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Abstract

Background: Determining the relative contribution of intrinsic and extrinsic factors to
fluctuations in population size, trends and demographic composition is analytically complex. It is
often only possible to examine the combined effects of these factors through measurements made
over long periods, spanning an array of population densities or levels of food availability. Using age-
structured mark-recapture models and datasets spanning five decades (1950-1999), and two
periods of differing relative population density, we estimated age-specific probabilities of survival
and examined the combined effects of population density and environmental conditions on juvenile
survival of southern elephant seals at Macquarie Island.

Results: First-year survival decreased with density during the period of highest population size, and
survival increased during years when the Southern Oscillation Index (SOI) anomaly (deviation from
a 50-year mean) during the mother's previous foraging trip to sea was positive (i.e., El Nifio).
However, when environmental stochasticity and density were considered together, the effect of
density on first-year survival effectively disappeared. Ignoring density effects also leads to models
placing too much emphasis on the environmental conditions prevailing during the naive pup's first
year at sea.

Conclusion: Our analyses revealed that both the state of the environment and population density
combine to modify juvenile survival, but that the degree to which these processes contributed to
the variation observed was interactive and complex. This underlines the importance of evaluating
the relative contribution of both the intrinsic and extrinsic factors that regulate animal populations
because false conclusions regarding the importance of population regulation may be reached if they
are examined in isolation.

Background extrinsic (environmental) factors to fluctuations in popu-
A central aim in population biology is to discern the rela-  lation size and demographic composition, with increas-
tive contribution of intrinsic (density-regulated) and  ingemphasis placed on quantifying the complex interplay
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between the two [1-4]. The mounting number of long-
term ecological studies available for the measurement of
population dynamical parameters, although still rela-
tively rare, is providing a more refined understanding of
the combined effects of these mechanisms [4-8]. For
instance, investigating the relationships between popula-
tion density, environmental conditions and survival prob-
ability using mark-recapture techniques has provided
important advances in this regard [e.g., [9-11]].

Given that populations of large, long-lived mammals tend
to have a relatively low capacity for growth due to their
long generation times and low reproductive output [12],
it is hypothesized that intrinsic factors should regulate
growth only near carrying capacity. Indeed, there is good
evidence that this is the case in many large mammal spe-
cies [8,12,13], with many studies concluding that extrinsic
factors are the predominate drivers of change when popu-
lations are below carrying capacity [12,14,15]. However,
the complex relationships that exist between extrinsic and
intrinsic control mean that there is no species for which
there is a complete understanding of how abundance is
regulated over the complete range of population densities
[16]. Another bugbear is that many populations with a
high degree of age-dependent fecundity and mortality
may not reveal density dependence if the time series used
in the investigation is short relative to generation time
[4,12,17]. In practice, it is usually only possible to exam-
ine the combined effects of density and environmental
conditions through measurements made over long peri-
ods spanning an array of population densities or levels of
food availability. As such, there are only a few case studies
where this has been done for long-lived mammals, and
most of those have focussed on island populations of
ungulates [2,18,19].

Changes in the population size of large marine predators
is potentially indicative of larger ecosystem changes given
that their predominate regulator appears to be environ-
mental stochasticity influencing food availability over
vast oceanic foraging regions (e.g., [20-22]). Upper
trophic-level marine predators such as seabirds and seals
are particularly amenable to the examination of such
mechanistic hypotheses because they are easily monitored
during their obligatory onshore breeding phase [21].
Access to such rare datasets is particularly important given
the predictions of climate change over the next few dec-
ades [22,23], and recent evidence for broad-scale changes
in population trends in birds and mammals throughout,
for example, the Southern Ocean [24-29].

The well-documented population decline and possible
recent stabilization of one of the most wide-ranging
Southern Ocean predators, the southern elephant seal
(Mirounga leonina) at Macquarie Island, has been the focus
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of intensive demographic studies for over fifty years
[22,26,30]. Population censuses from the 1940s to the
present and capture-mark-recapture studies from the
1950s and 1990s have provided extensive demographic
data for this population at both low and high population
densities [22,26,30-32]. There is strong evidence that this
population responds to environmental stochasticity via
modifications to individual survival given that this
parameter is highly sensitive to the at-sea foraging condi-
tions experienced by an individual over its predominately
aquatic life cycle [22,32]. Foraging elephant seals breed-
ing at Macquarie Island range widely over millions of
square kilometres of the Southern Ocean [21,33,34], and
it has been established that their feeding areas are associ-
ated to some extent with the pack ice zone and colder sea
surface temperatures - these environmental conditions
are known to fluctuate with El Nino-Southern Oscillation
(ENSO) patterns [22,32,33]. In this region, ENSO follows
an approximate seven- to eight-year cycle during which
time ocean productivity can fluctuate substantially
[35,36] (Fig. 1B).

