
tagged on both flippers with individually numbered Allflex

Journal of Mammalogy mamm-91-01-16.3d 13/11/09 19:14:38

2

Vol. 91, No. 1

cattle ear tags (1999; Allflex NZ Ltd., Palmerston North, New
Zealand) or Dalton jumbo tags (2000-2001; Dalton ID Systems
Ltd., Oxon, United Kingdom). Females caught at Sandy Bay in
2000 also were hot branded on the left side of the body. Females
were weighed and measured (standard length). A single
postcanine tooth was removed using a dental elevator. All
work was conducted under a Marine Mammal and Animal
Ethics Permit issued by the New Zealand Department of
Conservation, and research followed guidelines of the Amer-
ican Society of Mammalogy (Gannon et al. 2007).

Extracted teeth were aged via readings of growth-layer
groups in the cementum (Childerhouse et al. 2004). Although
we found no significant difference between estimated age
from tooth reading and actual age for known-age individuals
(individuals tagged as pups), the fitted regression line from
this relationship is used to estimate age from growth-layer
group counts for all individuals of unknown age because it
uses the best information available (Childerhouse et al. 2004).

The age distribution of lactating females includes only
individuals of age 3 years and older because before this age
females have yet to recruit into the breeding population
(Childerhouse et al., in press). To allow the model to fit to
younger age classes it was advantageous to include measure-
ments for these younger females. This information was
available from several other sources. NZSLs caught and killed
in the 6T squid fishery on the Auckland Islands shelf are
routinely returned and autopsied (Ministry of Fisheries 2005).
Measurements from these individuals are reported by Dickie
(1999) and Duignan et al. (2003a, 2003b). In addition,
measurements of 82 neonate pups were made on Sandy Bay
breeding colony between 2001 and 2004 (Chilvers et al. 2006).
Pup data were not used to fit growth models, because no single
equation is able to describe adequately the growth of all age
classes, and it is known that the growth of pups differs from
that of older animals (McLaren 1993).

In all cases, length and weight data were approximately
normally distributed (Fig. 1). An a-value of 0.05 was used in all
statistical testing. Gompertz (Ricker 1979), von Bertalanffy
(Ricker 1979; von Bertalanffy 1938), and Richards (Leberg et al.
1989; Richards 1959) growth curves were fitted to age against
standard length and weight data in SPSS version 10 (SPSS Inc.
2004) following Winship et al. (2001). Parameter estimates are
provided for all 3 models to allow comparisons with other sea
lion species. However, the Gompertz growth model represents a
standard curve that is thought to best describe mammalian
growth (Heide-Jorgensen and Teilmann 1994). Growth curves
for size (S: length and weight) were of the forms:

Gompertz:

St — LOC expfefk(ffb) ,

von Bertalanffy:
Si=Le(1—exp *7P),
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FiG. 1.—Frequency distributions of a) age, b) length, and c) weight
of sampled lactating and bycaught female New Zealand sea lions (n
= 834).

and Richards:

S, = [Loc 1—m _(L0017 _ 0lfm) exp[72t(1+m)]/T]l/(l _’")’

(3)
where L., is asymptotic length or weight respectively, k is the
growth rate constant, ¢ is age in years, b is the time parameter,
m is Richard’s shape parameter (which specifies the relative
position of the asymptote), Sy is size at t = 0, and T is the
growth period indicative of growth rate. Growth models were
fitted using nonlinear least-squares regression in SPSS (SPSS
Inc. 2004). Goodness of fit was evaluated using the coefficient
of determination (+%) and the smallest uncertainty in parameter
estimates.

Because of significant differences in the age distribution of
lactating females between Dundas Island and Sandy Bay and
significant interannual variation at Sandy Bay (Childerhouse
et al., in press), we constructed separate growth models for
lactating females by site (Sandy Bay and Dundas Island) and
year (1999, 2000, and 2001). Z-tests (Zar 1998) were used to
evaluate differences among parameters. A body mass index
also was used to examine differences in relative growth
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between the 2 sites. Body mass index is the ratio of weight
(kg) to length (cm). Age-specific growth rate was investigated
by estimating the expected size (length and weight) derived
from the calculated Gompertz growth model against age.

