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Abstract

Demographic parameters (age-specific survival rates, fecundity levels and population
numbers) were analysed for the Béchervaise Island Adélie penguin colony in eastern
Antarctica after 12 years of monitoring under the CCAMLR Ecosystem Monitoring
Program (CEMP). A life table was constructed, and predicted rates of population
growth and breeding success calculated. The population model predicted an annual
population growth rate of 0.3% compared to the 1.2-1.8% increase per annum indicated
from field counts. Underestimation of adult survival rates was considered the most
likely explanation for the discrepancy. As is the case for most long-lived seabird species,
growth/decline rates of the Adélie penguin population at Béchervaise Island were found
to be more sensitive to changes in annual survival rates, especially of young breeding
adults, than to changes in fecundity parameters. Results are discussed in comparison with
data from a declining Adélie penguin population in the Ross Sea studied during the 1960s
and 1970s (Ainley et al., 1983), and in relation to other CEMP parameters, environmental
factors and fishery regulations. The data collection and analysis methods outlined in this
paper provide a basis for the development of data reporting formats for CEMP Standard

Method A4.

Résumé

Les parametres démographiques (taux de survie selon 1’dge, fécondité et effectif de
la population) de la colonie de manchots Adélie de 1'ile Béchervaise, dans 1'est de
I’Antarctique, font 1’objet d'une analyse aprés 12 années de surveillance dans le cadre
du Programme de controle de I'écosysteme de la CCAMLR (CEMP). Une table de
survie est dressée et les taux attendus de croissance de la population et la réussite de
la reproduction sont calculés. Le modéle de population prévoit un taux de croissance
annuel de la population de 0,3% contre une augmentation annuelle de 1.2-1.8% d’apres
les recensements sur le terrain. Il est considéré que cette différence résulte probablement
d’une sous-estimation des taux de survie des adultes. Comme chez la plupart des espéces
d’oiseaux a longue vie, il est constaté que les taux de croissance/déclin de la population
de manchots Adélie a I'lle Béchervaise sont plus sensibles aux changements des taux
de survie annuels, notamment des jeunes adultes reproducteurs, qu'aux changements
affectant les parametres de fécondité. Les résultats sont comparés aux données d'une
population de manchots Adélie en déclin dans la mer de Ross, ayant fait I'objet d"une
étude dans les années 60 et 70 (Ainley et al., 1983), et examinés par rapport a d’autres
parametres du CEMP, aux facteurs environnementaux et aux reglements de péche. Les
méthodes de collecte et d’analyse des données décrites dans ce document pourront servir
de base pour la création des fiches de déclaration des données de la méthode standard A4
du CEMP.

Pesrome

Brumn mpoananm3upoBaHsl AeMorpaduueckue mapaMeTphbl (TIOBO3pacTHAsh BBIKHBae-
MOCTb, YPOBCHb IIOAOBUTOCTH M YUCICHHOCTH MOITYJISINN) ISl KOJIOHHW ITHHTBUHOB
Anenu o-Ba bemiepBs3 B BOCTOUHOM AHTapkTuke Tmociie 12 jeT MOHUTOpPHHra B
pamkax mporpaMmmbl AHTKOMa mno wmonutopunry skocuctemsl (CEMP). beuia
cocraBicHa TaONWIa BBDKUBAHUS W PACCUNUTAHBI TPOTHO3HBIC IOKA3aTENd POCTa
MOMYJSIIIAA U PEHPOIYKTUBHOTO ycmexa. [lomymsiiinoHHAs MOJENb Jajia C:KCTOHBIC
Temnbsl pocta momymauuu 0.3%, HO ydeT YHCICHHOCTH B KOJOHMM IIOKasaj, dYTo
npupoct coctaisut 1.2—1.8% B rog. DTo HECOOTBETCTBHE CKOPEE BCETO OOBSICHSIETCA
3aHMKCHUEM BBDKHBAEMOCTH B3POCIBIX 0co0ed. Bpiio oOHapyKeHO, YTo, Kak H B
citydae OOJIBIIMHCTBA JOITOKUBYIIMX BUIOB MOPCKHX MTHUI, TEMIIbI POCTa/COKPALICHUS
TIOITYJISIIIAY TMHTBUHOB Aienn Ha 0-Be berrepsa3 Oonee 4yBCTBUTENBHBI K H3MEHCHHUAM
©XKEroMHOH BBDKMBACMOCTH, OCOOCHHO B3POCIBIX MOJOABIX Pa3MHOKAIOIIHXCS

53



Clarke et al.

ocobelf, 4eM K M3MEHEHMSM B IMapameTpax IUIOJOBUTOCTH. [lomyueHHbIE pe3ylbTaThl
CPaBHHUBAIOTCA C JAHHBIMU 10 COKPAINAIOIMICHCS MOMYJISAIMHA TMHIBHHOB AJICTTH B MOpPE
Pocca, uccnenoBanus KOTopoii mpoBoauiuck B 1960-e u 1970-e rr. (Ainley et al., 1983), u
aHAJIM3HUPYIOTCS 10 OTHOIIECHUIO K ipyrum napamerpam CEMP, skonoruueckum Gpakropam
U TIpaBUJIaM BeIeHUS pbIOHOTO mpoMbicia. OnucaHHbIe B JaHHON CTaThe METOIBI cOopa
W aHAJIN3a JTAaHHBIX JTAI0T OCHOBY JUI pa3paboTKu (popMaToB MPEACTABICHUS JTaHHBIX IS
crangaptHoro metona CEMP A4,

Resumen

Se analizaron los pardmetros demograficos (tasas de supervivencia por edades, niveles de
fecundidad y ndamero de individuos) de la colonia de pingtiinos adelia de isla Béchervaise
en la Antartida oriental, luego de 12 afios de seguimiento en el marco del programa de
seguimiento del ecosistema de la CCRVMA (CEMP). Se elaboré una tabla de vida y
se estimaron las tasas previstas de crecimiento y éxito reproductor de la poblacién. El
modelo demografico predijo una tasa de crecimiento anual de la poblaciéon de 0,3 %,
comparado con el aumento anual de 1,2-1,8% indicado por los recuentos en terreno. Se
atribuy6 la subestimacién de la tasa de supervivencia de las aves adultas como la causa
mas probable de esta discrepancia. Tal como ocurre para las especies de aves marinas
mas longevas, se encontré que las tasas de crecimiento/disminucién de la poblacion de
pingtiinos adelia en isla Béchervaise fueron mas sensitivas a las variaciones en las tasas de
supervivencia anual que a las variaciones en los parametros de fecundidad, especialmente
para las aves adultas mas jévenes en estado reproductor. Se analizaron los resultados en
comparacion con los datos de una poblacién de pingiiinos adelia en declinacién en el mar
de Ross estudiada durante las décadas de 1960 y 1970 (Ainley et al., 1983), y en relacién
con otros parametros del CEMP, factores medioambientales y legislaciones pesqueras.
Los métodos de recopilacién y anélisis de datos descritos en este trabajo proporcionan las
bases para la elaboracién de formularios de notificacién de datos para el Método Estandar
A4 del CEMP.