It has been suggested that changes in ocean conditions
affect southern elephant seals either directly by modifying
the availability of food resources, or indirectly by affecting
sea ice dynamics and hence, ocean productivity [22].
While some studies have shown that survival [37], wean-
ing mass [38] and weanling sex ratio [39] are reduced or
modified during El Nino conditions, the Macquarie
Island population of elephant seals has shown a consist-
ent positive relationship between El Nino and pup sur-
vival [40]. These contrasting relationships may arise from
the different climatic conditions associated with ENSO
events in different regions of the Southern Ocean [41].

There is also some evidence for density regulation in
southern elephant seal populations, mainly via space lim-
itation on land while breeding [42-44]. However, compe-
tition for food at high population densities may also occur
during the at-sea foraging phase [22,45-47]. In this paper
we expand greatly on previous work by amalgamating
capture-mark-recapture data collected over two extended
periods of differing population density at Macquarie
Island: (1) the years between 1951 and 1960 when the
population was relatively abundant, and (2) between
1993 and 1999 when it was approximately 50 % smaller.
Our main aim was to identify whether there is evidence
for density and environmental effects on survival rates
and how these mechanisms combine to explain the
observed phenomenological trends of population size
over the last 50 years. We achieve this by (1) assessing the
concurrent age-, and sex- specific survival at the two differ-
ent density levels, (2) testing for density dependence in
adult and first-year survival between and at both densities,
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Macquarie Island southern elephant seal abundance trends (1951 — 2003) and the Southern Oscillation Index
over that period. (Top panel) Abundance trends of the isthmus population of breeding females at Macquarie Island from
1951 to 2003. Two main census periods emerge (1) between 1951 and 1960 (the relatively high-density era) and (2) from 1993
to 1999 (the low-density era). (B) El Nifio-Southern Oscillation (ENSO) conditions as measured by the Southern Oscillation
Index (SOI) anomaly over the elephant seal foraging period from January to October between 1950 and 2001. High positive
values of the SOl anomaly indicate El Nifio conditions, and high negative values indicate La Nifa conditions.

and (3) testing for the effects of environmental variation
as represented by ENSO on adult and first-year survival.

Results

Phenomenological evidence for density dependence

For the high-density time series (1951-1965), there was
good evidence for density-dependent population growth,
with the summed Akaike's Information Criterion cor-
rected for small samples size (AIC,) weights for the three
density-dependent models = 77.4 % (Fig. 2A, Table 1).
There was also strong evidence for density-dependent
population growth for the low-density time series (1993~
1999), where the summed AIC, weight for the density-
dependent models was 89.3 % (Fig. 2B, Table 1).

Capture-mark-recapture

The parametric goodness-of-fit bootstrap results for both
the high- and low-density eras showed evidence for lack of
fit to the Cormack-Jolly-Seber (CJS) model assumptions
(P < 0.0001) and over-dispersion. Non-compliance with
the CJS assumptions, in particular the assumption that all
animals from both datasets had the same resighting prob-
ability, may have influenced survival estimates. However,
it has been shown that increased variation in resighting
rate inflates the variance of survival estimates rather than
their means [48].

To account for over-dispersion, the inflation factor, ¢, was

used to correct the AIC values in all remaining analyses.
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Figure 2

Rate of population change versus abundance. Intrinsic rate of population change (r = log [N, ,/N]) versus N, (abun-
dance) for the breeding female southern elephant seal population at the Macquarie Island isthmus during (A) the high-density
era (1951-1960) and (B) the low-density era (1993—1999). Five population dynamics models (RW = random walk, EX = expo-
nential growth, RL = Ricker-logisitc growth, GL = Gompertz-logistic growth and TL = &-logistic growth; see Methods) were fit-
ted to the relationship of r versus N,. The sum of the Akaike Information Criterion (corrected for small sample sizes — AIC)
weights over the three density-dependent models considered (RL, GL and TL) show 77.4 % strength of evidence for density

dependence during the high-density era (A) and 89.3 % support for the phenomenon during the low-density era (B).