Reproductive rate—In addition to capturing and sampling
individuals for the assessment of age structure, we made
regular searches for marked sea lions at the Sandy Bay colony
between December and February each year. We recorded tag
or brand number and breeding status (breeding [defined as
seen giving birth, nursing, or seen consistently with a pup
more than twice within a season] or nonbreeding) of
each female of known-age seen. These observations spanned
the period 1999-2005 and were combined to estimate age-
specific reproductive rate p(x) and investigate reproductive
senescence (progressive loss of physiological function with
age resulting in reduced fecundity—Abrams 1991). We
defined p(x) as the proportion of all tagged females of age x
seen that were recorded giving birth or nursing a pup, or both.
This definition is contingent on females returning to the
breeding colonies so they can be resighted. Exact binomial
95% confidence intervals (95% CIs) were calculated sepa-
rately for each p(x).

We fitted the following model to the data using maximum
likelihood to generate a quantitative and predictive description

of reproductive rate:
) {l (x “2> }’
O»

where a is the maximum reproductive rate across all age
classes, ®(.) is the cumulative distribution function for the
standard normal distribution, p; and o, are the mean and
standard deviation of the age at which females 1st give birth,
and |, and o, are the mean and standard deviation of the age
at which females last give birth. Individuals caught in the
fishery were not used in the estimation of p(x) because females
were caught during early pregnancy and at this stage it is
difficult to determine pregnancy status. By definition, the
estimation of p(x) is related to the birth of a pup and it was not
possible to determine if these females would have given birth
if they had not been killed. For clarification, p(x) is the
observed value of reproductive rate, and p(x) is the estimated
value of reproductive rate from the maximum-likelihood fit of
equation 4 to the observed data.

Two sets of the data were used to explore the range of age-
specific p(x). Data set o used all resights for which breeding
status had been confirmed and is thus likely to reflect the
maximum values of p(x). Data set f was data set o plus
individuals that were known to be alive but were not seen in a
particular year (e.g., they were seen in #;, not seen in #;,, but
seen again in #;;). Given that NZSLs are highly philopatric
and little breeding occurs away from the breeding colonies
(Chilvers and Wilkinson 2008), these latter individuals were
assumed to be nonbreeding in the year in which they were not
seen. Data set B is likely to reflect the minimum plausible
value of p(x). Females seen, but whose breeding status was not
confirmed, were excluded from both data sets.

p) = ad (x_—“‘ (4)
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TasLE 1.—Sample of lactating New Zealand sea lions (n = 819)
and female New Zealand sea lions from bycatch (n = 15) used for
growth measurements.

Minimum Maximum

Source Year n age (years) age (years)
Lactating

Dundas Island 1998 28 4 16
1999 134 3 25
2000 142 4 26
2001 138 4 23

Total 442
Sandy Bay 1998 15 6 17
1999 142 3 21
2000 125 3 24
2001 95 4 26

Total 377
Bycatch 1997 3 3 3
1998 6 1 3
2001 4 3 3
2002 2 2 3

Total 15

REsuLTs

Growth modeling—A total of 819 lactating NZSLs, which
were captured and measured over 4 years, comprised the bulk
of the sample (Table 1). Sampling during the 1st year, 1998,
was halted prematurely because of unusual mass mortality
event and so the sample size was considerably smaller than in
the latter 3 years. An additional 15 females aged between 1
and 3 years caught as fisheries bycatch between 1997 and
2002 also were included to increase sample sizes allowing a
better fit of the growth models to the data for younger ages,
which were not well represented in sampling of reproductive
females. A total of 834 female NZSLs was used to calculate
frequency distributions of age against length and weight
(Fig. 1). The study was sampled with replacement between
seasons (i.e., no individual was sampled more than once
during a season but may have been resampled during a
subsequent season). Given the large sample size (n = 819), the
very low rate of resampling of the same individual (n = 38
individuals, <5% of total captures), and the random sampling
of individuals, pseudoreplication is not a significant source of
bias in this study.