Keywords: Adélie penguin, CEMP, demography, survivorship, fecundity,
life tables, population growth, CCAMLR

INTRODUCTION

An Adélie penguin CCAMLR Ecosystem
Monitoring Program (CEMP) site was established
at Béchervaise Island in 1990 and CEMP data
have been collected there according to Standard
Methods Al to A9 (CCAMLR, 2003) over the past
12 years. Demographic data (Standard Method A4)
have not yet been reported to CCAMLR due to the
need to build up a sufficiently long time series on
known-age birds from which to determine useful
estimates of survival, mortality, fecundity and rates
of population change. Examination of data in rela-
tion to these parameters was commenced in 2001;
this paper presents results of these analyses and
extends the initial demographic results published
in Clarke and Kerry (1998) and Clarke (1999).
The use of demographic data in the development
of survivorship curves and life history tables is
illustrated in this manuscript. A life history table
is constructed and used to calculate population
growth rates and to compare these with results
derived from population counts. Finally, the rela-
tive importance of the various demographic
parameters as factors influencing variations in
population size is discussed.
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METHODS
General

Data were collected at Béchervaise Island
(67°35’S 62°49’E) near Mawson station during each
of the breeding seasons from 1990/91 to 2001/02.
The Adélie penguin colony on this island consists
of approximately 2000 breeding pairs divided
among 18 discrete sub-colonies (Kerry et al., 2000).
All birds in four of these sub-colonies travel to
and depart from their breeding sites through a
narrow naturally occurring rocky gateway within
which an Automated Penguin Monitoring System
(APMS) has been installed. The APMS consists of
a weighbridge, a tag detector, direction sensors
and computer microprocessor (for more details see
Kerry et al., 1993b; Clarke and Kerry, 1998). Each
season since the APMS was first commissioned
(1991/92), between 20 and 262 adult breeding
penguins have been fitted with subcutaneously
implanted identification transponders (referred
to as ‘tags’ in this paper), and sexed by cloacal
examination. Two hundred marked nests were
observed annually to determine breeding success;
attempts were made to ensure that all birds
occupying these nests each season would carry
tags so that long-term individual histories could
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be obtained. In addition, up to 300 fledgling
chicks from the four study colonies have been
implanted with tags annually in order to build up
a known-age population from which to determine
age-specific survivorship curves and data on age-
specific fecundity. Tags were used in preference
to flipper bands to avoid the deleterious effects
associated with banding (Ainley et al., 1983; Culik
et al., 1993; Jackson and Wilson, 2002). Potential
ill effects due to tag implantation have been pre-
viously investigated (Clarke and Kerry, 1998) and
were considered minimal.

Population Size and Colony Breeding Success

Population size was estimated from annual
whole-colony counts at two different stages of the
breeding season: total penguins present at the end
of the arrival period (CEMP parameter A9), and
total nests with eggs during mid-incubation (CEMP
parameter A3). Exponential equations were used
to describe the rates of population growth/decline
derived from colony counts to allow comparison
with those derived from demographic parameters.
Annual colony breeding success was calculated as
the number of creched chicks per nest with eggs
(CEMP parameter A6, procedure C).

Survival and Mortality

Survival rates of tagged adults and chicks were
determined from resight information collected
annually and stored in a comprehensive database.
Resight data came from three sources: (i) detec-
tion by the APMS of tagged birds crossing the
weighbridge; (ii) regular checks of breeding birds
on the 200 marked nests; and (iii) nest checks of
all 18 sub-colonies on the island at the times of
peak male and peak female presence during the
incubation period (Kerry et al., 1993a). A second
APMS, situated at Verner Island, 5 km to the east of
Béchervaise Island, was also used to detect tagged
birds migrating between colonies. In addition, nest
checks of colonies on Verner Island and also on
Petersen and Welch Islands (a further 0.5 and 2 km
east from Verner Island respectively) were carried
out during incubation in 2000/01 and 2001/02.
Thus individuals initially tagged at Béchervaise
Island and later found breeding on other islands
within an 8 km radius of their natal colony were
able to be included in survivorship analyses.
Detailed analysis of the movement of tagged birds
between islands or amongst sub-colonies was not
carried out; this is the subject of a current study
into emigration patterns and effects of researcher
disturbance on colony structure.

Survival rates were determined for adults and
chicks separately to produce age-specific survivor-
ship curves and to determine annual survival
rates (p,) for each age (x). Data from chicks were
restricted to fledglings tagged between 1991 and
1998 to maximise probabilities of detection (>90%
of penguins that survive to 6 years of age have been
resighted by age 4 years). Mortality rates were
calculated as 1 - p,, assuming minimal emigration
beyond the local region within which resight data
were collected. It was acknowledged that survival
rates could be underestimated if emigration is a
significant factor.

Fecundity
Chicks per Breeding Female

Data on age-specific fecundity were limited
because only a small number of penguins tagged
as chicks have thus far entered the study popu-
lation of 200 marked nests. These are the only
nests currently monitored for individual breeding
success by the program (in order that disturbance
to other sub-colonies be minimised). Breeding
in female Adélie penguins first occurs between
3 and 7 years of age and fecundity is known to
increase with age up to 7 years (Ainley et al., 1983).
The mean number of chicks creched per breeding
female aged 7 years and older within the study
population of 200 nests was calculated on the basis
of the assumption that established birds tagged as
adults were at least 4 years of age when tagged.
However, age-specific fecundity for younger birds
was unable to be determined for use in the con-
struction of life history tables. Instead, for ages 3
to 6 years, fecundity values derived by Ainley et al.
(1983, Table 9.7) were used.

