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Abstract:

A population of crabeater seals, Lobodon carcinophagus, inhabiting the sea ice and waters surrounding
the Antarctic Peninsula was studied to clarify the nature of variability in the population age structure.
Understanding this variability is important for efforts to identify effects of climate change and marine
resource exploitation in the Southern Ocean. Previous studies of this variability — fluctuations in
strengths of annual cohorts — have termed it periodic and investigated its relationship to variability in
other species of Antarctic seals. In the present study, the more fundamental question is first addressed,
of whether the variability is a genuine demographic phenomenon or an artifact of sampling or analysis.
Then the evidence is examined for support of an interpretation of periodicity. Because age-estimation
errors are known to reduce variability in estimates of cohort strength, and because crabeater seal ages
are subject to estimation errors, the effects of those errors are evaluated. Features of the crabeater seal
natural history were used to generate hypotheses about expected correlations between the cohort
strengths and sea ice extent, surface air temperature, the Southern Oscillation, and an index of leopard
seal (Hydrurga leptonyx) populations.

The primary data for this study are age estimates from 2,852 crabeater seals collected near the
Antarctic Peninsula between 1964 and 1990. Assuming that the seals were collected at random with
respect to age, these "catch-at-age" data were analyzed by a maximum likelihood technique, yielding a
time series of relative cohort strengths for the 1945-1988 cohorts and a new life table for crabeater
seals. Bootstrap and Monte Carlo techniques were used to assess the uncertainty of the estimates and
the power of the sampling scheme to detect true fluctuations in cohort strengths. It was found that if the
assumptions are correct, the relative cohort strengths are well determined by the data and therefore
unlikely to be artifacts of sampling or analysis. Time series modeling of the data, however, indicated
that there is little support for interpreting the fluctuations in cohort strength as periodic. Statistical
modeling of the age estimation error process yielded a series of cohort strengths with more variability,
as expected, but with features that may reflect invalid assumptions about the age estimates for a portion
of the sample. Time series of sea ice extent, surface air temperature, a measure of the Southern
Oscillation, and numbers of leopard seals sighted annually at Macquarie Island were unable to explain
a significant fraction of the crabeater seal cohort variability.

It was concluded that because the crabeater seal cohort fluctuations seem to represent a genuine
demographic phenomenon and because these catch-at-age data are unique among the ice breeding
Antarctic seals (top marine predators) further study is warranted, perhaps focusing on shorter time
scales and refinements to the data on potential environmental and ecological cause of cohort
variability.
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Abstract

‘A population of crébc:ater seals, Lobod,oi; carcinophagus, inhabiﬁng‘the sea iée '
and waters surrounding the Antarctic Peninsula was ‘s'tu‘died ‘.to clarify the nature of
-variability in the population age structure. Understanding this Qariability is i‘mportant for
_efforts to identify effects of climate changé and marine resource exploitation in the
Soutf;em Ocean. Previous studies of this variability — fluctuations in strengths of annﬁal
.cohorts — have termed it periodic and investigated its relationship to variability in other
species of Antarctic seals. In the“present study, the more ‘fuﬁdamental question is ‘ﬁrst
addressed, of whether the variability is a genuine demographic phenomenon or an artifact
of~ sampling or analysis. Then the evidence is examinéd for support of an interpretétion.
of periodicity. Because age-estimation errors are known to reduce variability in estimates -

of cohort strength, and because crabeater seal ages are subject to estimation errors, the




effects of those errors are evaluated. Features of the créi)eater seal natural history were
used to generate hypotheses about expected correlations between the cohort Strengths‘ and
seé iée extent, surface air temperature, the Southe’rn Oscillation, and an index of Ieopard:
seal (Hydrurga leptonyx) prulations.

The primary data for this study ‘are,a‘gé estimates from 2,852 crabeater seai‘s
collected near the Antarctic Peniﬁsula between 1964 and 1990. Assumin‘g that the seals
were collgcted. at random with ;esi)ect to age, these "catchfat—‘age" data were analyzed
by a maximum likelihood techniﬁue, yielding a time seﬁes of rel‘ative cohort s‘tren‘g‘ths‘
for the 1945-1988 cohorts and a new life table for crabéater’ seals. Bootstrap and Monte
Carlo techniques were used to assess the uncertainty of the estimates and the power of
the sampling scheme to detect true fluctuations in cohort strengths. It was found that if -
the assumptions are correct, the relative cohort stréngths are well determined by the data -
and therefore unlikely to be artifacts of sampling or analysis: Time series modeling of
the data, however, indicated that there is little supbort for.‘interpreting thé, ‘ﬂuctuations
in cohort strength as periodic. Statistical modeling of the age estimation error p'rocéss
yielded a series of cohort strengths with more variability, as\ expected, but with features
that may reflect invalid assumptions about the age estimates for'a portion of the sample.
Time series of sea ice extent, surface air ‘temperatur-e,' a measure of the Southern
Oscillation, and numbers of leopard seals sighted annually at Macquarie Island were
unable to explain a significant fraction of the crabeater seal cohort variability.

It was concluded that because the crabeater seal cohort fluctuations seem to
represent a genu_ine‘demograpﬁic phenomenoﬁ and because these cafch-at—age data are

unique among the ice breeding Antarctic seals (top marine predators) further study is




warranted, perhaps focusing on shorter time scales and refinements to the data on

potential environmental and ecological cause of cohort variability.
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ABSTRACT

A population of crabeater seals, Lobodon carcinophagus, inhabiting the sea ice
and waters surrounding the Antarctic Peninsula was studied to clarify the nature of
variability in the population age structure. Understanding this variability is important for
efforts to identify effects of climate change and marine resource exploitation in the
Southern Ocean. Previous studies of this variability — fluctuations in strengths of annual
cohorts — have termed it periodic and investigated its relationship to variability in other
species of Antarctic seals. In the present study, the more fundamental question is first
addressed, of whether the variability is a genuine demographic phenomenon or an artifact
of sampling or analysis. Then the evidence is examined for support of an interpretation
of periodicity. Because age-estimation errors are known to reduce variability in estimates
of cohort strength, and because crabeater seal ages are subject to estimation errors, the
effects of those errors are evaluated. Features of the crabeater seal natural history were
used to generate hypotheses about expected correlations between the cohort strengths and
sea ice extent, surface air temperature, the Southern Oscillation, and an index of leopard
seal (Hydrurga leptonyx) populations.

The primary data for this study are age estimates from 2,852 crabeater seals
collected near the Antarctic Peninsula between 1964 and 1990. Assummg that the seals
were collected at random with respect to age, these "catch-at-age" data were analyzed
by a maximum likelihood technique, yielding a time series of relative cohort strengths
for the 1945-1988 cohorts and a new life table for crabeater seals.  Bootstrap and Monte
Carlo techniques were used to assess the uncertainty of the estimates and the power of
the sampling scheme to detect true fluctuations in cohort strengths. It was found that if
the assumptions are correct, the relative cohort strengths are well determined by the data
and therefore unlikely to be artifacts of sampling or analysis. Time series modeling of
the data, however, indicated that there is little support for interpreting the fluctuations
in cohort strength as periodic. Statistical modeling of the age estimation error process
yielded a series of cohort strengths with more variability, as expected, but with features
that may reflect invalid assumptions about the age estimates for a portion of the sample.
Time series of sea ice extent, surface air temperature, a measure of the Southern
Oscillation, and numbers of leopard seals sighted annually at Macquarie Island were
unable to explain a significant fraction of the crabeater seal cohort variability.

It was concluded that because the crabeater seal cohort fluctuations seem to
represent a genuine demographic phenomenon and because these catch-at-age data are
unique among the ice breeding Antarctic seals (top marine predators) further study is
warranted, perhaps focusing on shorter time scales and refinements to the data on
potential environmental and ecological cause of cohort variability.