For the high-density dataset, was calculated for each
model set using the observed and simulated deviance and
deviance degrees of freedom. For the low-density dataset,
the values of calculated for each model set were consid-
ered too high (> 3) to be incorporated directly into the
correction of AIC, so the model sets were compared with
values of ranging from 1 to 10 to look for major discrep-
ancies in first-year survival estimates and model weighting
[see Additional file 1, tables 1 to 3].

During the low-density era and for the model set examin-
ing the effect of age, the model-averaged parameter esti-
mates for first-year survival varied by a maximum of + 2 %
with ranging from 1 to 10 [see Additional file 1, table 1].
Likewise, model rankings only changed relative to the
recapture probability p [see Additional file 1, table 1]. In
the sex-effect model set, model-averaged parameter esti-
mates for first-year survival varied by only 0.1 % with
changes to , and the general model ¢ (age*time)p(time)

Table I: Evidence for density dependence using phenomenological time series data

wAlIC_ %DD
Time series era q RwW EX RL GL TL 2wAIC,
High-density (1951-1964) 10 0.187 0.039 0.372 0.383 0.019 774
Low-density (1993—1999) 21 0.081 0.025 0412 0.380 0.101 89.3

Sample-size corrected Akaike weights (WAIC ) and the number of yearly transitions (q) for density-independent models: random walk (RW), and
exponential (EX), and density-dependent models: Ricker-logisitc (RL), Gompertz logistic (GL), and é-logisitc (TL), of the population growth of
southern elephant seals during the high-density era and low-density eras. The sum of the AlIC_ weights for the density-dependent models represents

the combined percentage support for density dependence (%DD).
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had > 83 % of the model weight for all values of [see
Additional file 1, table 1]. Varying within the SOI-covari-
ate models [see Additional file 1, table 2A] and the density
models [see Additional file 1, table 2B] also indicated lit-
tle change to the model ranking with respect to survival
probability, although there was some bias in the estimates
of survival probability (see below). Models examining the
effects of population density and SOI together demon-
strated little bias (2 %) in parameter estimates with vary-
ing , although model rankings varied substantially [see
Additional file 1, tables 3]. It should be noted, however,
that the presence of excessive over-dispersion provides
important information regarding the population structure
in its own right. Previous work has determined that cap-
ture heterogeneity and survival vary as a function of wean-
ing mass [49], so a certain degree of over-dispersion is
expected.

Sex and age effects

For the high-density era, the model that incorporated
time- and age-based survival had over 99.9 % of the
model weight (Table 2). Neither first-year or adult sur-
vival varied with gender (the general model, ¢ (age*time)
p(time) was allocated > 99.9 % of the model weight; Table
3); therefore, male and females were pooled for all subse-
quent analyses. The most parsimonious model for the
low-density era was one that incorporated time and age
effects on survival (Table 2). There was no evidence that
first-year survival varied with gender (the model ignoring
the effect of gender accounted for > 99 % of the wQAIC;
Table 3), so males and females were again pooled for all
subsequent analyses.

Table 2: Model ranking for models estimating age-specific
survival and recapture probability

Model AQAIC, wQAIC, k
High density (1951-1964)

¢(age-t/t) p(age-t/t) 0.000 0.948 38
p(age-t/t) p(t) 5.820 0.052 29
o(t) p(age-t/t) 19.140 <0.001 27
o(t) p(t) 49.100 <0.001 22
o(.) p(t) 122.780 <0.001 15
Low density (1993—1999)

¢p(age-t/t) p(age-t/t) 0.000 0.999 17
p(age-t/t) p(t) 19.670 <0.001 13
o(t) p(age-t/t) 72.570 <0.001 13
o(t) p(t) 107.070 <0.001 9
o(.) p(t) 112.770 <0.001 7

Effects of time (t), and age (age-juvenile/adult) on the probability of
survival (¢) and recapture (p) of southern elephant seals during the
high- (1951-1964) and low-density (1993—1999) eras. Models are
ranked according to their Akaike weights (WQAIC)), the relative
change in AIC_ score (AQAIC,), and number of parameters (k) based
on an inflation factor () of 1.3664.

http://www.biomedcentral.com/1472-6785/7/3

Table 3: Model ranking for models estimating age- and sex-
specific survival and recapture probability

Model AQAIC, wQAIC, k
High density (1951-1964)

p(age-tit) p(t) 0.000 0.999 25
p(age-sex*t/t) p(t) 13.640 0.001 34
¢p(age-sex*t/sex*t) p(t) 21.430 <0.001 40
o(t) p(t) 125.470 <0.001 21
p(sex*t) p(t) 137.080 <0.001 30
Low density (1993-1999)

p(age-tit) p(t) 0.000 0.928 13
p(age-sex*t/t) p(t) 5.690 0.054 17
¢p(age-sex*t/sex*t) p(t) 7.890 0.018 22
o(t) p(t) 125.440 <0.001 9
p(sex*t) p(t) 126.950 <0.001 14