Proportion of Females Breeding

Breeding birds were defined as those having
paired and produced at least one egg. The overall
proportion of breeding females aged 7+ years was
determined from study-nest data, i.e. the ratio of
females in this age group laying eggs to the total
number present on marked nests. Proportions of
birds breeding in age groups 3 to 6 were deter-
mined using a combination of: (i) resight data to
determine the proportions of those surviving to
at least 6 years of age that were present at ages 3
to 6 years; (ii) APMS and nest observation data
to determine the proportion of birds present at
ages 3 to 6 years that were in the colony during
the incubation period; and (iii) observations of
known-age birds on unmarked nests during the
incubation period of 1999/2000 to determine the
proportion of those at ages 3 to 6 years actually
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breeding. The overall proportion of birds of ages 3
to 6 years which were breeding was equal to the
product of the proportions in (i), (ii) and (iii) above
for each age group. The sex of insufficient num-
bers of penguins tagged as chicks was known for
the proportion breeding at ages 3 to 6 years to be
able to be determined for each sex separately. Thus
the data used in the life history table for these ages
were for both sexes combined.

RESULTS
Population Size and Colony Breeding Success

The total numbers of Adélie penguins present
on Béchervaise Island at the end of the arrival
period (mid-November) were determined for each
of the breeding seasons from 1990/91 to 2001/02.
Counts of incubated nests were performed annually
during mid-incubation (early December). Both sets
of counts are presented in Table 1.

Exponential curves of the form N, = (Np)e™
were fitted to each set of counts to determine
rates of population change over the 12 seasons,
where N is population size, Ny is the population
size at year 0, x is years and r is the annual rate of
population increase (Figure 1). In terms of arrival
counts, the population was growing at a rate of
1.2% per annum (SE = 0.007; R? = 0.2564). In terms
of incubating nest counts, the population growth
rate was 1.8% per annum (SE = 0.006; R%=0.4895).

The numbers of chicks reaching créche age in
the colony were counted in early February each
year (Table 1). Breeding success was calculated in
terms of chicks per nest with eggs for each season
(Figure 2). Average breeding success over all
12 seasons was 0.71 chicks creched per nest with
eggs (Table 1, Figure 2).

Survival and Mortality

Numbers of chicks tagged in each season from
1991/92 to 1997/98 are shown in Table 2 along
with the numbers and percentages surviving in
subsequent years (Table 2a). The oldest tagged co-
hort was 10 years of age by 2001/02. Annual age-
specific survival rates for all known-age Adélie
penguins are shown in Table 2b. Overall pooled
survivorship figures are provided in Table 2c.
The mean annual survival rate for birds aged
3 to 9 years was 86.2%. There were no statistically
significant differences between this mean value
and those actually obtained (z-tests: z ranging be-
tween 0.0774 and 1.503; p ranging between 0.133
and 0.938).
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Age-specific exponential survivorship curves
were fitted to the survivorship data for penguins
tagged as chicks (Figure 3). The predicted age to
which 10% of an average cohort of Adélie penguin
chicks could be expected to survive was 13 years.
Data have been collected for insufficient numbers
of years to determine whether survival rates de-
crease towards the end of the penguins’ lifetime,
as is the case for some long-lived seabird species
(Bradley et al., 1989).

Annual survival rates by breeding season are
shown in Table 2d for pooled known-age penguins
of 3 to 9 years of age. Again the mean survival rate
was 86.2%. Annual survival rates differed signif-
icantly from the mean value over the autumn-
winter periods (hereafter referred to as ‘winter”) of
1998 and 2001. Penguin survival over the winter of
1998 was higher than the mean (z = 3.182, p = 0.001)
and, over winter 2001, lower than the mean (z =
3.031, p = 0.002) (Figure 4).

Adult survivorship was analysed similarly to
that of chicks, for males and females separately.
Exact ages were unknown, although it was as-
sumed that birds were at least 4 years of age when
first tagged as adults (see next section). Thus ‘age-
specific’ data were presented for groups whose
minimum ages were 4 to 13 years (Tables 3 and 4).
Mean annual survival rates were 86.1% for females
and 84.0% for males. There were no significant
differences between ‘age classes’; however, annual
survival rates by breeding season differed signifi-
cantly from the mean pooled-sex value of 85.1%
over the winters of 1992, 1995 and 1998. Over the
winters of 1992 and 1995 adult survival was lower
than the mean (z =2.038, p =0.042; z =2.669, p = 0.008
respectively), and over the winter of 1998 survival
was higher than the mean (z = 2.233, p = 0.026) as
found for birds tagged as chicks (Figure 4).

Fecundity

On average, 97% of females aged 7 years and
over which were present in the colony laid eggs
each season. The mean number of chicks produced
by these females on marked study nests over the
periods 1993/94 to 2001/02 was 0.89 chicks per
female per year (Table 5). On the assumption
that the ratio of male to female chicks raised to
créeche age was 1:1, the mean annual fecundity of
female Adélie penguins aged 7 years and over was
0.45 female chicks.

Resight data enabled determination of the
ages at which birds that eventually returned to
Béchervaise Island were first detected in the colony.
Ninety-nine percent of all birds that returned had
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been resighted by 7 years of age. The proportions
of penguins resighted by ages 3 to 6 years are
shown in Table 6. The proportions of these present
during the incubation period at each age are also
shown. In the 1999/2000 season, the proportions
of penguins of each age group present during
incubation that were actually incubating eggs (i.e.
breeding) were determined. These proportions are
also provided in Table 6. For ages 3 to 6 years the
overall proportions of each age group breeding
were calculated (final column of Table 6).