The grand means of length and weight measurements for all
females (n = 834) were 175.7 (SE = 0.3, range = 134-197)
cm and 109.0 (SE = 0.5, range = 49-156) kg (Fig. 2). For
lactating females only (n = 819) these measures were 176.1
(SE = 0.2, range = 157-197) cm and 109.6 (SE = 0.5, range
= 75-156) kg.

The 3 growth models fit the data similarly well (Fig. 3;
Appendix I). The r*-values were low (~0.35) due to the large
sample size and the wide variation in size among individuals
of the same age. The Gompertz growth model was selected as
the best model to describe growth in female NZSLs because it
had a similar fit to the other models but used fewer parameters
than the Richards model (i.e., 3 versus 4). All further growth
analysis was undertaken using only the Gompertz model.
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Growth was asymptotic in both length (90% L.. = 161.7 cm
at age 4 years) and weight (90% L.. = 112.0 kg at age 11
years; Fig. 3). This difference in age at the asymptotic point
demonstrates that females continue to increase in weight long
after achieving asymptotic length. Size-at-age models failed to
predict birth length or weight accurately, with both being
overestimated (Fig. 3). The allometric relationship between
body length and weight was reasonably well described as the
power function weight = 0.0004 x length®>***® (where weight
is given in kilograms and length is given in centimeters), with
r* = 0.60 (Fig. 4).

The growth rate for both length and weight peaked at 10%
per annum at age 1 year and steadily declined after that
(Fig. 5). Growth rate declined much faster for length than
weight. Annual growth rate was <1% by ages 10 and 17 years
for length and weight, respectively.

Gompertz growth curves were calculated for Sandy Bay and
Dundas Island samples separately (Fig. 6). Parameter esti-
mates for length modeling were not significantly different
between the 2 sites (L.: Z =29, P =084;b:Z=1.6, P =
0.12; k: Z = 0.9, P = 0.35). For weight, however, 2 of the 3
parameters were significantly different (L.: Z = 04, P =
0.70; b: Z = 2.9, P < 0.001; k: Z = 2.4, P = 0.02). Although
some significant differences existed in parameter values for
weight, growth curves for each colony were broadly similar, as
indicated by the complete overlap of the 95% CIs for length
and partial overlap for weight (Fig. 6). However, the ratio of
expected size calculated from fitted Gompertz growth models
for each colony highlighted some differences in relative
growth by age (Fig. 7a). For length, the ratio is very close to 1,
with some evidence that females are slightly shorter at Sandy
Bay than Dundas before age 6 years. More striking is the ratio
for weight, where females less than age 6 years are
considerably lighter (—12%) at Sandy Bay than Dundas. This
ratio reverses after age 6 years, with females being heavier at
Sandy Bay than at Dundas with the largest difference apparent
at age 12 years (+5%) before declining to approximately 1:1 at
older ages. This difference also is seen in relative body mass
index for both colonies (Fig. 7b).

Gompertz growth models were fitted separately to data
from the 2 colonies for each of the 3 years (Fig. 8). To
simplify the presentation of Fig. 8, only the 95% ClIs for 1999
are presented. Examination of parameter estimates and the
95% CIs of growth curves provided no indication of a
significant year or colony effect.

Reproductive rate—Data set o comprised 1,677 resights of
505 different females aged between 3 and 28 years (Fig. 9).
Females were observed with pups between the ages of 3 and
25 years, but only 3 individuals older than 25 years were
resighted and none was observed with a pup. Considerable
variation characterized age-specific estimates of p(x)
(Fig. 10). Given the large variation associated with some of
the point estimates, and considerably different sample sizes for
different ages, a weighted mean was used (Seber 1982). The
weighted mean p(x);_pg from data set o was 0.76 (SE = 0.01;
Fig. 10a; Table 2). The maximum-likelihood fit of p(x);_»g to
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F16. 2.—Mean (£ 95% s CIs) a) length and b) weight by age for lactating female New Zealand sea lions (n = 819), bycaught females (n =

15), and female pups at birth (n = 82).

data set o showed a plateau between the ages of 7 and 23 years
(Fig. 10a).