CHAPTER 1

INTRODUCTION TO CRABEATER SEALS AND THEIR HABITAT

Tllis dissertation is about annual variability in a populatioﬁ of crabeater seals
(Lobodon carcinophagus) inhabiting the waters‘ surroundiné the Antarctic Peninsula.
Biological and environmental data are examined to determine how the seal population,
other components. of the ecosystem, and the physical environment yaﬁed during the past
four decades. In this chapt;r, I present the rationale for undértaking this research, an
introduction to the biology bf crabeater seals, a description of the study area, and a brief
overview of the remaining chapters followed by a Surhmary bf ihé principai hypotheses

that guided the research.

Rationale for the Research |

~ During the past two decades of research in Southerh Ocean ecology, variability
has increasingly been recognized as a characteristic feature of the Antarctic marine
ecosystem. It is now widely acknowiedged tlﬁt understanding this variability, |
encompassing broad ranges of temporal and spatial scale, is crucial td such endeavors
as detecting impacts of climate change and managing Soutﬁem Ocean resources.
Indeed, a recent symposium volume (Kerry and Hempel 1990) was organized around the
theme of "short- and long—term changes in Antafctic ecosystem and community structufé

caused by natural and human factors" and two-thirds of its papers pertained to the
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marine ecosystem. Another symposium volume (Sahrhage 1988) was dedicated entirely
to the theme of variability in Antarctic ocean resc;urces.

One of the resources updn which much éttention is presently focused (e.g., Nicol L
and de la Mare 1993) is the enormous stock of Antarcfic krill (Euphausia superba‘)‘, a
shrimp-like crustacean that supports‘l many of the marine mammal aﬁd seabird speéies
of the Southern Ocean.  Following the 20th—ceﬁtury depleﬁon of the populations of |
 large krill-consuming whales, krill have become the. subject of debate and speculation
over whether recent cha.nges in seal and seabird populatlons have resulted from the
removal of whales or from unrelated environmental and ecological factors (e.g., Fraser
et al. 1992; Croxé]l 1992). The most act1ve1y studied species in those efforts are
Antarctic fur seals (Arctocephalus gazella), several species of penguins (Pygoscelzs sp.),
and some albatrosses (Diomedea sp.). Crabeater seals, on the other hand, have scarcely
been studied from the standpoint of their popﬁl‘ation re.sp(.)nses to ecological variability
(but see Bengtson and LawS 1985; Testa 1990; Testa ez al. 1991). - A unique and
specialized trophic position, a strong association with sea ice, a role as a major p'rey of
leopard seals (Hydrurga leptonyx), and a large population sizé make crabeater seals a
potentially fruitful and informative species in this regard. It was with i:hese concepts in
mind that I ul{dertook this dissertation research, with the aim of contributing to the

understanding of what regulates crabeater seal populations.
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Crabeater Seal Biology

The crabeater seal (Lobodon carcinophagus) is one of the most numerous large
mammals in the world, probably numbering at least 7 ‘Inﬂlion (Erickson and Hanson
1990). The spécies has a circumpolar distribution in the Southern ocean and is almost
always found in Antarctic pnck ice and near the ice edge (Dritsland 1970; Siniff ez al.
1970; Erickson er al. 1971; Gilbert and Eﬂckson 1977; Erickson and Hanson 1990;
Joiris 1991 ; Ribic et al. 1991). During the austral summén, when sea ice recedes
toward the Antarctic continent, crabeater seals move south, following the retreating ice
edge, and are found in highest densities in "residual pack ice regions" (Gilbert and
Erickson 1977). The most prominent of these regions are the Weddell Sea to the east,
and the Amundsen-Bellingshausen Sea to the west of the Antarctic Penins‘ula; these

regions are further described in the section entitled Description of the Study Area.

The comnion name "crabeater" and the latin s‘peciﬁc‘ name carcinophagus are
misnomers, for these seals feed almost entirely on krill (E. superba and E.
crystallorophias) (Bengtson 1982; Gneen and Williams 1986; Lowry et ql. 1988;
Bengtson and St.ewart 1992). It has been estimated that crabeater sealn may consume
as much as 63 million metric tons of krill per year (Laws i977a); for comparison, the
total human harvest of all marine species is appi‘o;drnately 97 million metric tons
annually (FAO 1992).

Compared to most non-Antarctic pinniped spe%ies, relatiyely Little is known of
nrabeater seal breeding‘and reproductive habits because they_breed and beaf young.

during October (Siniff ez al. 1979; Shaughnessy and Kerry 1989) in the Antarctic pack
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ice zone, making observation difficult logistically. The sexes of crabeater seals exhibit
relatively little dimorphism (though females may be slightly larger than males) and they
do not form large conspicuous breeding grouﬁs typical of most pinnipeds; instead .they
form widely dispersed "family groups" (Siniff e al. 1979; Shaughnessy énd’ Kerry 1989)
consisting of a female, her pup, and an attendant male that breeds with the female after
she weans the pup. |

Crabeater seals have elaborately lobed teeth, presumably an adaptation to their
specialized diet. The teeth exhibit a fmé—§tructure that makes»it possible to estiniate the
age of a seal by counting annuli in cementum or dentihe (Laws 1958, 1962, 1984; |
Bengtson and Siniff 1981). Detailed species accounts for crabeater seals have been

presented by Kooyman (1981) and Laws (1984).

Description of the Study Area

Location and Size

The Antarctic Peninsula is a geographically prominent feature of the Antarctic
continent (Figufe 1). It forms the boundary of the atlantic and pacific sectors of the |
-Southern Ocean and is surrounded to the east by the Weddell Sea and to the west by the
Amundsen-Bellingshausen Seas and the Bransfield Strait. All of the crabeater seal data
used in this study were collected in the seasonal pack ice zone near the coast of the
" Antarctic Peninsula, near the South Shetland Islands, or near the South Orkney Islands.

The total study area encompassed approximately 800,000 km?.
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Figure I. The Antarctic Peninsula region. Crabeater seal specimens were collected
near the coast of the Peninsula between Marguerite Bay and Prince Gustav Channel,
near the South Shetland Islands and near the South Orkney Islands. The straight-line
distance between Marguerite Bay and Prince Gustav Channel is approximately 690 km.



Climate

The majority of the collection area described abové lies bet§veen the mean
- January surface air isotherms of 0 °C and +2 °C and between the mean July surface
air isotherms of -18 °C and -8 °C (Phﬂlpof 1985). The entire region is subject to a
semiannual oscillation in barometric pressure, with minima corfespdnding to the times
of maximum (September/October) and minimum (February/March) sea-ice eXtént,'

(Gordon 1988; Jacka and Budd 1991). A more detailed consideration of air |

temperature, barometric pressure, and sea ice is presented in Chapter 3.

Oceanographic Conditions

Like all the waters surroqﬁding Antarctica, the c_:c.>asta1 Qaters of thé‘ Antarctic
Peninsula region are very cold; “summer (January-May) near-sﬁrface témperatures are
typically between -1 °C and +1 °C (Sievers_anci Nowlin 1988). Thé hydrographic.
structure of the region is profoundly influenced by the interaction ’of the Antarctic
Circumpolar Current (ACC) and the bottom topography. The constriction of the Dfake‘
Passage (between South America and the Antarctic PeninSula) and the relatively shallow
water to the east, plus the arrangement of the continental land rﬂa8sés and nearby ‘islarids
combine to form consistent fronts and water masses (Sievers and Nowlin 1988). Some
of these hjdrogﬁpﬁc features, such as the Weddell-Scotia Confluence are associate&
with locally high productivity (e.g., El-Sayed 1988) and/or recqrﬂng conceﬁtrations of -
krill (e.g., Nast et al. 1988). In addition to the influences of topography and cuﬁent_,% g
the effects of sea ice —- both in stabilizing vertical Wafer 'stmctﬁre near the ineltiﬁg ice.

edge and in providing substrate, nutrients and refuge for algae oh the undersurface (e.g..
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Smetacek and Passow 1990; Smetacek et al. 1990) -- may be responsible for the bulk
of the primary p‘roduction‘ that supports the populations of krill used most extensiveiy
by crabeater seals. These ideas are explored more completely, especially with regard

to ‘Variabi]ity of resources, in the final chapter.