Effects of time (t), age (age-juvenile/adult), and sex (sex) on the
probability of survival (¢) and recapture (p) in southern elephant seals
during the high- (1951-1964) and low-density (1993—-1999) eras.
Models are ranked according to their Akaike weights (WQAIC)), the
relative change in AIC_score (AQAIC,), and number of parameters (k)
based on an inflation factor () of 1.3559.

Environmental conditions and density considered
separately

For the high-density era, there was strong evidence that
the probability of both first-year and adult survival varied
with the standardized SOI (information-theoretic evi-
dence ratio [ER] = 5881; Table 4). The most parsimonious
model contained the SOI covariate representing the envi-
ronmental conditions during the time naive seals were
foraging (ER = 4732, Table 4). For the low-density era and

Table 4: Model ranking for models estimating age-specific
survival and recapture probability as a function of environmental
stochasticity

Model AQAIC, wQAIC, k
High density (1951-1964)

¢p(age-pup*t/pup*t) p(t) 0.000 0.804 35
¢(age-mother*t/mother*t) p(t) 2.830 0.195 34
o(age-t/t) p(t) 16.950 <0.001 30
p(age-pup*t/t) p(t) 24.810 <0.001 34
¢ (age-mother*t/t) p(t) 24.820 <0.001 34
Low density (1993—1999)

¢ (age-mother*t/mother*t)p(t) 0.000 0.767 24
¢ (mother*t)p(t) 2.380 0.233 18
¢ (age-pup*t/pup*t)p(t) 17.060 <0.001 22
¢ (age-t/t)p(t) 32.800 <0.001 17
¢ (age-pup*t/t)p(t) 40.820 <0.001 21

Effects of age (age-juvenile/adult), time (t), and environmental
conditions represented by the Southern Oscillation Index (SOI) during
the newly weaned seal's foraging period (Jan-Oct) (pup), and during a
mother's pre-partum foraging period (Jan-Oct of the previous year)
(mother) on the probability of survival () of southern elephant seals
during the high- (1951-1964) and low-density (1993-1999) eras.
Models are ranked according to their Akaike weights (WQAIC,), the
relative change in AIC_score (AQAIC)), and number of parameters (k)
based on an inflation factor () of 1.3861.
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over all values of , > 74 % of the model weight was allo-
cated to models with first-year survival varying with SOI
measured during the pregnant mother's pre-partum forag-
ing trip (Table 4; Fig. 3A). However, the model-averaged
estimates of first-year survival varied by 63 % over the
range of examined. Despite this variation in first-year sur-
vival, this model set clearly shows that environmental
conditions (expressed as SOI) during the year of the
mother's pre-partum foraging trip describe an important
component of the variation in first-year survival
(ER > 3.5).

When the density covariate was considered alone, there
was evidence that first-year survival varied with annual
density in the high-density era (ER = 8.5; Table 5; Fig. 3B).
For the low-density era, model weightings varied substan-
tially over the range of ; however, estimates of first-year
survival varied by only 2 %. There was weak evidence for
a density effect on first-year survival during this era (Table
5; Fig. 3B).

http://www.biomedcentral.com/1472-6785/7/3

Combining intrinsic and extrinsic factors

During the high-density era, the model including the SOI
values measured during the mother's pre-partum foraging
trip had > 99 % of the model weight (Table 6, Fig. 3A), but
there was no evidence that density explained additional
variance in first-year survival (ER << 1, Table 6). When
population density was low, the high degree of variation
in model weighting with changes to made determining
the combined effects of these two covariates on first-year
survival suspect (i.e., the variance among survival esti-
mates was 175 %) [see Additional file 1, table 3]. None-
theless, we assumed the same value from the high-density
era to contrast models; this revealed that the models with
the most support (combined QAIC weights > 99 %) incor-
porated the mother's foraging trip SOI, and there was little
evidence for a density or pup-year SOI anomaly effect
(Table 3).