An additional 219 resights of females that were known to be
alive but were not resighted in a season were added to data set
o and reanalyzed as the data set B (Fig. 10b). The weighted
means of p(x)s_pg and p(x)7_»3 from data set B were less than
the equivalent values from data set o (Fig. 10b; Table 2).

Modeled p(x) fit the observed data well, with high r*-values
for both data sets (Fig. 10; Table 2). No difference between
the weighted means of p(x) and p(x) for either data set was
observed.

Discussion

Growth modeling—A potential source of bias in this study
is that the reproductive females sampled may have a growth
pattern different than that of females that are either not
reproductive or have a lower reproductive rate. This seems
unlikely because a large sample was taken over 4 years at 2
colonies, and only those females that did not produce a pup
over that period would not have been available for sampling.

Female Steller’s sea lions (Eumetopias jubatus) with a fetus
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are significantly heavier and longer than females of the same
age without a fetus (Winship et al. 2001). If this is also true for
NZSLs, the growth rates reported in this study may be
positively biased compared to the average growth rate for all
female NZSLs. We believe that this bias is likely to be small
because of the large sample size and multiyear sampling, but it
will be necessary to quantify this empirically, perhaps using
bycatch females.

Latitudinal data have been used widely in the estimation of
growth rates in pinnipeds. Many potential sources of bias exist
in the estimation of growth from latitudinal data (Winship et
al. 2001), including (i) precision of assigned age, (ii) variation
in birth date, (iii) accuracy of the ageing technique, (iv)
unequal body-size representation within age classes, (V)
unequal representation of ages, (vi) differential mortality
related to size, and (vii) differential growth and survival rates
related to environmental conditions (McLaren 1993; Winship
et al. 2001).

Biases i—iii are related to ageing of individuals. All
individuals were sampled at a similar time of year (January
or February for reproductive females; February—May for
bycaught females), and ageing of NZSLs from growth-layer
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groups in the cementum has no significant bias (Childerhouse
et al. 2004). Biases iv and v are related to sampling selectivity
within age classes, which should have been mitigated by
spreading our sampling effort across colonies, across and
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within years, and by using a large sample size. The number of
individuals in each age class was generally large (X = 32; SE
= 1.1), although smaller sample sizes characterized older and
younger age classes. Leberg et al. (1989) noted that biased
sampling of a population with respect to age can bias the
asymptotic size parameter of growth models, but this also is
unlikely in this study because there was a wide range of ages
with samples available for all known age classes.
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Biases vi and vii relate to differential survival between
different-sized individuals and are more difficult to assess. It is
likely that some interaction exists between size and survival,
with the simple example of faster-growing juveniles or
subadults possibly having a higher survival rate than slower-
growing individuals (Winship et al. 2001). This would result
in a preponderance of large individuals among young adults
(McLaren 1993). This bias also could be complicated by the
almost exclusive sampling of breeding females in this study,
which, in other studies, have been shown to be generally larger
and in better condition than nonbreeding females of the same
age (Winship et al. 2001). Hence, it is possible that the growth
at age models presented here are positively biased, resulting in
higher growth rate estimates than would be estimated from a
data set including both breeding and nonbreeding females. No
evidence of any interannual variation in growth rate was
observed in the study, nor is there any environmental variation
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evident over this period, making it unlikely that bias v would
be an effect in this study.

Length and weight exhibited asymptotic growth. Laws
(1956) found that length at puberty, as a percentage of final
size, was remarkably consistent among pinnipeds at 87%.
Female NZSLs reached 90% of asymptotic length at between
ages 3 and 4 years, which also corresponds with the earliest
evidence of sexual maturity suggested by Laws (1956). Mass
did not reach 90% of asymptotic weight until age 8 years,
demonstrating that females continue to increase in weight long
after achieving asymptotic length, which is consistent with
body mass index increasing with age. Similar growth patterns
also are seen in female Steller’s sea lions (Winship et al. 2001)
and female California sea lions (Zalophus californianus—
Kastelein et al. 2000). Female NZSL and Steller’s and
California sea lions attain 90% of asymptotic length at or
around age 4 years, but southern sea lions (Otaria flavescens)
reach this point slightly later, at around age 6 years (Kastelein
et al. 2000; Rosas et al. 1993; Winship et al. 2001).