Ovetview of Remaining Chap' ters

Chapter 2 is a study of interannuz_ll variability in the.age structure of a crabeater
seal population. A series of estimates of cohort, or year-class, strength from 1940 to
1990, with variation that has been described as periodic (Laws 1984; Bengtson and Lav;rs
1985; Testa et al. 1591), is d‘erived‘ from up_datéd cz‘ltch%t—age‘ data and teéfed to
determine whether the fluctuations are genuiﬁe démdgraphic ‘evénts or aﬁﬁacfs of -
sampling or of analysis. The effects of uncertainty in agé estimation are quantified. A
revised series of cohort strengths is presented, which partially corrects for imprecision
in the age estimates. In addition to a critical evaluation of the nature of variabi]ity‘ in
population dynamics of the seals, new estimates are presentgd for the crabeater seal ]er
table, based on more data and moré recent statistical techniques than previous estimafes.

In Chapter ‘3, environmental and é]jmatblogical' data from the past sevei:al
decades are examined and éompared to elucidate thé‘ major physical features that may
have influenced the ecology of the Antarctic Peninsula region. Relaﬁonshibs among
surface air temperature, an index of the Southern Oscillation, and sea ice are describéd
and quantified. These relationships are used t;) gene_f“at‘e-'aﬂ hypofhesis to account for ‘

interannual variability in the - population of crabeater seals around the Antarctic |




Penjhsula.‘

In Chapter 4, conclusions are presented about the extent to which the obseﬁed
patterns in crabeater seal age structure can be explained by the thir‘ohmental data and | |
by other ecological f‘actors.‘ " Specifically, the abﬂ1ty tof explam varijability in cohort
strength using environmental ‘data from Chapter 3 is tested. Alternative ecological
(biotic) mechanisms for the ﬂuctuations are evaluated. ‘. The potential uti]ityv of using
| crabeater seal catch-at-age data as a tool for monitoring changes in the marine ecosystem
is evaluated. Finally, hypotheses are proposed concerning predator-prey relationships
between crabeater and leopard seals; proposals for future experiments that could be

used to test those hypotheses are also presented.

Hypotheses

To summerize the precedihg overview, the principal hypotheses guidihg this-‘
research were: |

@ | V_a_riabi]jty in the age structure ‘of_ crabeater seals .Sampled near the -
Antarctic Peninsula represehts true demographic variability rather than simple variation
due to chance, the sampling procedure, or the anailysis;

2) Environmental factors, such as sea ice extent and surface air temperature
in the Antarctic Peninsula region, exhibitiﬂuctuations of several years duration that are
identifiable througheut the region; and

3) Interannual variability in the age structuré of crabeater seals can be

explained by variability in the environment.




CHAPTER 2

COHORT VARIABILITY IN CRABEATER SEALS
Introduction

Given a set of data concerning the age structuré of a population, questions k
naturally arise about what caﬁ be inferred of the history of the pgpulation: Can vital
rates be gstimated from the data, and if so, what are those“ rates? Is‘ i:here evidénce that
recruitment or survival varied during the lifespans of the animals represented in the
data? In this chapter, questions of a similar nature are explored using age—structure‘data
from a population of crabeater seals inhabiting the .waters around the Antarctic
Peninsula. First, the methods are described for collection of samples and detennination :

‘of ages. Then the data are used to estimate age-spéciﬁc survival rates and relative
strengths of the cohorts born between 1945 and 1988. Various tests are employed to
determine whether the cohort strengths differ significantly from one ‘ar410.t‘he‘r and whether
the observed time series behavior could have arisen by chance. Finall_y, the effects ‘are
evaluated of errors in age determination on the estilhates of cohort strength. It is found
that variability in estimated‘ year—class strerigth is greater than would be expected from
considerations of the sampling process alone, and it has stronger ‘al‘ltocorrelatioh than
would be expected if year-class strength was iﬁdependent. amon'g; years.' These results '
lead to hypotheses about the causes of the variabi]ity which are explofed in Chapters 3

and 4.
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Specimen Collections

Specimens were obtained from crabeater seals collected between 1964 and 1990
in the vicinity of the Antarctic Peninsula, South Shetland Islands, and South Orkney
Islands (see Chapter 1 for description of the study area) (ﬂﬁtshnd 1970; Laws 19770,
1984; Bengtson and Laws 1985; Lowry et al. 1988; Bengtson, unpublished). Samples
were available from a total of 2,852 seals collected as food for sledge dogs and for
research (1967-1977), for research only (1981-1990), and as part of an experimental
commercial harvest (1964). Collection techniques varied somewhat from year to year |
~ (discussed below), but in most cases the sampling consisted of taking all seals
- encountered by researchers working either near a research station or from a véssel.
Although there were many types of field data and tissue s'almpies, collected from each
seal, the primary data for this study derive from teeth; at least one tooth was collected
from each seal for age determination. |

The age of each seal was generally estimated by counting layers in the cementum
of a longitudinal thin (0.1-0.15mm) section éut from a post-canine tooth (usually the
third lower post-canine). Ages of samples from 1964 were estimated from transverse
sections of canine teeth. Sample preparation and age estimafion techniques are
considered in detail later in this chapter (uhder Effects of Age-Estimation Errors); the
intervening analyses and discussion are conducted as if the age of each seal was known

with certainty. .




11

Table 1.. Numbers of crabeater seal specimens collected near the Antarctic
Peninsula, 1964-1990. Specimens were tallied only if date of collection and
estimated age were both available (1967 collection notwithstanding).

Number Collected o
Year Months Male Female Unknown  Total -
19641 Aug-Oct 125 161 6 292
1967 unknown 0 0 111 111
1969 Feb-Mar 51 60 0 111
1970 Feb 0 65 0 65
19717 ~ Feb-Mar 3 46 0 49
1972 Feb | 64 89 0 153
1973 Feb-Mar. 131 127 0 258
1974 Feb-Mar 162 196 1 359
19752 Feb - 42 44 0 86
1976 - Feb | 42 51 0 93
1977 Mar 19 41 0 60
1977 . Nov 8 95 0 103
19813 Dec 52 50 0 102
1982°  Jan-Mar 227 210 0 437
1985 Aug-Sep 24 26 0 50
1986° Feb-Mar o2 23 0 44
1986° "~ Nov 54 59 0 113
1988° Jun-Jul 2 25 0 47
1989°  Tan 55 80 0 135"
1989° Feb-Mar 45 43 0 88
1990° Feb - 53 43 0 9%
Total 1,200 1,534 118 2,852

@ritsland (1970)
2Laws (1977b, 1984) |
*Bengtson and Laws (1985) o : |
‘Lowry ef al. (1988) I
57.L. Bengtson, National Marine Mammal Laboratory, Seattle, WA, unpublished data

In addition to collection of tissue samples, the sex, length, and girth were |

recorded for most seals taken, as well as the date, time, and location of collection.
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Table 1 shows. the distributidn of samples by sex, month and year. Note that‘ in three
of the collections (1970, 1971 and November 1977), females were deliberately sampled
preferentially; implications of this selectivity are discusséd in the analyses beloﬁl. Note
also that in 1967 the sex of each seal was not recorded; the individuals from vthat
collection are used here only in analyses with the sexes pooled. Finally, noté that
although some samples were obtained duﬁng each month of the year except April and
May, most samples were collected during the austral summer months of February and
March. Co]lectién dates are unknown for the 111 individuals collected in 1967, but it
was assumed that they were ‘collleéted in Febrﬁary and/dr March because all other
specimens from the British Antarctic Survey collections (1969 through March 1977)
were obtained during those months. Specimens obtained between 1964 and 1985 have
been described elsewhere (@ritsland 1970; Bengtsc;n ahd Sim'ff 1981; Laws 1984;
Bengtson and Laws 1985; Lowry et al. 1988). Descriptions of co]léctions obtained
between 1986 and 1§9O have not previously been published.