Life Tables

Alife table for the Adélie penguin population at
Béchervaise Island was constructed using the sur-
vivorship and fecundity data presented in Tables 2,
5 and 6 (Table 7). The mean annual survival rate of
chicks aged 3 to 9 years from Table 2b (86.2%) was
used for all birds aged 1 year and older. This mean
value was employed to avoid the bias arising from
sample size differences in the numbers of chicks
monitored at different ages, and was considered
valid on the basis that no significant differences
in survival between age classes were evident (see
earlier section). The survival rate for fledglings (p)
was calculated on the basis that overall survivor-
ship to age 3 years (I3) was 51.4% (Table 2c) and
on the assumption that the annual survival rates of
1 and 2 year olds (p; and p, respectively) were equal
to the adult rate (p,) (Reid, 1968). Alternatively it
could have been assumed that py = p; and p, =p, as
per Ainley et al. (1983). Both options are equally
valid given the present lack of knowledge of
mortality rates during the pelagic non-breeding
years of the Adélie penguin’s life cycle. (Note that
the calculations at the bottom of Table 7 are unaf-
fected by the values of p,, p; and p, providing that
the product of these equals [3.) Although the data
from this study only cover penguins up to 13 years
of age, the table was extended to include ages up
to 19 years since Adélie penguins elsewhere have
been shown to live up to 20 years of age (Reid,
1968; Ainley et al., 1983). A constant mortality rate
throughout life was assumed on the grounds that
even if survival rates are higher for the oldest birds,
they comprise such a small percentage of the total
population that the effect on the overall population
model will be small. The numbers of fledglings
produced by females aged 3 to 6 years were un-
known parameters in our dataset; the values of
Ainley et al. (1983), which are the only published
age-specific fecundity figures available for Adélie
penguins, were therefore used.

The lifetime expectation of female offspring
produced per female penguin (Ry) can be calculated
from the life history table according to the formula

Ry = Zl,m,, where [, = probability of survival to
age x, and m, = birth rate (female offspring) at age x
(Stearns, 1992). For the Béchervaise Island model,
Ry = 1.03 (Table 7). Generation time (T) is defined
as the average age of the mothers of newborn off-
spring in a population of stable age structure and
can be calculated as T = (X xl,m,) Ry! (Stearns,
1992). For the Béchervaise Island model, T = 9.55
years of age (Table 1).

The per capita instantaneous rate of population
increase (r) can be estimated as r.y = In(Ry)/T
(Stearns, 1992). This estimate is usually within 10%
of the true value (Stearns, 1992). The per-time-unit
rate of multiplication of a population (L) is defined
as A = ¢’ (Stearns, 1992). According to the life his-
tory table (Table 7), 7. = 0.003 and therefore
hest ® 1.003. This suggests that the Béchervaise
Island Adélie penguin population is increasing at
a rate of approximately 0.3% per annum. It should
be noted that this population model assumes stable
age distribution and lack of density-dependent
constraints.

Age structure for the Béchervaise Island popu-
lation was calculated from the life history table
and is shown in the final column of Table 7. An
expected value for mean penguin breeding success
over 20 years was also calculated. This value was
0.78 chicks per breeding female, which is slightly
higher than the observed average colony breeding
success over 12 seasons of 0.71 chicks creched per
nest with eggs.

DISCUSSION
Population Model

Field-based colony counts indicated somewhat
larger population growth rates than those pre-
dicted by estimates from the life history tables.
Using the latter, an expected annual population
increase was calculated to be 0.3%. The field-based
colony counts showed an average annual increase
of 1.2% or 1.8% depending on whether counts of
arriving birds or incubating nests were used. The
most likely reason for the difference is an underes-
timation of adult survival rates in the life history
table. When the values of adult survivorship in the
table are increased by 1% over all ages > 3 years,
the predicted population growth rate equals that
derived from counts of arriving birds. Similarly, a
2% increase in adult survival results in a predicted
population growth rate equivalent to that derived
from counts of incubated nests. It is quite pos-
sible that these values of adult survival may be
underestimated by this degree due to a combina-
tion of tag loss or failure, tag-associated mortality
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(believed to be low), and failure to successfully
resight all surviving birds. Emigration is also an
unknown factor, although it is likely to be low
given the amount of bird movement so far detected
between Béchervaise, Verner, Petersen and Welch
Islands (~1% of birds have been found breeding
somewhere other than their natal colony, Kerry
et al., unpublished data). Immigration must also
be taken into account when considering recruit-
ment, especially as pools of potential recruits, if
present, can buffer population size during periods
of increased mortality of breeding birds (Porter
and Coulson, 1987). In the Mawson region, rates
of movement of tagged birds between Béchervaise
and Verner Islands are approximately equal (un-
published data from APMS records).

Despite unknown levels of tag loss/failure,
tag-associated mortality, resighting success and
emigration, the life history table model predicted
the observed rate of population increase and the
mean colony breeding success reasonably well.
It should be emphasised that this model assumes
a stable rate of population growth, a stable age
structure and no density-dependent constraints.
For the Béchervaise Island colony the stability of
age distribution is unknown. Density dependence
(in terms of nest sites at least) is unlikely to be
a constraining factor due to an abundance of
available nesting material and snow-free ground in
at least three sub-colonies on the island (personal
observation). It should also be noted that the
use of mean values of fecundity, survival rates
and breeding success to formulate a life table or
population model may not be valid if there are
systematic changes occurring over time in these
parameters (Cooch and Cooke, 1991). No such
systematic trends have been identified in our data
over the past 12 years of monitoring, nor have any
changes in age at first breeding or proportion of
birds breeding been detected over the duration of
this study.

Few results of demographic studies on Adélie
penguins are available in the literature to date. Of
those published, the study carried out by Ainley et
al. (1983) is the most comprehensive. Comparisons
between demographic parameters measured in
this study and those published by Reid (1968) and
Ainley et al. (1983) are shown in Table 8. Various
differences are apparent in terms of survival rates,
breeding success and population growth. Most
notable are the higher rates of juvenile survival
measured in this study compared to the other two.
Although the population studied by Ainley et al.
(1983) had a higher rate of adult survival than the
Béchervaise Island population, the high rate of
juvenile survival at Béchervaise Island has more
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than compensated for the lower adult survival
rate, as the latter population is growing while
the former was declining. The various values in
Table 8 provide examples of the degree of spatial
and temporal variability between populations of
the same species. They also serve to illustrate the
degree of flexibility in demographic parameters
available to Adélie penguins under differing envi-
ronmental conditions.