The estimated age-specific growth rate for weight in NZSLs
was considerably lower than that reported for Steller’s sea
lions for all ages (Winship et al. 2001). This may be simply a
species-specific difference but also could be the effect of
NZSLs occupying a marginal foraging environment as
proposed previously by Chilvers et al. (2005). NZSLs
regularly exceed their theoretical aerobic dive limit, with the
implication that they have to work harder to obtain sufficient
energy for thermoregulation, growth, and reproduction
(Chilvers et al. 2005). A suboptimal growth rate is consistent
with an individual that is occupying a marginal foraging
environment, but it is not possible to assess this from the
available data. Present research on growth of NZSLs at other
locations (e.g., Otago Peninsula) will help determine if the
rates reported here are suboptimal for the species.

Although we observed no significant colony effect for
length, evidence was found for an effect for weight. Females
at Sandy Bay were in poorer condition than those at Dundas
Island until age 6 years when the situation reversed itself, with
Sandy Bay females being in better condition. This result is
surprising given that the 2 colonies are only 9 km apart, have
some interchange, share foraging areas, and weights of female
pups at 6 weeks of age are not significantly different between
the 2 sites (Chilvers et al. 2005, L. Chilvers, pers. obs.).
However, if juvenile—young adult females at Sandy Bay are
nutritionally stressed compared to Dundas Island individuals,
this could be reflected in reduced survival. This is consistent
with the finding that the 2 colonies have significantly different
age distributions of lactating females, with Sandy Bay having
a lower proportion of older individuals (Childerhouse et al., in
press), as would be expected if the survival of younger
individuals is reduced. The mechanism that drives the
differing body conditions between the 2 colonies is unclear
given the apparent similarities between the 2 colonies.

Reproductive rate—Resighting records of individually
identified and known-age female NZSLs demonstrate that
NZSL females produce pups between the ages of 3 and 25
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FiG. 8.—Interannual and intersite variation in Gompertz growth models for lactating New Zealand sea lions at the Auckland Islands. Shown
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years. This is very similar to the age distribution of lactating
NZSLs found from sampling (3-26 years—Childerhouse et
al., in press). Only 1 individual was recorded pupping as early
as age 3 years. This is again consistent with the observed age
structure of lactating females where only 3 (0.3%) of 865
sampled lactating females were observed to give birth at age 3

years (Childerhouse et al., in press). Females up to age 28

years have been resighted, but no females older than 25 years
were seen with pups. Reproductive senescence appears to start
at approximately age 23 years, although this is based on a
relatively small sample size (n = 30 females > 20 years).
Examination of autopsy data indicates that NZSLs ovulate
as early as age 3 years and suggests that all females are
ovulating by age 4 years (Dickie 1999; Duignan et al. 2003a,

250 -
200 1
éh ] OData set o
5 B Data set
& 150 A P
8 ]
— n
o m
2 100 -
= <]
= ]
Z i
50 -
O i T T T
0 5 10 15 20 25
Age (years)
Fi6. 9.—Total number of resightings of known-age female New Zealand sea lions for data set o (n = 1,677) and data set § (n = 1,896).
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Fic. 10.—Observed p(x) and modeled p(x) age-specific reproduc-
tive rate for female New Zealand sea lions at Sandy Bay, Auckland
Islands, obtained from tag and brand resightings over 1998-2005: a)
data set o (n = 1,677) and b) data set f (n = 1,896). Diamonds are
the observed age-specific reproductive rate p(x), and the fitted line is

the estimated age-specific reproductive rate p(x). Dotted lines are
exact 95% CIs.