For the analyses of age structure that fo]low, it is advantageous to express thc' .‘
' égé of each seal as it would have been on some standard date. Because crabeater ‘Se.aI
pups are nearly all born in a relatively short period in September and October (Siniff ez
al. 1979), I chose to standardize ages to a date just after completion of ‘pupping, say 1
November. Thus, an individual collected in March of 1982 and estimated to be 3 years
of age, for example, was considered to have reached the age 6f 3 on 1 November 1981,
and therefore to belong to the cohort born in 1978. This scheme is supported by the

observation that tooth readers usually would not count the currently formed layer of
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cementum as an annual increment in teeth collected prior to about July or August when
the layer becomes recognizable and thick enough to suggest a y\ear’s growth. This
scheme ignores the fact that the age structure (proportion at each age) of tﬁe population
may change throughout the year due to mortality rates that vary with age. I assume,
however, that the effect of this distortion on the analyses that follow is slight compared
with the effects of random sampling variation.

Becaﬁse teeth collected from crabeater seals in June or later months usually
exhibit an outer cementum layer that gets counted ;?IS a whole year during age
determination, any collections obtained after June and before pupping is complete (late
October) will be nﬁssing all or part of the first age class (individuals less than one year
old). At that time in the annual life history cycle, the first age class comprises the near-
term fetuses carried by the mature females that are pregnant. I therefofe included near- .
term fetuses as the first age class of the collections obtained in August—.October 6f 1964
and June-July of 1988. In this manner, 35 male, 29 female and 6 sex-unknown fetuses
were included in the first age class of the 1964 collection; 9 male and 13 female fetuses
were included in the first age class of the 1988 co]lecfion.

Following the protocol described above ,for‘ assigning ages to the seals, the 21
collections shown in Table 1 were treated as repreéenting samples of the ‘crab‘eallter seal
population age structure oh 1 November in 17 of the 26 years spanned from the first
collection to the last. For example, the collections obtained in August-September of
1985 and in February-March of 1986 (Table 1) were éombined and treated as.a samplé '

of the age structure in November of 1985. The entire series of collections then,




14

SAMPLE YEAR
65 70 75 80 85 90

Figure 2. Age distribution of crabeater seals collected between 1964 and 1990. Ages
and sample years were assigned as if all samples were made on I November of each
year. The area of the circle at each coordinate is proportional to the number of seals of
a particular age, collected in a particular year, normalized by the total collected in that
year. Dashed lines have been added to assist the eye in following cohorts through time.
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is represented in Figure 2, wherein the area of each circle is a multiple of the proportion

of an annual sample observed to be a particular age in that year.

Age-Specific Survival

Age composition dgta can be used to estimate surviv.alkor mortality parameters,
subject to certain assumptions. The resulting estimates may be useful for poﬁulation
modeling, comparisons of life histories between species or populatio’ns, or further
estimation of parameters such as cohort strengths. It; the age data originate from a
survey that follows the absolute size of one or more cohorts fhrough time, survivorship
(denoted I, and dgﬁned as the probability of surviving from birth to age x) can be
estimated directly, producing estimates relevant to those cohorts. When, as in this
study, the age data consist of . ensemble” samples from many cohorts sampled at'sev'eral
différent times (the "standing" age distribution), where only -relati\}e frequency is known,
the relative initial strengths of the cohorts must be accounted for or assumed to follow
some (perhaps constant) pattern in order to draw inference.’

| Because initial estimates .of survivorship are reqqired for the analysis of cohort
strengths, I pooled the ensemble samples and assumed‘; for this portion of the analysis,
 that the variability in initial sizes of the cohorts in these samples was limited to random
variability around some long-term mean, and not. subject to a systematic trend. This

approach offers the benefit of large sample sizes for the survivorship estimates.

Choice of Models

An extensive literature on survival of long-lived mammals indicates that mortality
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rates are not constant with age for most species (e.g., Bourlidre 1959; Caughley 1966; |
Spinage 1972; Siler 19’/"9; Barlow 1982; de la Mare 1985; Gége 1988; Bér10w and
Boveng 1991). The five-parameter competing-risks model introduced by Siler (1979,
1983) has been shown to fit a wide variety of mammalian survivorship schedules (Siler
1979; Barlow 1982; Gage and Dyke 1988; Barlow and Boveng 1991). The Siler model
assumes that age—speciﬁc; risk of mortality is the sum of an expohentia]ly decrea‘sing‘
hazard that is dominant during i,mmaturit‘y‘,‘ an aéc—indépendént ha‘za,rd,»‘ and an
exponentially increasing hazard that reflects senescence in Qlder ag_é clzisSeS'. The ‘age-

“specific mortality rate, then, is

-b.t bt 1
g =ae U +ta, tae?, @)

where the terms associated with the exponentially decreasing risk are subscripted 1, the
constant term is subscripted 2, and the terms associated with the exponentially increasing
risk are subscripted 3. The resulting form for survivorship, which is more conveniently

written as its natural logarithm, is:

* a _b ‘, ) . . a B b” : .
logi, = ‘Lmdf = ~5l-e ) - ax ff,(l—e %) .

1 _ 3

@)

Survivorship schedules of crabeater seals were modeled by fitting the observed
age distributions to the Siler model using maximum likelihood estimation. The
likelihood function was based on an assumption of multinomial sampling of the age

distribution. The distributions of ages of male and female crabeater seals are shown
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separately in Figure 3, with curves showing the expected distributions derived from
estimates of the Siler survivorship parameters. Although it might ztppear from Figure
3 that females have higher survivorship than males, this is partially an artifact of
sampling; in 1970, 1971, and November of 1977, female seals were sampled" |
| preferentially, inflating the sample size for females.

A statist'ieal test is required for determining the significance of a difference
between the true survivorship schedules of males and femeles. ‘ One test for differences '
between two d1str1but1ons is the Kolmogorov Sn;ﬁrnov (K/S) test (e.g., Press et al.
1992). The K/S test is a non—parametnc test relymg on the samphng properties of the
maximum difference between the cumulat1ve d1str1but1on functions of two distributions.
Applying the K/S test to the age distributions of male axtd' female crabeater seals
suggests that the difference between the distributions is not signjﬁcant K/S = 0.044,
P=0.143). Figure 4 shows the fitted survivorship curves for maies and females plotted
on the same axes; the curves are similar in shape, though it appears that males may ﬁave
higher mortality early in life. |

As a further test on the differences betvt/een male and female survivorship, the
respective age distributions were resampled in a beotstrap t‘aShion ~(Efren 1982) 500
times, estimating parameters of the Siler model from each bootstrap replication. These
"bootstrapped" Siler curves were used to compute survivorship to each age, up to 39

years. The central 95% of the resulting distributions of age-specific survivorship is
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Figure 3. Age structures of male and female crabeater seals, all collections pooled.
Model age structures, obtained by maximum likelihood estimation of Siler survivorship
functions, are shown as curves.
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Figure 4. Survivorship curves, estimated for male and female crabeater seals by
maximum likelihood using the five-parameter Siler model.

shown for males and females in Figures 5 and 6, respectively. It can be seen that the
central 95% of thé survivorships for males deﬁnes a band slightly larger than the
difference between the sex-specific curves shown in Figuré 4. Moreover,.the variability
is substantially greater in the estimates of female suwivorship; the mean survivorship
curve for males would fajl entirely within the 95 % band from the bootstrap replications
for females. | |

On the basis of the tests described above, the age distributions of male and
female crabeaters were pooled, including 118 additional individuals for which the sexes
were unknown, to produce an overall age distribution for 2,852 seals. This pooled

distribution and the fitted survivorship curve are shown in Figure 7, and the Siler
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parameters for the fitted curve are given in Table 2. Central 95% bands from 500
* bootstrap replicates are shown in Figure 8. The pooled survivorship curve is used later

in maximum likelihood estimation of cohort strengths.