Discussion
Determining the factors that regulate populations
through time can be complex because even the simplest
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Figure 3

Apparent survival probability of yearling southern elephant seals versus the Southern Oscillation Index and
population size. Model-averaged, time-variant estimates of mean apparent survival (@) for yearling southern elephant seals at
Macquarie Island plotted as a function of (A) the Southern Oscillation Index (SOI) anomaly over the mother's previous foraging
trip (January to October) between 1950 and 2001 (high positive values of the SOl anomaly indicate El Nifio conditions; high
negative values indicate La Nifia conditions), and (B) the number of breeding females counted on the isthmus of Macquarie

Island that year.
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Table 5: Model ranking for models estimating age-specific
survival and recapture probability as a function of population
density

http://www.biomedcentral.com/1472-6785/7/3

Table 6: Model ranking for models estimating age-specific
survival and recapture probability as a function of environmental
stochasticity and population density

Model AQAIC, wQAIC, k Model AQAIC, wQAIC, Kk
High density (1951-1964) High density (1951-1964)

¢p(age-density/t) p(t) 0.000 0.894 14 ¢(age-mother*t/mother*t) p(t) 0.000 0.995 19
o(age-t/t) p(t) 4.270 0.106 18 ¢(age-pup*t/pup*t) p(t) 11.300 0.004 24
o(t) p(t) 14.860 0.001 13 g(mother*t) p(t) 14.330 0.001 21
¢p(age-dlag/t) p(t) 16.960 <0.001 16 o(pup*t) p(t) 16.130 <0.001 21
¢(age-density/density) p(t) 21.410 <0.001 14 ¢p(age-density/t) p(t) 17.810 <0.001 15
Low density (1993—-1999) Low density (1993—-1999)

¢p(age-density/t) p(t) 0.000 0.399 10 ¢(age-mother*t/mother*t) p(t) 0.000 0.551 22
o(age-t/t) p(t) 0.720 0.278 13 @(mother*t) p(t) 1.640 0.242 17
¢(age-dlag/t) p(t) 0.960 0.246 10 ¢g(age-t/mother*t) p(t) 1.970 0.206 23
¢(age-density/density) p(t) 3.310 0.076 10 ¢(age-pup*t/pup*t) p(t) 13.050 0.001 20
¢(age-dlag/dlag) p(t) 17.940 <0.001 10 ¢(age-densitytmother*t/ 14.200 <0.001 12

Effects of age (age-juvenile/adult), time (t), density of breeding
females (density), and density of breeding females lagged by one year
(dlag) on the probability of survival (¢) in southern elephant seals
during the high- (1951-1964) and low-density (1993-1999) eras.
Models are ranked according to their Akaike weights (WQAIC)), the
relative change in AIC_score (AQAIC), and number of parameters
(k), based on an inflation factor () of 1.7122.

nonlinear, density-dependent population models may
exhibit a large range of complex dynamic behaviours
[50,51]. While environmental stochasticity tends to
inflate the variance in population size and demographic
rates, negative density feedback at high population sizes
has the opposite effect [2,4]. However, density regulation
may become undetectable at lower population sizes [13]
or when environmental conditions are favourable
[12,52]. Using an extensive dataset collected from a long-
lived mammal, we found that first-year survival varied as
predicted with population density, but only when popu-
lation size was relatively high and when models ignored
indices of environmental stochasticity.

When the effects of density and environmental variation
were examined together, the negative density feedback
mechanism was apparently overwhelmed by the more
dominant influence of stochastic environmental forcing.
This observation underscores the importance of examin-
ing the competing and complex interaction between envi-
ronmental control and density regulation over a large
range of population sizes, especially in long-lived species
susceptible to high environmental stochasticity [53].

These results suggest that density regulation in this system
may operate when populations are at or near carrying
capacity - a state where intra- and inter-specific competi-
tion for resources and intra-specific competition for mates
is likely to be highest. This notion is consistent with data
from studies investigating the dynamics of other long-
lived mammals [12,13]. However, the magnitude of these

density+mother*t) p(t)

Effects of age (age-juvenile/adult), time (t), density of breeding
females (density), density of breeding females lagged by one year
(dlag) and environmental conditions (SOI during a newly weaned
seal's foraging period [pup] and during a mother's pre-partum
foraging period [mother] on the probability of survival (¢) of
southern elephant seals during the high- (1951-1964) and low-density
(1993-1999) eras. Models are ranked according to their Akaike
weights (WQAIC), the relative change in AlC_score (AQAIC)), and
number of parameters (k), based on an inflation factor () of 1.7122.

effects is dwarfed by density-independent stochastic envi-
ronmental conditions that affect food availability during
a pregnant mother's foraging trip. Indeed, this forcing also
overshadowed any negative influences on survival experi-
enced during a naive seal's first trip to sea, despite previ-
ous, albeit weak, evidence that environmental conditions
during that period influence first-year survival [22].
Although the phenomenological evidence for density
dependence is pervasive across many different taxa [17],
including the species under study, high environmental
variation can sometimes mask even strong density
dependence, especially if the effects are lagged [54-56].
Nonetheless, we found evidence for density regulation
that would not have been detected using the low-density
dataset alone, demonstrating the complex meshing of
endogenous and exogenous forces in shaping animal pop-
ulation sizes [55].