Demographic Parameters in relation to CEMP

Long-lived seabird species tend to have high
adult survival and low recruitment rates. As a re-
sult their populations are more sensitive to changes
in adult survival than to changes in breeding
success or juvenile survival (Croxall and Rothery,
1991; Lebreton and Clobert, 1991; Perrins, 1991).
Any decreases in adult survival of long-lived
species must be compensated for by proportion-
ally larger increases in juvenile survival, or even
larger increases in breeding success. The latter
requirement may easily go beyond that possible
for the existing clutch size of the species. Initiation
of breeding at an earlier age is another mechanism
by which such species may increase their popula-
tion size. However, delays in onset of breeding
after the attainment of sexual maturity tend to be
greatest for the longest-lived birds (Wooller et al.,
1992). This implies the existence of a trade-off be-
tween survival and reproduction which limits the
expression of such life history traits in free-living
populations.

As is the case for other long-lived seabirds
with low fecundity, the size of the Adélie penguin
population at Béchervaise Island is more sensitive
to changes in annual survivorship, especially of
young breeding adults, than to changes in fecundity
parameters (Table 7). Sensitivity analyses carried
out by repeated modelling of the life history table
indicate that A is most sensitive to changes in adult
survival, particularly of birds aged 3 to 10 years.
For the Béchervaise Island population, a 1% de-
crease in adult survival (age 3 years onwards)
would require a 2% increase in juvenile survival
(ages 0, 1 and 2 years) or a 6% increase in fecundity
to effect an unchanged population growth rate.

Environmental conditions resulting in reduced
summer or winter prey availability are likely to
result in decreased population growth rates. In the
case of harsh winters, effects will become appar-
ent through decreased survival rates of adults or
juveniles. In contrast, poor summer conditions are
likely to reduce fecundity. According to our model,
a 1% decrease in annual mortality for all birds aged
3 years and over will have the same effect on A
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as a 6% decrease in mean fecundity for the same
population. This effect could be induced, for ex-
ample, by doubling the present frequency of years
in which all chicks starve to death (fecundity = 0)
from 1 in 12 to 1 in 6, or by increasing the present
frequency of harsh winters (in which adult sur-
vival rate = 0.76) from 2 in 10 to 3 in 10. Either of
these scenarios, if persistent, would be sufficient
to send the presently increasing Adélie penguin
population into a state of decline. Introduction
or expansion of a krill fishery in the region could
potentially mimic or exacerbate the effects of such
adverse environmental conditions.

Because population growth rate is strongly
sensitive to adult survival and much less sensitive
to fecundity for long-lived species, the detection
of any sharp change in population growth rate
for such species should lead one to first suspect
a change in adult survival (Lebreton and Clobert,
1991). However, because of the low reproductive
rates of seabirds, by the time significant adverse
changes in breeding success, population size or
adult survival have been detected, the factors
underlying these changes are likely to have been
operating for many years (Croxall and Rothery,
1991). Large sample sizes are required to detect
significant changes in adult survival, and only a
long time sequence of data prevents year-to-year
variation from obscuring long-term trends on
factors such as reproductive success, juvenile
survival and adult mortality (Wooller et al., 1992).

For the reasons outlined above, adult survival
may be the mostimportant demographic parameter
to measure accurately and to monitor regularly
within the CEMP context. Sensitivity analyses
need to be carried out to determine the numbers of
adults and chicks that should be marked each year
in order to detect significant differences in annual
adult mortality and juvenile survival as well as to
enable detection of correlations between these and
other CEMP parameters. Likewise, data reporting
formats must be developed for CEMP purposes.
It would also be a valuable exercise to investigate
whether other CEMP parameters (e.g. Al — adult
weight on arrival) are correlated with adult survival
over the preceding winter. Adult weight prior to
moulting may also be correlated with mortality
over the following winter. Similarly, fledging mass
(A7) may be correlated with juvenile survival.
There are currently insufficient numbers of years
of data to detect such correlations at a statistically
significant level. Automated weighbridge systems
such as the APMS may be of use in determining
such associations over the long term (Kerry et al.,
1993b; Clarke and Kerry, 1998; Clarke et al., 2002).

CONCLUSIONS

The demographic parameters summarised
within the life history table in this paper have
enabled calculations to be performed showing
that the size of the Adélie penguin population at
Béchervaise Island is more sensitive to changes in
annual survivorship than to changes in fecundity.
Comparisons with data from the Ross Sea region
illustrate the degree of flexibility in demographic
parameters available to Adélie penguins under
differing environmental conditions.

Adult survival is the most important demo-
graphic parameter to correlate with other CEMP
parameters and must be measured accurately.
Using this paper as a basis, data reports could
include: numbers of adults and chicks tagged each
season, updated return rates for these in following
seasons, mean age of first sighting for each cohort,
and mean age at first breeding for each cohort (the
latter being highly labour-intensive).

Environmental conditions resulting in reduced
summer or winter prey availability are likely to
result in decreased population growth rates. Intro-
duction or expansion of a krill fishery in the region
could potentially mimic or exacerbate the effects of
such adverse environmental conditions. Further
thought needs to be directed towards determining
exactly how demographic parameters might be
used in fishery regulation, especially given the lag
time between detection of changes and causal
events. This latter question may eventually become
redundant if changes in demographic parameters
can be linked to changes in other CEMP parameters
operating over shorter time scales, e.g. arrival
weights (A1), foraging trip durations (A2 and A5)
and fledging mass (A7).
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Table 8:  Comparison between demographic parameters of Adélie penguins at Béchervaise Island
(this study), Cape Crozier (Ainley et al., 1983) and Cape Hallett (Reid, 1968). The largest
value for each row is shown in bold. p, denotes annual survival rate at age x.