Table 2. Maximum likelihood estimates of Siler survivorship parameters for
crabeater seals. The lower and upper bounds of the central 95 percent of
estimates from 500 bootstrap samples and the inter-parameter correlations are
also shown.

Parameters
a; a, “ay _ b; b,
Estimate 0.495  5.53x10°  0.00935 ° 0.604 0.111
2.5 %ile 0.112  5.95x10°  2.15x10*  0.230 0.100
97.5 %ile - 1.26 0.045 0.0117  1.805 0.234
Correlations
a, a, as b b
a 1000
a, 0.000 1.000 |
a; 0.016 -0.815 1.000
b, 0.999 0.000 0.016 1.000
b, -0.024 0.862  -0.915  -0.024 1.000

Although five pararﬁeters are required to produce a curve that can accommodate
the features of the Siler model (rapidly declining hazard to immatures, constant hazard
and increasing hazard of senescence), the model is over-specified in the sense that there
are substantial correlations among several combinations of the parameters (Siler 1983).

It is therefore inadvisable to interpret individual parameter values. Rather, pairs of
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Figure 5. Estimated surv1vorshlp schedule for male crabeater seals showing central
95% of bootstrap replicates.

values or perhéps even the entire survivofship schedule should be the focus -of"
intgrpretations. For example, there is a large number of combinations of values of(
parameters a, (initial immature hazard), b; (rate constant for decay of immature haza’rd),
and a, (constant hazard rate) that would adequately désbribe a given mammalian
survivorship schedule from birth to breeding age; a slight r‘eductiOn in b, can be offset
by an increase in a,, for’example. These "intercorrelations” (Siler 1983) among the
parameters were computed (Table 2) from the vresul’;s of bootstrap estimation of
parameter vériances. The high correlation between a; and b, is not surprising, given the
model; for a particular data set, a large value for the initial hazard due to immaturity

(a,) must be offset by a rapid decline in the immature component of mortality (large
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value of b;). A similar condition exists for the parameters a; and b;, the parameters

describing the senescent comporlent of mortality.

1.0 =,

08 J1\ FEMALES

SURVIVORSHIP

O'O LI L L L L L AL I LI L LR IV 1 l | L L L L l VI"’OIM";”T “‘ T I’ l I

0 10 20 30 40
AGE (years) '

Figure 6. Estimated survivorship schedule for female crabeater seals; showing central
95% of bootstrap replicates. . : '

| In addition to the problem of high correlations among parameters, interpretation
of the Siler estimates obtained in this manner are further complicated by two
assumptions required for estimation of survivorship from age structure ciat‘a: (1) that
sampﬁng is random with respect_ to age, and (2) that recruitment ie constant (i.e.,‘ the
cohorts represented in the sample were all of the same initial size). The first assumption
may not be strictly true for the crabeater seals in this sarrlple' young seals, espec‘ially

young of the year, may not haul out on the ice in the same proportrons as older age‘

classes (Slmff et al. 1979) and may therefore be 1ess susceptible to samp]mg The o
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second assumption is almost certainly not true for this sample and indeed, the majority
of the remainder of this chapter is devoted to determining the nature of variability in
past recruitment of the study population. Therefore, I defer presentation of a crabeater
seal life table until after the effects of recruitment variability and age-selective sampling

can be assessed.

400

300

200 SEXES POOLED
n=2852

100
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0 10 20 30 _ 40
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Figure 7. Age distribution of the pooled (male, female, and unknown sex) sample of
crabeater seals. A model age structure, obtained by maximum likelihood estimation of
Siler survivorship parameters is shown as a curve.
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Figure 8. Estimated survivorship function of crabeater seals (males, females and seals
of unknown sex pooled). The central 95% from the distribution of bootstrap replicates

is shown between the dotted lines.

Cohort Strength

Background

Previous analyses of portions of the érabeater seal age-structure data have
concluded that cohort strength'has varied in a periodic fashion since the mid-1940s-
(Laws 1984;'Bengtson and Laws 1985; Testa et al. 1991). The question of whether
other biological and physical processes in the Antarctic marine ecosystem vary
periodically has been the focus of several recent studies (Pozdeeva et al. 1990; Testa et

al. 1991; unpublished manuscripts cited in Croxall 1992). It therefore seems
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appropriate to investigate more fully the nature of variability represented in crabeater
seal cohorts; in particular the reliability of th¢ cohort strength estimates should be
assessed in order to make more informed judgements about the interannual variability.
Contingent on the results, further investigation of the relationship between crabeater seal
population dynamics and environmental factors may be warranted.

The population -of crabeater seals inhabiting the Antarctic Peninsula region
between about 1945 and 1990 had an age composition that probably varied through time
due to random events and changes in rates of mortality and reproduction. The net
results of those chapges in vital rates would be corresponding changes in the
proportional representation of the cohorts that compose the prulation. Note that
variability in either survival or reproduction, or both, can be responsible for variable
representation of cohorts. A cohort could be strongly represented in a sample due to
relatively large initial size (reproduction) or relatively high survival. Effects of survival
and reproduction are thus confpunded. Moreover, in order simply to estimate (non-
trivially) the parameters of cohort strength from catch-at-age data, it is necessary to
reduce thé number of parameters to some number smaller than the number of cells in
the catch-at-age matrix. Here, I allow survival rates to vary wit_h age but not with time
(i.e., I assume that age-specific survival is constant from year. to year). .Alternative
formulations are possible, in which both cohort size and early survival rates are allowed
to vary, but are not considered here. |

Having chosen to hold survival constant, the quantities of interest become the

initial sizes of crabeater seal cohorts. The data available in the présent case were
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sampled from a study population of unknown size; therefore cohort sizes can only be

estimated relative to one another (i.e., unique to a scalar multiple).

Methods
I estimated the relative sizes of crabeater seal cohorts born between 1945 and

1988 near the Antarctic Péniﬁsuia by a makimum‘]jkeliho‘od meti}od. - |

Derivation of the Likelihood Func‘:tion.‘ LetY, denote a éélnple of seals ‘coliectéd

-in year 7, y;,; be the number of seals of age j collected in year i, and n; be the total

number of seals collected in year i:
Yi = (yioiyil’yiza“'ayik) ’ K (3)

k

o= Yy, : @
B _

If each n; was fixed by the sampling effort expended in year i and seals were
collected at random with respect to age, each Y, would be a sample from a multinomial
distribution with parameters #; and {p; ,.P; ,P; 2+ - --Pi43 Where p;; is the probability that
an individuai collected in year 7 is of agé J. In reality however, the n,’s ére ﬁot truly

fixed, but are themselves random vari.able‘s.. Thus, estiméit‘es produced frofn this model
will be conditional on the observed 7,’s. Then the ﬁke]ﬂiood of obtaining a particuiar

outcome, Y, , given the observed #,’s, is given by:
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By extension, the likelihood function for a series of m independent collections

is:

L) - ﬁL(Yi).' o | (6

Taking the logarithm and substituting (5) in the right-hand side yields:

m

m - L ko ‘
log L(Y.) = z;logL(Yi) =3 r[log ni!—]é)logyij! +j§)yijlog pij] . @)

i=1
Now, p, ; is the proportion of individuals of age j in the population in year i.
Noting that the number of individuals of age j in year i can be expressed as the product

of [, the survivorship to age j and N, , the number of individuals that were of age 0 in

year i-j, the p,’s can be rewritten as:

N,

)

& T Tk :
>N, LN,
Jj=0 j=0

LN,

i-7,0

by = ®)

- Making a final substitution for the p,;’s in (7), the logarithm of the likelihood

function for the entire collection is:
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log L(Y.) = 121: [Iog n,} _,-g logy,! +j§) Yy [log L +10gNi_j,9 —logjg lei-j,o] :l
Note that (9) is a function of survi\}orship and year-class size in thé sampled population;
because there is no term in the equation relating population size to sample size (an
efficiency or "catchability” term), maximizing the functicin in.terms of N, and [
produces a series of "relative" cohort strengths, unique only to within a scalar multiple,
assuming age-constant catchability. The fitted values of N, .0 then represent the relative
year-class sizes under the original assumptions. Note also that becalise the first two
terms of the outer sum in (9) depend only on the data and not on the parameters,
maximizing the sum of the third term is equivalent to maximizing the likelihood.

The number of potential parameters in (9) has imp]icitlji been reduced by
assuming that , the probability of surviving from birth fo age j, is constant from year
to year. However, because crabeaters are long-lived (up to 39 years in this sample), it
is desirable to further reduce the number of parameters by modeling the survivorship
function. I represented age-specific survival by a Siler model as did Testa et al. (1991).

Substitution of (2), evaluated at x=j, into (9) reduces the number of survivorship

parameters in the likelihood function from k+1 (40 in this case) to five.

Estimation of Cohort Strengths. Maximum likelihood estimates of the cohort'
strengths and survivorship parameters were found using the downhill simplex ‘method
of Nelder and Mead (1965), as implemented by Press et al. (1992). This method
requires an initial guess for the value of each parameter. to be estimated, as well as an

initial specification of the multidimensional volume within which to begin thé "downhill"
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search for the s;)lution. In all cases in this study, the cohort strengths were initially set
equal to 1.0 (logarithm equal to 0).

The choice for the initial values of the survivorship parameters is less simple than
~ for the cohort strengths. The Siler funéﬁon is highly non-linear in its parameters aﬁd
is mathematica]iy defined over a range of parameter values, some of which aré not
biologically plausible. Because Testa et al. (1991) used a fitting procedure that required
specification of a linear model, they were forced to conduct a grid search over the space
of two of the Siler parameters. They limited their search to biolbgicaﬂy realistic values
of the parameters b; and b;, but stﬂi obtained an unrealistic sufvivorsﬁip model for
crabeater seals (their survivorship schedule dropped to about one percent by age 22,
§vhich séems too young in respect of the age distribution shown in Figure 7).

I chose to limit the parameter space for the Siler model by first obtaining
maximum likelihood estimates from the entire crabeater collection, pooled across. years.
This produced the survivorship curve shown in Figuré 7. The parameters for this
survivorship function (Table 2) were used to initialize the simplex.

As was mentioned in the section titled Age-specific Survival, the first age class
may be underrepresented in the catch-at-age data. Also, Testa ez al. (1991) found little
relationship between estimated cohort strengths and the numbers of age-0 seals in the
samples. I therefore excluded the first age class whe_n estimating cohort strengths. I
also chose to exclude data from all cohorts older than ageuclass 20 in 1964 (1945 cohort;
recall Figure 2) for two reasons: (1) to limit fhe time required to find the maximum

likelihood solution (increases as the square of the number of parameters), and (2)
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because the environmental and ecological time series that are compared in Chapter 4
with the cohort strengths were not available from years earlier than ébout 1949 (allowing
leads and lags of five years' to be compared).

Summary statistics (mean, variance, etc.) for the cohort strengtﬁ estimates were
computed by standard statistical methods. The time-series characteristics of the cohort
series were determined by the Box-Jenkins ARIMA (autoregressive integrated moving
average) model identification procedures (Box and Jenkins 1970). ARIMA model
coefficients were estimated using the Gaussian maximum likelihood routine (arima.mle)
in the S-Plus statistical software (Statistical Sciences, Inc. 1993). Alternative model
formulations were compared using the Akaike Information Criterion (AIC) (Akaike

1974).

Results

‘The series of estimated cbhort strengths is shown in Figﬁre 9. I hereafter refer
to this as the "modeled" series. It is nearly identical to one obtained by Testa et al.
(1991), except for the inclusion of more recent estimates (1986-1988) in the present
study.

The mean of the modeled cohort strengths for the years 1945-1988 is 1.098 and
the variance is 0.184; both are dependent on the (arbitrary) scale of the estimates and
are determined partly by the choice of initial values used in the maximum likelihood
estimation procedure. Therefore, the coefficient of variation (0.39) is a more
informative measure of variability than the variance. The median cohort strength

estimate is 1.012, only slightly less than the mean. The greatest cohort strength (2.14)
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differs from the least (0.436) by a factor of about 5.
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Figure 9. Natural logarithms of estimated historical cohort ‘strengths obtained by
maximum likelihood using the crabeater seal age data (the "modeled” cohort series).

The frequency distribufion of cohort strengths (Figure 10) appears slightly
skewed. Recruitment data often have been observed to be distributed lognormally, at
least for marine fish populations (Peterman 1981). Log—trans’forrhation of the cohort
strengths did result in greater symmetry, but did not greatly ﬁlodify the perceived shape
of the distribution because log x is approximately equal to x-1 over this range of values.

The autocorrelation function (ACF) for the first 15 lags of the modeled cohort
series is shown in Figure 11. The correlations of 0.57 at a lag of one year and -0.49
at a lag of seven years are significant at a‘ =(0.05, c.onslidering. all lggs‘ 1-15
simultaneously (the method used to adjust the P-values for simultaneous inference is
discussed in detail in Chapter 3, where it is ;1sed more extensively). The‘non—z‘er‘.o'

values of the ACF suggest a moving average process (Box and Jenkins 1970) of order |
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Figure 10. Frequency distribution of cohort strength estimates from Figure 9.

1 and perhaps as high as order 7 (although the non-significant correlations at orders 2-6
complicate the interpretation). The partial autocorrelation function (Figure 11) has
significant coefficients at lags of one and two years, suggesting an autoregressive model
of order 2 (Box and Jenkins 1970). In fact, however, a pure autoregressive model of
order 7 provides the best fit (i.e., minimum AIC) among ARIMA(p,d,q) models where
the autoregressive order p < 16, the difference order =0, and the moving average order

q=0,1, or 7. The AR(7) (autoregressive order 7) coefficient estimates and standard
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Figure 11. Autocorrelation and partial autocorrelation functions for the modeled series
of cohort strengths (Figure 9). Bold bars indicate correlations significant at an
experiment-wise (lags 1-15) level of a=0.05.

errors are shown in Table 3. The one-step-ahead predictic;ns from the AR(7) model are

compared with the modeled series of cohort strengths in Figure 12. The results of these

time series analyses are discussed further after presentation of methods and results from . |
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investigations into the degree of uncertainty associated with the modeled series of cohort

strengths.

Table 3. Coefficients and standard errors for an autoregressive model of order 7,
estimated from the modeled series of crabeater seal cohort strengths by maximum
likelihood assuming a Gaussian model for the noise term.