Previous work has shown that many pinniped species
demonstrate strong density dependence in various demo-
graphic rates and life history traits. [46,52,57-59],
although these may be detectable only during poor-
resource years [52]. Density dependence in elephant seals
has been shown to operate mainly during breeding where
concentrated adult aggregations onshore can directly
affect pup survival or the age at first reproduction
[43,44,46,60] even though the exact form and strength of
density dependence acting in this species is still a matter
of some debate [22,47]. There is also ample evidence that
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pinnipeds demonstrate density-regulated somatic growth
rates, with lower growth experienced at high population
densities [57,61].

The incorporation of density effects into the models con-
sidered also revealed the dominant mechanisms by which
environment stochasticity controls population abun-
dance patterns over time. When environmental stochas-
ticity (expressed as the SOI) was examined without the
effects of density, the most parsimonious model predicted
that the conditions during an individual's first year of life
best explained variation in survival when population size
was high (Table 4). However, when the effects of density
were also included in the models, there was more evi-
dence that the environmental conditions experienced by
the mother when she was gaining body reserves that
would eventually sustain her pup were most important
(Table 6). Had we failed to consider density effects
directly, we would have erroneously concluded the mech-
anism by which population density exerts its influence on
dampening environmentally induced variation in life his-
tory traits. With density included in the model set, the
pregnant mother's environmental context clearly emerged
as the most dominant force in shaping her offspring's sur-
vival probability. This supports previous work suggesting
that wean mass, an indirect expression of the mother's
capacity to sequester sufficient resources prior to giving
birth, was the most important determinant of first-year
survival [22]. However, unlike that previous study, our
analyses add another piece to the puzzle by demonstrat-
ing the degree to which environmental stochasticity in the
mother's foraging phase dominates intrinsic regulation.

We must also consider that the weak effects of population
density on first-year survival are unlikely to capture the
full mechanistic component of density regulation in this
population, especially given the strong phenomenologi-
cal evidence for density dependence in both relative-den-
sity periods. In addition to vital rates such as survival,
density-dependent regulation may apply to other aspects
of a species' biology, such as growth, behaviour, incidence
of disease and distribution [57,62,63]. Eberhardt [64]
proposed that the negative effects of increasing density on
population growth are greatest in juvenile survival, fol-
lowed in turn by the onset of puberty, fecundity and,
finally, adult survival. In large mammals, density depend-
ence is most commonly identified in vital rates that influ-
ence recruitment, in particular, juvenile survival, and less
frequently in adult survival [4,12,19,65]. Indeed, there
was evidence for density-dependent regulation in a small
elephant seal population at Marion Island operating
through changes to fertility [46], and it has also been
shown that elephant seal population growth is highly sen-
sitive to adult fertility [22]. However, Pistorius & Bester
[66] dismissed juvenile survival as an important driver of
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change in population growth at Marion Island. This may
be explained by the relatively small population at Marion
and direct evidence that a decline in the age of female
primiparity has occurred there recently [46], suggesting
that the dominant mechanisms driving the phenomenol-
ogy of self limitation in the Marion and Macquarie Island
populations may be different.

Our results have important implications for the assess-
ment of environmental change in the Southern Ocean
and Antarctic region. Given their status as upper trophic-
level predators foraging over vast areas of the subantarctic
and Antarctic oceanic zone, variation in abundance and
life history parameters in this species may be indicative of
larger changes occurring throughout the Antarctic ecosys-
tem [21]. The extensive demographic and population
abundance data for the Macquarie Island population now
span approximately five elephant seal generations [22], so
these datasets consequently represent an invaluable
source of information to determine long-term trends in
this region. Elephant seal populations throughout the
Southern Ocean have declined substantially over the last
50 years, although some populations are demonstrating
recent stability or even recovery [22]. Our results highlight
the sensitivity of the species to long-term environmental
fluctuations and argue for continued monitoring to deter-
mine the extent to which deterministic or oscillatory
dynamics are affecting the region's higher predator guild.