2003b). However, this is based on a limited sample of only 22
females less than age 5 years. Three females of estimated age
3 years have been recorded as giving birth, indicating that
females can ovulate as early as age 2 years. This proportion is
likely to be very small given that only 0.3% of breeding

CHILDERHOUSE ET AL.—GROWTH AND REPRODUCTION OF SEA LIONS 0

females were age 3 years (Childerhouse et al., in press).

Therefore, females can ovulate as early as age 2 years, and
most are ovulating by age 4 years. These findings are similar
to that reported from autopsy records of Steller’s sea lions that
indicate age at 1st ovulation is 3 years with an estimated 100%
of females ovulating by age 6 years (Pitcher and Calkins
1981).

Young (<4 years) and old (>21 years) age classes are
represented by few individuals in the sample, resulting in large
CIs for p(x). For example, the sample contained only 1
individual of age 3 years and 1 individual of age 25 years, and
both were observed with a pup. The resulting high estimate of
reproductive rate of 1.00 for these ages is simply the result of a
small sample size; however, note that the exact 95% CIs span
from approximately O to 1. Given these large CIs, estimates of
reproductive rate for these ages are strongly influenced by the
shape of the equation that was fit. The choice of model was
made after consideration of the reproductive patterns of other
otariid species. Several other curves were explored in fitting
the observed reproductive data, but the p(x) model was
selected because it has considerably flexibility in shape and it
best fit the observed data. Although the model fit is generally
consistent with the data (given the large variability), the
reproductive rates for young and old individuals should be
viewed with caution.

Reproductive rate increased rapidly between ages 3 and 7
years, reached a plateau between ages 7 and 23 years, and then

declined rapidly after age 23 years. Chilvers et al. (in press)

reported a similar convex relationship for reproductive rate for
NZSL starting at 4 years, peaking between 8 and 13 years, and
then declining with age. A similar pattern has been reported
from Steller’s sea lions in which reproductive rate declined to
0 after age 20 years (although small sample sizes for older
individuals also were a constraint of this study—Pitcher and
Calkins 1981) and California sea lions (Hernandez-Camacho

et al. 2008; Holmes et al. 2007; Melin 2002). An observed

peak in reproductive rate at intermediate ages followed by a
decline in reproductive rate for older individuals is well
described in some fur seals (e.g., northern fur seals
[Callorhinus wursinus—Lander 1981], South American fur
seals [Arctocephalus australis—Lima and Paez 1995], and

TaBLE 2.—Estimates of weighted means of observed p(x) and modeled p(x) reproductive rates for female New Zealand sea lions at the
Auckland Islands using data set o (confirmed reproductive histories of known-age females) and data set 5 (data set o plus individuals that were
not seen but known to be alive). Model parameters are the fit of the p(x) model to the observed data. See text for notation descriptions.

Model parameters

n P(X)328 SE P(X)7-23 SE ] My d Ha o s

Observed

Data set o 1677 0.76 0.01 0.86 <0.01

Data set 8 1896 0.67 0.01 0.75 <0.01

P(X)3-28 SE P()7-23 SE

Modeled

Data set o 0.76 0.01 0.86 <0.01 1.89 505 1.08 2521 1.22 093

Data set 3 0.67 0.01 0.75 <0.01 1.12 497 1.11 2520 1.00 0.85
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subantarctic fur seals [A. ropicalis—Bester 1995; Dabin et al.
2004]) but is not a feature of all fur seals (e.g., Antarctic fur
seals [A. gazelle—Boyd et al. 1995]). The large decline in
reproductive rate in NZSLs occurs at approximately 0.89 of
maximum age, but in Steller’s sea lions and Antarctic and
South American fur seals it occurs at approximately 0.56,
0.58, and 0.72, respectively, of maximum estimated age (Boyd
et al. 1995; Lima and Paez 1995; Pitcher and Calkins 1981).
NZSLs appear to have higher reproductive productivity in the
latter stages of their life than other pinniped species, although
the overall mean reproductive rate is lower.