Order Coefficient Sténdard Error
1 0.522 10.159
2 -0.294 ' 0.177
3 0.205 0180 .
4 0.065 | 0.183
5 -0.200 0.180
6 -0.200 0.177
7 -0.273 - 0.159
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Figure 12. One-step-ahead predictions (dashed line) from an autoregress1ve model of
order 7, supemnposed on the modeled series of cohort strengths.
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Uncertainty in Cohort-Strength Estimates

Having estimated a series of cohort ‘strengths, it seems logical to ask, "what is
the likelihood that such a series could have arisen by chance alone, under some specified
null hypothesis about the true cohort strengths?" Several forms of the null hypothesis
may be interesting. For example, one might wish to know whether a series of estimates
with variance as large or larger than the estimated variance could result from true cohort
strengths that were constant from year to year. Or, .could a true coﬁort series with
variance equal to the estimated series, but with no autocorrelation, result in a series like
the one observed? Alternatively, the observed pattern could be turned into a null
hypothesié to investigate whether multinomial sampling from a population like that
implied by the estimates would reliably rev¢a1 the true pattern. Each of these tests, and

its associated assumptions, is discussed below.

Methods and Results

Tests to evaluate the uncertainty in cohort strength estimaj:es were conducted by
bootstrap and Monte Carlo techniques. The bootstrap techpiques utilized samples drawn
from the empirical distribution of the catch-at-age data. The Mohte éarlo techniques |
utilized sampling from distributions defined by parameters estimated from the data.

Bootstrap samples — themselves multinomial — were drawn repeatedly from the
catch-at-age distribution, keeping each co]lect.ion size fixed at the observed value. Each
bootstrap sample was analyzed by. the same maximum likelihood proceduie that

generated the modeled series of cohort strengths. In Figure 13, the modeled cohort
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strengths are shown with the bounds of the central 95% of the cohort strengths obtained
from 500 bootstrap samples. It is clear from Figure 13 that any curve drawn within the
central 95 % values from the bootstrap samples would preserve the general interannual

pattern found in the modeled series of cohort strengths
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Figure 13. Estimates of historical cohort strength; dashed lines indicate the central 95%
~of outcomes from 500 bootstrap samples drawn with replacement from the age data.
Sample sizes were fixed at the observed collection sizes.

The bootstrap estimation procedure described above treats the sample size in each
collection year as fixed. This assumption' may hot be valid; the nature of the research
expeditions or commercial harvests that acquired the samples was such that weather,
logistics, and distribution of seals could combine to impart a random element to
eo]lection size. Moreover, even the years in which collections 'occurred may not have
" been truly fixed, depending to some extent on availability of vesseis‘ and funding.' To

investigate the effect of these random elements on the estimated variances of the cohort
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strengths, a Monte Carlo scheme was used. In this‘ scheme, only the number of
collections (17) was fixed. The 17 collection years were chosen.randomly from the
interval 1964-1989. The collection size for each year was chosen randomiy from a
normal distribution with mean and variance equal to the obseﬁed mean and variance 'of
the collection sizes. The sample age distribution within each collection was drawn in
a multinomial fashion from the hypotheti,cal" ("modeled") age structure implied by the
" modeled éohort strengths and associated survivorship model. A new suﬁivoréﬁp curve
was estimated for each Monte Carlo replicate by a maximum likelihood fit to the age
structure obtained by pooling the collection years. The reSulting _survivqrshi‘p curve was .
used to initialize the maximum likelihood procedure for cohort strength estimation from
that Monte Carlo replicate. The results from 500 replicates are shown in Figure 14. |
The band formed by the central 95% of Monte Carlo éstimateé is wider than that in
Figure 13, but the pattern of variability is still clearly identifiable with the modeled
series of cohort strengths.

The bootstrap tests described above .address the question, "ﬁ the true age
structure of the crabeater population was like the one defined by th¢ modeled serie'.s of
cohort strengths (Figure 9) and the survivorship in Figure 7, .would the true pattern be -
detected using a sampling scheme like the one that was employed fér this study?" | This
is related to the concept of statistical power, i.e., what 1s _the pfobabi]ity that an 'eVenf :
of a specified magnitude would be detected‘ (called s‘ig.niﬁcént) using a test of a |

"particular size (o 1eve1), The other concept of Smtisﬁf;al perfOrménce of iritefest in this

situation is that of Type I error; how likely is it that the observed pattern could have
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arisen by chance from a true population in which the pattern does not occur. Further
bootstrap tests were employed to investigate this issue; one test used constant cohort
strengths and a second used cohort strengths independently and identically distributed

(i.i.d.), with variance equal to the variance of the estimated time series.
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Figure 14. Estimates of historical cohort strength; dashed lines define central 95% of
Monte Carlo outcomes drawn with replacement from the modeled age structure. For
each Monte Carlo sample, collections were simulated for 17 years at random in the
interval 1964-1989. Sample sizes for each collection were chosen-randomly with
replacement from the observed sample sizes.

The central 95% band for Monte Carlo cohort strengths from the scenario with
true cohort strengths constant is shown in Figure 15. If that band is assumed to
represent a joint 95% confidence interval for the cohort strengths, about 2t03 (O‘.05
times 44) cohort strengths would be expected to fall outside the mterval by chance alone,
under a null hypothesis of constant true cohort,strengthé. In fact, 18 values 1n the
modeled series of cohort strengths fell outside the band. The probability — from the

binomial d1str1but1on — of 18 or more values outside the band is approximately 10 12,
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Figure 15. Estimates of historical cohort strength; dashed hnes indicate the central 95 %
~of 500 Monte Carlo outcomes sampled from a stable age structure (constant cohort -
strength) defined by the Siler model shown in Table 2, Sample sizes and collection
years were chosen in the same manner as for Figure 14.

‘Even if the central 95% of the bootstrap cohort strengths overestlmated the true
confidence interval by as much as 5%, the probability of 18 or more values outs1de the
band would be only 10®. Thus, the observed variabi]ity is much greater than would be
expected under constant cohort strengths. Because the. tfue eohort strength and the
survivorship were constant in this simulation, the variability indicated by the confidence
bands is due entirely to the sampling process and serves to“ illustrate the amount of the |
variation in cohort strength estimates that could be due solely to the sampling scheme.
It seems, from these results unhkely that the catch—at—age data came from a populatlon
with constant cohort strength.

It may be difﬁcuit to envision a real population characterized by trdl’y coxl_stant .
recruitment. Therefo‘re,‘ a more reasonable choice might be to simulate a population

with a variance in recruitment equal to the observed variance of the modeled cohort
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str'engths, but without the autocorrelation of the observed cohort strengths. Then the test
should be to determine how frequently a result is obtained which is similar to or more
extreme than the observed pattern. |

The second test, employing independent, identically distributed (i.i.d.) true
cohort strengths, produced the distribution qf estimates shown in Figure 16 (as in Figure
13, the dotted lines represent tﬁe central 95% bounds of the outcomgs). Not
unexpectedly, the confidence band just encompasses the ex&emes of the: modeled series;
variability of the input process is approximately preserved by the sampling and
estimation procedure. The more interesting aspect though, addressed by this simulation,
is how likely is an outcome with time-series prdperties (e.g., autocorrelation) like those

of the modeled series.
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Figure 16. Estimates of historical cohort strength; dashed lines indicate the central 95% -
of 500 Monte Carlo outcomes sampled from model age structures defined by cohort

strengths drawn randomly from a lognormal distribution with the same mean and

variance as the modeled series. Sample sizes and collection years were chosen in the

same manner as for Figure 14. :

The ‘autocorrelation in the true cohort strengths at 1ag 1 Was stored durmg cac‘h‘

Monte Carlo replicate for compiﬁsOn with the autocorrelation at lag 1 of the cohort
strengths estimated from the Monte Carlo sample data. This allowed a test of whether
the autocorrelation of the modeled series could have arisen stﬁctly from the sampling
and estimation procedure. The true and estimated autocorrelations (lag 1) are shown in

» quantile—quaﬁtile (Q-Q) form (Chambers ef dl. 1983) in Figuré 17. The nearly perfect
correlation between the quantiles indicates that the rﬂodel sdmpﬁng' and estimation
procedures are not modifying the distribution of lag-1 autocorrelations. The observed
lag-1 autocorrelation of the modeled series reported above is 0.57; this value is greater
than any of the 500 lag-1 autocorrelations obtained by Monte Carlo simulation from a

series of true cohort strengths with no lag-1 autocorrelation.
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Figure 17. Q-Q plot of true versus estimated lag-1 autocorrelations in simulated series
of crabeater seal cohort strengths. The true autocorrelations were measured in
hypothetical series composed of i.i.d. cohort strengths. The estimated autocorrelations
were measured in series obtained by multinomial sampling from the population defined
by the true series and maximum likelihood estimation.