Conclusion

Our study quantified the degree to which the likely drivers
of variation in abundance interact in a single population
of a wide-ranging oceanic predator. The population and
demographic models that were constructed provided a
quantitative assessment of the complex interactions of
extrinsic and intrinsic factors regulating the population,
and the processes described provide a comprehensive
overview of large mammal dynamics when they are
exposed to highly variable environments. Understanding
the complex nexus that emerges between these two major
forces is a vital precursor for predictions of the influence
of rapid climate change on animal populations world-
wide. As such, species amenable to long-term monitoring
within highly stochastic environments such as the South-
ern Ocean can act as climatic 'canaries' that chronicle cat-
astrophic ecosystem degradation resulting from human-
mediated climate change.

Methods

Marking and resighting

Capture-mark-recapture (CMR) datasets were collected
from the elephant seal populations breeding on the
northern isthmus of Macquarie Island (54°30'S, 158°50'
E) over two periods of different population density: (1)
the high-density era between 1951 and 1965 when the
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number of breeding females (n;) breeding there was
approximately 5000 and (2) the low-density era between
1993 and 1999 when n; was ca. 2500 to 3000
[22,30,31,67]. During both periods of investigation,
newly weaned pups were hot-iron branded after weaning
in November [for details see [30,68-70]]. During the high-
density era, 6506 seals were branded from thirteen
cohorts: 1951 to 1965 (excluding 1956 and 1958), with a
mean of 500 seals branded each year. During the low-den-
sity era, 10721 pups were branded from five cohorts
(1993 to 1997, with a mean of 2144 pups marked each
year). We have determined previously that branding in
this manner has had no long-term effects on the condition
or survival of the seals [69,71], and that branding is an
appropriate conservation tool [71]. This study was
approved by the Antarctic Animal Care and Ionising Radi-
ation Usage Ethics Committee (Department of the Envi-
ronment, Commonwealth of Australia), and the
Tasmanian Parks and Wildlife Service.

Systematic re-sighting searches were made of all the isth-
mus beaches where most of the marked seals return
[30,68]. There was high variation in the frequency and
intensity of the searches during the high-density era [26];
the low-density study had a more rigorous re-sighting
strategy [22]. On both occasions, reports of marked seals
found away from Macquarie Island were rare [22,26,72].
The years with poor search effort from 1961-1985 (see
Fig. 1A) (i.e., when recapture rates were consistently low
and inestimable in the CMR models described below)
were excluded from the analysis.

Phenomenological evidence for density dependence

We compiled survey data on the relative abundance of
breeding elephant seals at Macquarie Island over time for
the two periods of investigation (high- and low-density
eras) (see [67], [73] and [22] for data and full methods)
(Fig 1A). The survey data consisted of complete counts of
the entire adult female population done on a single day
each year (15 October). This is the standard method to
estimate relative population size for southern elephant
seals [74].

To determine the strength of evidence for density depend-
ence using phenomenological (abundance) data, we
applied the technique of Brook and Bradshaw [24] to each
abundance time series. We adopted a multiple-working
hypotheses approach based on information-theoretic
model selection and multi-model inference [75]. We first
defined an a priori model set of five population dynamical
models [17] used to describe phenomenological time-
series data based on variants of the generalized é-logistic
population growth model:
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where N, = population size at time ¢, r = realized popula-
tion growth rate, r,, = maximal intrinsic population
growth rate, K = carrying capacity, € permits a nonlinear
relationship between rate of increase and abundance. The
term g has a mean of zero and a variance (¢2) that reflects
environmental variability in r. For each high-density and
low-density time series we used maximum-likelihood
estimation to fit model parameters (via linear regression
for the density-independent random walk [RW] and expo-
nential [EX] models, and for the density-dependent
Ricker-logistic [RL] and Gompertz-logistic [GL] models;
non-linear regression based on Newton optimization was
used to fit the density-dependent full &logistic [TL] model
- [76]). An index of Kullback-Leibler information loss,
Akaike's Information Criterion corrected for small sample
sizes (AIC,) weights, was used to assign relative strengths
of evidence to each model [75]. The relative support for
density dependence is simply the summed weights of the
three density-dependent models (RL, GL and TL). More
details are given in Brook and Bradshaw [24].