As expected, p(x) varied depending on the choice of data
set. Data set o is positively biased because females known to
be alive, but not seen at the breeding colony and therefore
unlikely to be breeding, are excluded from analysis. The effect
of expanding data set o by adding these females to create data
set B was to lower the overall reproductive rate by 0.09
(Table 2). Population models used to estimate sustainable
removals are likely to be highly sensitive to this parameter
given that it is a critical measure of productivity. Therefore,
we suggest that the estimate from data set B is preferred in
such modeling because it is less biased.

The model p(x) fit the data well and described the increase,
stability, and then decline in reproductive rate with increasing
age. The mean value of p(x);_»g was the same as p(x);_»g and
was within the observed range of reproductive rates for other
species of sea lions. Because of small sample sizes of ages <5
and >20 years and the resulting large CIs associated with
these point estimates, the fit of p(x) to these older ages is less
informative and driven to a certain extent by the shape of the
model. This is apparent in the lack of observed breeding of
females older than age 25 years but with estimated p(x) rates
of 0.23 and 0.06 for ages 26 and 27 years, respectively.
Although the impact of this discrepancy is likely to be small,
because the proportion of breeding females aged >25 years is
estimated to be <1% (Childerhouse et al., in press), it is
important to improve sample sizes for these older individuals
for future analysis to improve the fit of the model and provide
more information on senescence.

To date, most modeling on this species has focused on
estimation of abundance (Gales and Fletcher 1999), likely
population trend (Lalas and Bradshaw 2003; Manly and
Walshe 1999; Woodley and Lavigne 1993), or estimating
sustainable levels of bycatch (Breen and Kim 2006). Little
attention had been afforded estimation of empirical parame-
ters, except for Chilvers et al. (in press), who modeled
reproductive rate from multistate mark-recapture data from
branded females. This produced similar estimates to this
study. Most modeling has relied simply on parameter
estimates for other species, using values between 0.60 and
0.90. Three estimates of reproductive rate use observed data
from NZSLs. Lalas and Bradshaw (2003) used reproductive
rate estimates of 0.75 and 1.0 that were based on observed
breeding histories of female NZSLs at Otago Peninsula. Breen
and Kim (2006) made the peculiar choice not to estimate
reproductive rate but rather RO, maximum number of pups per
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mature female, estimating a Bayesian posterior of 0.99 (0.98—
1.00) using a limited data set from the Auckland Islands NZSL
population. Their estimate is not directly comparable to the
reproductive rates estimated here. Nevertheless, an RO of 0.99
seems excessively optimistic. Chilvers et al. (in press)
modeled reproductive rate from multistate mark-recapture
data from branded females, which produced similar estimates
to this study. Our overall estimate of reproductive rate for
NZSLs of age > 3 years from this study is 0.67 (SE = 0.01).
This is the 1st robust estimate of mean reproductive rate for
this species. Despite this, it should be treated with caution
because it is calculated from observations of females at the
Sandy Bay breeding colony where only 19% of NZSLs breed
(Chilvers et al. 2007). The largest breeding colony at Dundas
Island, where 64% breed, has a different age structure of

breeding females (Childerhouse et al., in press) and therefore

also could have a different reproductive rate. Similar
observations are needed at Dundas Island to investigate
whether a difference in reproductive rate exists between the
colonies. If so, this reproductive rate could have significant
implications for the present modeling approach and the
bycatch limits based upon it.

The mean observed birth rate of 0.67 between ages 3 and 28
years for NZSL is within the range reported for other sea lions
(0.63 for Steller’s sea lions [Pitcher and Calkins 1981], 0.59
for Steller’s sea lions aged 4-21 years [Holmes et al. 2007],
0.71 for Australian sea lions [Higgins and Gass 1993], 0.77 for
California sea lions aged 6-12 years [Melin 2002], and 0.49
for California sea lions aged 10-25 years [Hernandez-
Camacho et al. 2008]). A comparison of age-specific
reproductive rates for several sea lion species is shown in
Fig. 11.