Parameter This Study Ainley et al., 1983 Reid, 1968
Annual population growth/decline (1) (growing) (declining) (stable)
from Leslie matrix 1.004 0.959
from life table 1.003 0.953
Adult survival (mean) 0.862 0.894 0.86
Juvenile survival (mean)
assuming p, = p, 0.691 0.294 0.52
assuming p,=p;; p,, = P, 0.772 0.513
Breeding success (chicks/breeding pair)
observed colony mean 0.71 0.80 1.15
from life table 0.78 0.88
Lifetime expectation of female offspring
(R, 1.03 0.62
Age structure (by proportion) age 0 0.178 0.219
1 0.123 0.117
2 0.105 0.062
3 0.090 0.058
4 0.078 0.053
5 0.067 0.050
6 0.057 0.047
7 0.049 0.044
8 0.042 0.041
9 0.036 0.039
10 0.031 0.036
11 0.027 0.034
12 0.023 0.031
13 0.020 0.029
14 0.017 0.027
15 0.015 0.025
16 0.013 0.024
17 0.011 0.022
18 0.009 0.021
19 0.008 0.019
Proportion first seen age 1 0.00 0.00
2 0.26 0.30
3 0.81 0.76
4 0.91 0.93
5 0.94 0.98
6 0.97 1.00
7 0.99 1.00
Proportion breeding age 1 0.00 0.00
2 0.00 0.00
3 0.25 0.17
4 0.55 0.49
5 0.76 0.68
6 0.86 0.82
7 0.97 0.90
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Figure 1: = Exponential curves fitted to the population data in Table 1.
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Figure2:  Annual breeding success for the Béchervaise Island Adélie penguin colony. The broken line

indicates a mean breeding success, over 12 seasons, of 0.71 chicks/nest.
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Age-specific survivorship for penguins tagged as chicks with exponential curve fitted to the data.
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Annual survival, by season, for Adélie penguin adults and chicks relative to the mean values of
85.1% and 86.2% for adults and chicks respectively. The term ‘winter’ refers to the period between
one breeding season and the next, and thus is not restricted purely to the winter months.
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Liste des tableaux

Dénombrements des manchots Adélie sur 1'1le Béchervaise a trois reprises au cours de 12 saisons de
reproduction. La derniere colonne indique la réussite de la reproduction en termes de nombre de jeunes
en créche par nid avec des oeufs.

Taux de survie selon 1’dge des jeunes de I'ile Béchervaise porteurs de transpondeurs implantés. Tous les
jeunes sont morts d'inanition en 1995. (a) Nombre et pourcentage d’individus de chaque cohorte connus
pour avoir survécu jusqu’a un minimum de 1 a 10 ans d’age. (Les taux de survie des individus de 1
et 2 ans d’age sont des sous-estimations, car la majorité des oiseaux ne sont repérés qu’a 3 ans d’age).
(b) Taux de survie annuels selon ’age des cohortes regroupées de 3, 4,5, 6,7, 8 et 9 ans d’age. (c) Survie
selon I’age regroupée par cohorte d’ages 3 a 10. (d) Survie annuelle par saison de reproduction de tous
les oiseaux de 3 a 9 ans d’age regroupés.

Taux de survie des males adultes de Iile Béchervaise porteurs de transpondeurs implantés. (a) Nombre
et pourcentage de males marqués en une saison ayant survécu jusqu’aux années suivantes. Age minimal
présumé de 4 ans lors de la pose des marques. (b) Taux de survie annuels des groupes d’ages des
males : ages minimum de 4+, 5+, 6+, 7+, 8+, 9+, 10+, 11+, 12+ et 13+. (c) Survie regroupée des groupes
d’ages, jusqu’a 13+. Le taux de survie de 44% jusqu’a 4 ans d’age présumé dans les calculs est fondé
sur les données de survie des jeunes. (d) Survie annuelle par saison de reproduction de tous les males
regroupés.

Taux de survie des femelles adultes de 1'ile Béchervaise porteuses de transpondeurs implantés.
(a) Nombre et pourcentage de femelles marquées en une saison ayant survécu jusqu’aux années
suivantes. Age minimal présumé de 4 ans lors de la pose des marques. (b) Taux de survie annuels des
groupes d’ages des femelles : adges minimum de 4+, 5+, 6+, 7+, 8+, 9+, 10+, 11+, 12+ et 13+. (c) Survie
regroupée des groupes d’ages, jusqu’a 13+. Le taux de survie de 44% jusqu’a 4 ans d’age présumé dans
les calculs est fondé sur les données de survie des jeunes. (d) Survie annuelle par saison de reproduction
de toutes les femelles regroupées.

Réussite moyenne de la reproduction (nombre de jeunes en créche par nid avec ceufs) des femelles de
manchots Adélie de 7 ans et plus.

Proportions de manchots Adélie de 1 a 6 ans d’age repérés a tous les ages. Les proportions totales
d’individus se reproduisant a tous les ages sont calculées en multipliant les trois premiéres colonnes.

Tableau du cycle biologique de la population de manchots Adélie de 1'ile Béchervaise fondé sur les
données des tableaux 2, 5 et 6. Les chiffres donnés pour les jeunes femelles par femelle reproductrice
d’ages 3 a 6 sont tirés d"Ainley et al., 1983. Les lignes sur fond gris sont des extrapolations a partir des
taux de survie et de fécondité moyens des adultes.

Comparaison entre les parametres démographiques des manchots Adélie de 1'ile Béchervaise (présente
étude), du Cap Crozier (Ainley et al., 1983) et du Cap Hallett (Reid, 1968). La valeur la plus élevée de
chaque ligne est en caracteres gras. p, dénote le taux de survie annuel a ’age x.

Liste des figures

Courbes exponentielles ajustées aux données de la population du tableau 1.

Réussite annuelle de la reproduction dans la colonie de manchots Adélie de I'ile Béchervaise. Les tirets
indiquent la réussite moyenne, sur 12 saisons, de 0,71 oiseau/nid.

Survie selon 1’dge des manchots marqués lorsqu’ils étaient poussins, avec courbe exponentielle ajustée
aux données.

Survie annuelle, par saison, des adultes et des jeunes manchots Adélie par rapport aux valeurs
respectives moyennes de 85,1% et 86,2%. Le terme ‘winter” (hiver) renvoie a la période comprise entre
deux saisons de reproduction, qui ne se limite pas uniquement aux mois d’hiver.
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Crucok Ta0IIuIx

HOZ{C‘ICT YUCJIICHHOCTHU ITMHI'BUHOB A,HGJ'II/I Ha 0-B€ BCHICpB33 Ha TPpEX CTaAudX B TCUCHUC 12 NepuoaoB
PasMHOXKCHU. PerOZ[yKTI/IBHHﬁ ycnex, BBIpa)KeHHBIﬁ KaK YHCJIO MOCTYNUBIINX B SCIIA NTCHIOB Ha
KOJIMYCCTBO I'HE3]] C ﬂﬁHaMI/I, ITOKa3aH B IIOCJICIHEM CTOJ'I6H€.