Capture-mark-recapture analysis

Capture history matrices were constructed from the re-
sighting histories of individual seals, with multiple re-
sights within a year treated as a single sighting. Capture
matrices were analyzed using the capture-mark-recapture
(CMR) program MARK [77] which provides maximum-
likelihood estimates of apparent survival and re-sight
probability based on the Cormack-Jolly-Seber (CJS) time-
variant model structure and several models appearing as
special cases of this general model [11]. The two funda-
mental parameters estimated in these models are ¢, the
apparent survival probability (true survival confounded
with permanent emigration - the latter is considered to be
low given the high return rate of seals to the relatively iso-
lated Macquarie Island) of individuals between the nth
and (n + 1)thyear (n=1,..., k- 1), and p, the re-sight prob-
ability for all individuals in the nthyear (n = 1,..., k) [77].

We tested whether the CJS-model assumptions were met
with parametric goodness-of-fit (GOF) tests implemented
by the simulation procedures available in MARK [11].
Here, encounter histories are simulated that exactly meet
the CJS assumptions by a bootstrap procedure, and then
the simulated data are compared to the observed data to
test for goodness-of-fit [77]. The variance inflation (over-
dispersion) factor, , was calculated from this procedure
and used to correct AIC, values [11]. Different models
combining the main parameters and their hypothesized
effects (see below) were compared using AIC,[75,78]. We
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accounted for some of the potential over-dispersion by
using the second-order approximation AIC, denoted
QAIC, [75]. Models containing covariates were compared
to the general model (time- and age-variant survival)
using the information-theoretic evidence ratio (ER) [75].
The evidence ratio is calculated as the QAIC, weight of any
one model divided by a simpler comparison model QAIC,
weight. The ER therefore estimates how many more times
likely the model in question is over the model(s) to which
it is being compared [75].

Sex and age effects

We examined if there were any differences in survival
probability between the sexes; there was little evidence for
a difference (see Results), so the sexes were pooled. First-
year survival is a good indicator of potential recruitment
given that naive elephant seals have the highest risks of
dying compared to other age classes [22]. Therefore, we
split the datasets into two age classes: first-year (1 year)
and "adult" (> 1 year). This allowed for a direct compari-
son of the effects of the covariates on first-year survival
and subsequent population recruitment.

Environmental conditions

We used annual averages of the Southern Oscillation
Index (SOI) [79] to examine the hypothesis that environ-
mental stochasticity affects annual survival probability
[22]. The SOI is a measure of El Nifio-Southern Oscilla-
tion (ENSO), and it reflects the patterns of variability in
the weather and sea surface temperatures of the Southern
Ocean [80]. We standardized the mean January-October
SOI values by subtracting the mean SOI for January to
October from a 50-year mean (1950-2000). This period
(Jan-Oct) corresponds to the seals' annual winter foraging
trips to sea [33,34]. It has been shown that both the aver-
age SOI during the newly weaned seals' first foraging trip
and the conditions prevailing during the mother's pre-
partum foraging (as inferred from weaning mass) both
affect first-year survival [22,38,49]. As such, we included
measures of the SOI anomaly during both periods as cov-
ariates in our a priori model sets to examine their relative
support (weaning mass data for the entire dataset were
unavailable). Two separate CJS model sets were con-
structed using these two expressions of the SOI condi-
tions: (1) the first set employed the SOI values relating to
the first-year seals' first foraging trip (e.g., seals branded in
1993 foraged for the first time in late-1993 and through-
out 1994); (2) the second set used the SOI corresponding
to the environmental conditions prevailing during the
mother's pre-partum foraging (e.g., mothers of seals born
in 1993 were foraging over-winter in 1993).

Population density
Published counts of female seals on the isthmus during
the breeding season were used to measure the effect of
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population density on survival [73]. Both the density of
breeding females from the current year, and the density of
the breeding females from the previous year were
included in the models considered as density covariates.
This approach allowed us to examine the possibility of a
lag effect of density on survival. The density covariates
were standardized by calculating the minimum value in
the covariate vector and subtracting this from all other val-
ues. The maximum value was calculated for this new vec-
tor, and the new vector was then divided by the
maximum. The density covariates were incorporated into
models with and without the SOI covariates. MARK
includes covariates in the CJS model by expressing the
natural logarithm of the probability of survival as a logis-
tic function of the covariates:

2 2

. . x—X x°—X
logit (¢) = y — intercept + fy) [ﬁ )— ﬁ(xz) | Toe
where logit(¢) is the logit-transformed survival estimate
of a seal with the covariate x, S is the logit function calcu-
lated in MARK for x and SD is the standard deviation of x.
This function is fixed in the log-likelihood for survival as
in a logistic regression. This model assumes that there is
an optimal value of the covariate and that there are some
selective penalties associated with extreme values [77].
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