Management implications—Our estimate of reproductive
rate is based on a large sample of known-age females and is
among the lowest reported for any sea lion species. The new
estimate is considerably lower than assumed rates used in
recent population modeling for this species. The model used to
estimate sustainable levels of bycatch in the 6T squid fishery
is highly sensitive to reproductive rate. For this and other
reasons, including the implausibility of key results (e.g.,
estimates of Ry,,x and maximum pupping rate) and lack of fit
to the observed decline in pup production (Chilvers et al.
2007), the Breen—Kim modeling approach must be seen as
highly questionable. NZSLs have the lowest growth rate
reported for any sea lion species and this, combined with a low
reproductive rate, is consistent with a population that is
occupying a marginal foraging environment (Chilvers et al.
2005). These factors, along with a recent significant decline in
pup production, suggest that current management is insuffi-
cient to ensure population stasis, let alone meet the statutory
goal of recovery.
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ArpenDixX I. Parameter estimates (SE) for different models describing the growth of female New Zealand sea lions > 1 year of age
(e.g., standard length and weight at age in years). Model notation: L.. = asymptotic length or weight respectively; b = constant of
integration; k = growth rate constant; ¢ = age in years; m = Richards shape parameter (e.g., a parameter that specifies the relative
position of the asymptote); Sy = size at t = 0; T = growth period indicative of growth rate; r* = coefficient of determination.

Model L., b So T m ”

Length (cm)

von Bertalanffy 179.50 (0.43) 0.38 (0.03) 0.34 (0.02) 0.382

Gompertz 179.24 (0.42) —0.82 (0.09) 0.36 (0.02) 0.383

Richards 179.70 (0.36) 106.55 (12.85) —0.26 (—0.01) —1.04 (—0.03) 0.380
Weight (kg)

von Bertalanffy 123.09 (1.70) 0.52 (0.04) 0.16 (0.02) 0.350

Gompertz 122.29 (1.53) —0.42 (0.09) 0.19 (0.02) 0.350

Richards 124.43 (1.64) 51.29 (1.54) —2.48 (—0.32) —1.16 (—0.15) 0.350
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et al., in press, with year if now
published. Copy editor
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caption? Copy editor

Author: Is “von Bertalanffy” rather
than “von Bertanlanffy” correct as
changed in von Bertalanffy 1938, as
in Lit. Cit.? Copy editor

Author: Please update Childerhouse
et al., in press, with year if now
published. Copy editor
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Author: Correct to omit (a) in Table 1
caption and before table itself (there
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1? Is 1st column of Table 1 correct
as modified to insert “Lactating”?
Copy editor

11

Author: Please omit “(NZSLs)” in
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cussion”? Copy editor
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et al., in press, with year if now
published. Copy editor
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published. Copy editor
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published. Copy editor

19 Author: Please update Childerhouse
et al., in press, with year if now
published. Copy editor

20 Author: Please update Chilvers et
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published. Copy editor

21 Author: Is “Hernandez-Camacho”
rather than “Hernandez-Comacho”
correct as changed in Hernandez-
Camacho et al. 2008, as in Lit. Cit.?
Copy editor

22 Author: Is “subantarctic fur seals”
rather than “sub-Antarctic fur seals”
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World, 3rd. ed., as in Merriam
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and as in titles of Bester 1995 and
Dabin et al. 2004 in the Lit. Cit.?
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31
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32

Author: Is “Hernandez-Camacho”
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Copy editor
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34
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bell et al. 2006 is mentioned in text
or omit here in Lit. Cit. Copy editor
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omit here in Lit. Cit. Copy editor
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and page range if now published.
Copy editor
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40 Author: Please update Chilvers et
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page range if now published. Copy
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41 Author: Should ‘“200/01” be
changed to “2000/01” in title of
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original title)? Copy editor

42 Author: Please ensure that Heath
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here in Lit. Cit. Copy editor

43 Author: Is “International Union for
Conservation of Nature and Natural
Resources” correct as spelled out
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Copy editor

44 Author: Is “South American” rather
than “South Amercian” correct as
changed in title of Lima and Paez
1995 (please follow original title)?
Copy editor

45 Author: Please provide report num-
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Copy editor
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Bertalanffy 1938. Copy editor

47 Author: Is “T. H.” rather than “T.”
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Woodley in Woodley and Lavigne
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