Bospacthbie K03(p(UIMEHTbI BBDKMBAHUS MTEHIIOB C BXHUBICHHBIMUA TpPAHCIIOHAEPAMH Ha O-BE
Berepsaz. B 1995 r. Bce nreHubl ymepnu ot ronoja. (a) YUCIeHHOCTh ¥ NPOLEHT Ka)10W KOTOPTHI,
JOKHUBILEH 10 MUHUMAIbHBIX BO3pacToB 1—10 jer. (OueHKH BbDKMBAEMOCTH OHO- U JIBYXJIETHHX
0co0eli 3aHMKEHBI, TOCKOJIBKY OOJIBIINHCTBO MTHII BIIEPBBIC 3aMEUCHO MMOCIIE AOCTHKCHHS 3-JIETHETO
Bo3pacra.) (b) [omoBrIe Bo3pacTHBIC K0I(D(HUITHMEHTHI BBDKHBAHUS 00BEIUHCHHBIX KOTOpT 3,4,5,6,7, 8
1 9-eTHUX 0cobel. (¢) OObeMHEeHHAs BO3pACTHAs JOKMUBAEMOCTD J10 BozpacToB 3—10 set. (d) ['omoBast
BBDKHABACMOCTh 0 CE30HAM PA3MHOKEHUS JUI BCEX MTHIL, KOTOPhIe OBLUTH MOMEUCHBI KAaK ITCHIIBI,
BO3pacra 3—9 et BMecTe.

KoahdurueHTsI BEDKUBAHKS B3POCIBIX CAMIIOB C BKUBJIICHHBIMU TPAHCIIOHIEpaMu Ha 0-Be berepsas.
(a) YCNEeHHOCTD U POLIEHT CaMIIOB, TIOMEYCHHBIX B OIMH CE€30H W BBDKHUBIIUX B TIOCIEIYIOIIIE TO/IBL.
[Ipeamonaraercsi, YT0 MUHUMAJIBHBIN BO3PACT B MOMEHT MeucHUst — 4 rona. (b) [omoBsie KO3pGUIIHESHTHI
BBDKMBAHMSI BO3PACTHBIX I'PYIIIT CaMIIOB: MUHUMaJIbHbIE Bo3pacTa 4+, 5+, 6+, 7+, 8+, 9+, 10+, 11+, 12+
u 13+ ner. (c) OOberHEHHAs! BBDKMBAEMOCTh BO3PACTHBIX IPYI A0 Bo3pacrta 13+. Mcxost u3 qaHHbIX
[0 BBDKMBAEMOCTHU ITCHIIOB, B pacueTaX MPHHAT KOAX(POUIMEHT JAOKUTHS 10 Bo3pacta 4 roma 44%.
(d) TomoBast BBDKHBAEMOCTH 110 CE30HAM PA3MHOKEHHS JIJIST BCEX CaMI[OB BMECTE.

KoadduimenTs! BEDKMBaHHS B3POCIBIX CAMOK C BXKMBJICHHBIMH TPAaHCIIOHJIEpaMU Ha 0-Be berepsas.
(a) YncaeHHOCTD M MPOLEHT CaMOK, TIOMEUEHHBIX B OIMH CE30H M BBDKHBIIHNX B ITOCIIETYIONINE TOIBI.
[Ipenrmnosnaraercs, 4To MUHUMAaJIbHBINA BO3pacT B MOMEHT MeueHusi — 4 rona. (b) [onosbie koadduipeHTs
BBDKMBAHMS BO3PACTHBIX TPYIII CAMOK: MUHUMaJIbHbIE Bo3pacTa 4+, 5+, 6+, 7+, 8+, 9+, 10+, 11+, 12+
u 13+ ner. (c) OOberHeHHas! BBDKMBAEMOCTh BO3PACTHBIX IPyII 10 Bo3pacrta 13+. Mcxonst u3 qaHHbIX
110 BEDKMBAEMOCTH IITCHIOB, B pacdeTax MPUHAT KOd(QQUIMEHT NT0XNUTHA 10 Bo3pacta 4 roma 44%.
(d) I'omoBast BEKMBAaEMOCTH 110 CE30HAM PAa3MHOKEHUS U1 BCEX CAMOK BMECTE.

Cpemuuii pernpoayKTHBHBIN yCcHeX (YHCIO MOCTYNUBIIMX B SICIU NTEHIIOB HA KOJMYECTBO THE3J C
SAUIIAMHA) 7151 CAMOK IIMHTBHHOB AJIEJT BO3PACTOM 7 JIET U CTapille.

Jonst mMHTBUHOB AJien BO3pacToM OT 1 10 6 JieT, TTOBTOPHO HAOMIONABIIMXCS B KAXKIOM BO3pacTe.
OO0mras 1o pa3MHOKAIOIIUXCS 0cOo0eH 10 Bo3pacTaM ObLIa paccunTaHa ITyTeM MEPEeMHOKCHHS TPEX
HEePBBIX CTOJIOIOB.

Tabnuma nemorpaduuecKux Mokasaresiei JuIs MoMmyIsiy MHHIBUHOB AJlenH 0-Ba bemepsa3 Ha ocHOBE
JaHHBIX B Tabmumax 2, 5 u 6. COOTHOIIEHHE OTEPHUBIINXCS CAMOK K Pa3MHOXKAIOIIUMCS CaMKaM st
BO3pacToB 3—6 B3sTO M3 DitHiM U Ap. (Ainley et al., 1983). 3amTpuxoBaHHbIE PsIIbI IKCTPATIOIINPOBAHBI,
UCTIONB3YsI cpeiHue KO3 (UIMEHTI BEBKUBAHHS U INIOJOBUTOCTH B3POCIBIX 0COOCH.

CpaBHeHue neMorpaMyecKux rapamMeTpoB MUHIBHHOB Aiesin 0-Ba berrepsas (nanHast padbota), Mbica
Kposse (Ainley et al., 1983) u mpica Xamrert (Reid, 1968). Camblif BEICOKHIT MOKa3aTenb B KaKI0H
CTPOKE MO0Ka3aH KUPHBIM MIPHU(TOM. Py — FOJ0BON KOI(D(DHULIMEHT BHDKUBAHUS B BO3pacTe X.

CHHCOK PHCYHKOB

DKCIOHEHIIMAIbHBIC KPUBBIC, OMUCHIBAIOIINE 1eMOorpaduuecKue JaHHbIC B Ta0. 1.

E>keromHplii perpoayKTHBHEIC YCIEX IS KOJIOHWH IMUHTBHHOB Anenu o-Ba bemepsas. [lyHkTupHas
JIMHHS TIOKa3bIBAET CPEAHUI PENPOAYKTUBHBIN ycrex 3a 12 ce3onoB (0.71 nTeHa/rue3no).

Bo3pacTtHas BBDKMBAaEMOCTh NHMHIBHHOB, IOMEUEHHBIX NTEHIAMM, I7€ J[aHHBIC OMHUCHIBAIOTCS
SKCIIOHEHLIMAJIbHOM KPUBOH.

lonoBasi BBDKMBAEMOCTb, MO CE30HAM, JUIs B3POCIBIX OCOOCH W NTEHIOB MUHIBHHOB AJIENU I10
CPaBHEHHIO CO CpelHMMH 3HadeHusAMH 85.1% m 86.2% COOTBETCTBEHHO IJISi B3POCIBIX M ITEHIIOB.
«3uMa» — Nepruoj MeXy OAHUM CE30HOM Pa3MHOKEHHS U CIEIYIOLINM; COOTBETCTBEHHO, 3TOT NEPHOT
HE OTPaHUYMBACTCS TOJIBKO 3UMHUMH MECSIIAMH.
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Lista de las tablas

Recuentos de pingtiinos adelia efectuados en tres etapas durante 12 temporadas de reproducciéon en isla
Béchervaise. La columna final muestra el éxito reproductor en funcién de los polluelos en guarderia por
nidos con huevos.

Tasas de supervivencia por edad de polluelos en isla Béchervaise con transmisores implantados. Todos
los polluelos murieron de inanicién en 1995. (a) Numero de individuos y porcentaje de cada cohorte
que se sabe sobrevivié de 1 a 10 afos. (Las tasas de supervivencia de 1y 2 afios son subestimaciones ya
que la mayoria de las aves son observadas después de los 3 afios de edad.) (b) Tasas de supervivencia
anual por edad combinadas para las cohortes de 3, 4, 5, 6,7, 8 y 9 afnos. (c) Supervivencia anual por edad
combinada desde los 3 hasta los 10 afios de edad. (d) Supervivencia anual por temporada reproductora
combinada para todos los polluelos marcados desde los 3 hasta los 9 afios.

Tasas de supervivencia de machos adultos en isla Béchervaise con transmisores implantados.
(a) Ntimero de individuos y porcentaje de machos marcados en una temporada que sobreviven en afios
subsiguientes. Se ha supuesto que las aves mas jovenes fueron marcadas a los 4 afios de edad. (b) Tasas
de supervivencia anual por grupos de edad para machos: edad minima de 4+, 5+, 6+, 7+, 8+, 9+, 10+,
11+, 12+ y 13+ afos. (c) Supervivencia por grupos de edad combinados hasta los 13+ afos. Los calculos
suponen una tasa de supervivencia de 44% hasta los 4 afios sobre la base de los datos de supervivencia
de polluelos. (d) Supervivencia anual por temporada reproductora combinada para todos los machos.

Tasas de supervivencia de hembras adultas en isla Béchervaise con transmisores implantados.
(a) Numero de individuos y porcentaje de hembras marcadas en una temporada que sobreviven en afios
subsiguientes. Se ha supuesto que las aves mas jévenes fueron marcadas a los 4 afios de edad. (b) Tasas
de supervivencia anual por grupos de edad para las hembras: edad minima de 4+, 5+, 6+, 7+, 8+, 9+,
10+, 11+, 12+ y 13+ afos. (c) Supervivencia de los grupos de edad combinados hasta los 13+ anos. Los
calculos suponen una supervivencia del 44% hasta los 4 anos de edad sobre la base de los datos de
supervivencia de polluelos. (d) Supervivencia anual por temporada reproductora combinada para todas
las hembras.

Promedio del éxito reproductor de pingtiinos adelia hembras de 7+ afios de edad (polluelos en guarderia
por nido con huevos).

Proporcién de pingtiinos adelia de 1 a 6 afios de edad observados posteriormente en cada edad. La
proporcién total que se reproduce por edad fue calculada multiplicando las tres primeras columnas.

Tabla de vida de la poblacién de pingiiinos adelia en isla Béchervaise basada en los datos presentados en
las tablas 2, 5y 6. Los datos sobre las hembras que alcanzan la independencia por hembra reproductora
de 3 a 6 anos de edad provienen de Ainley et al., 1983. Se utilizaron las tasas promedio de supervivencia
y fecundidad para extrapolar las columnas sombreadas.

Comparacién de los pardmetros demograficos de los pingiiinos adelia entre isla Béchervaise (este
estudio), cabo Crozier (Ainley et al., 1983) y cabo Hallett (Reid, 1968). El valor mayor de cada hilera se
destaca en negrita. p, denota la tasa de supervivencia anual a una edad x.

Lista de las figuras

Curvas exponenciales ajustadas a los datos de la poblacién de la tabla 1.

Exito reproductor anual para la colonia de pingiiinos adelia de isla Béchervaise. La linea entrecortada
denota el promedio del éxito reproductor para un periodo de 12 temporadas (0,71 polluelos/nido).

Supervivencia por edad de los polluelos de pingtiinos marcados con una curva exponencial ajustada a
los datos.

Supervivencia anual, por temporada, para adultos y polluelos de pingiiinos adelia en relacién con el
valor promedio de 85,1% y 86,2% para los adultos y polluelos respectivamente. El término “invierno”
se refiere al periodo comprendido entre dos temporadas de reproduccién consecutivas, y por ende, no se
limita a los meses de invierno solamente.