Discussion
The bootstrap and Monte Carlo tests described above suggest that the variation

in the modeled cohort strengths reflects genuine demographic variation. The empirical
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distribution (Efron 1982) of the catch-at-age data impﬁes rgther néﬁow cbnﬁdencé bands
around the modeled cohort strengths (Figure 13). Allowing for random sample sizés
increased the confidence bands only slightly. Thus, the estimates seem quite well
determined by the sample age structure. The Monte Carlo simulations suggest _that
although substantial variation could be due to random samp]jilg events, there is a
coherence among adjacent year classes (autocorrelation) that is unlikely to be due to
chance or to the estimation procedure. Therefore, it seems highly uh]ikely that the
features previously- interpreted by others as variation in cohort strength could have arisen
by chance from a stable population or as artifacts of analysis, provided the assumptions
are true. It remains to be shown, however, x.zvhethe‘r‘ the cohort variation is somehow
patterned or periodic.

Much effort has :been devoted to the study of cycles in vertebrate populations,
most notably several species of mammals and birds in the North American tundra and
boreal forest (reviewed in Akcakaya 1989; Sinclair ef al. 1993). Those studies have
been based upon relatively long time series exhibiting many cycles of about 10 years
duration, so there can be little doubt that the fluctuations are nearly periodic. There
has, however, been considerable debate about the period of the cycles and the causes.

" Variability in crabeater seal cohorts has also been said to be cyclic (Laws 1984;
Bengtson and Laws 1985; Testa ez al. 1991), with a period of approximately four to five
years. It must be noted, however, that the crabeater seal series is relatively short and
that an apparent cycle of four or five years duration could be expected to arise by

chance from non-cyclic variation much more readily than say, a ten year cycle. The
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AR(7) model I fit to the'cohort‘series‘ has some periqdic characteristics; - its power
spectrum has strong peaks at periods of 11 and 4.9 years. Other autoregressive models
that fit the data almost as well (e.g., AR(2) and AR(3)) have ohly a single, ro_unded
peak at about 7.3 years. Thus, any periodic characteristic of the cohort series is not
well determined. Moreover, in an informal test I simulated time series from those
autoregressive models, of the same Iength as the modeled cohort series, and roughly half
of the simulations had no appearance (to me) of periodicity. Thus, despite the
indications from the Monte Carlo tests that there is genuine variability in crabeater seal
cohorts an interpretation of periodicity is unsupported.

The assumptions upon which the preceding estimation of cohort strengths depends
are: (1) sampling was random with respect to the true population age distribution of
seals; (2) the ages of seals 1n the sample are known; and (3) survivorship is constant -
over time and can be adequately described by an age-specific ﬁve-para_nieter S]_'ler

model. Assumption (1) relates not only to cohort strength estimation but also to age-

specific survival. In the section below titled A Life Table for Crabeater Seals, I return
to the problem posed earlier (in the section titled Age Specific Survivai) of accounting
for cohort variability and age-biased sampling when estimating survival rates. Then I

discuss the effects of relaxing assumption (2) in the section titled Effects of Errors in

Age Estimation. Assumption (3) relates to the question of whether variability in cohort
strength is caused by variation in survival, reproduction or a combination of the two.
Alternative formulations of thé likelihood function (equation 9), in which both Cohort

_ size and survival are allowed to vary, are possible but not considered in this study.
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A Life Table for Crabeater Seals

In the section above, titled Age-Specific Survival, I deferred computation of a

life table until the effects of cohort variability and possible age-biased sampling
(particularly undersampling of young-of-the year) could be accounted for. The
survivorship ﬁodel estimated' simultaneously with cohort strengths implicitly accounted
for variability in initial sizes of cohorts (recfuitment). Below I consider possible age-
biaéed sampling and compute an altémate survivorship curve.

Aside fror.n a comment by Oritsland (1970) regarding the 1964 collection, there
is little documentation of known or potential biases with respect to ages of the ‘cra;‘beater‘
seals ;:o]lected. The data used here from the 1964 collectior_l are a subsample of the
entire coﬂection from that year and may be ‘tﬁased tov_vardhbreeding .age indii;iduals
(@ritsland 1970). Because the mean age at sexual maturity er thié crabeater séai
population in 1964 has been estimated to be approximately 2.5 years (Bengtson and
Laws 1985), this bias, if present, would probably be limited mostly to the first few age
classes. Moreover, if this were the only age-bias in the data used ileré, it would have
little effect on estimation of parameters from the combined samples from 1964-1989.
As a further test on whether the first age class nﬁght have been substantially
underrepresented in the catch-at-age data, I used data on pregnancy rates (Laws 1984)
and — assuming a stable, stationary population aﬁd primary sex ratio of 1:1 —
computed the number of offspring expected from a popﬁlation with the age structure

implied by the Siler model estimated earlier.
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Figure 18. Age-specific pregnancy rates of crabeater seals (Laws 1984) smoothed by
cubic spline regression (curve). '

The age-specific pregnancy rates (Laws 1984) were smoothed by a cubic spline
(Figure 18) and arbitrarily set to zero below age two and to decline linearly from the
smoothed value at age thirty to zero at age forty. Then the survi\}orship curve obtained
simultaneously. with the modeled series of cohort strengths was used to convert the
pregnaney rates to fecundities and compute the number of offspring expected from the
lﬁodel age structure. The results (Table 4) imply that approximately 80% of newborn
crabeater ‘seals die within their first year and that the "catchability” of first-year seals

is only about one-third that of older age classes.
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The life table in Table 4 may seem unusual in that ﬁrst—yeaf survival is typically -

~ higher for long-lived mammals with relatively low ‘fecundity'. This result is, however,
consistent with evidence from natural history observatiéﬁs that first-year mortality of
crabeater seals of the Antarctic Peninsula may be very high.  Siniff and Bengts‘on
,(1977) and Siniff ez al. (1979) ‘c‘lemOnstrated‘tha‘t scars borne by'nea'rly all (80% to more g
than 90% in some samples) adult crabeater seals are the results of attempted predation | “
by leopard seals during thé crabeaters’ first year of life. The implication is that virtually

“all -young—of~the-yea:r crabéater seals in this population are subject to attempted prédat‘ioh | o

- by leopard seals and the proportion that succumb could be quite high. The adult

survival rates and pregnancy rates are also quite high and perhaps have evolved to

compensate for the first year mortality.
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Table 4. Life table for crabeater seals based on the survivorship model estimated
simultaneously with the modeled series of cohort strengths and age specific
pregnancy rates, assuming a stable, stationary population and a sex ratio at birth of !
1:1. Where a range of ages is shown, survivorship corresponds to the upper bound = [

of the range.

38-39 - <0.001 - 0.5

Age (%) Survivorship () Annual Survival @)
o "~ 1.000 o
1 0.208 | 0.81
2 0.168 | 0.88
3 0.148 | 0.93
4 0.138 095 |
5 0.131 | 0.96
6-11 0.110 0.97
12-13 0.102 096 [
14-15 0.094 095
16-17 0.084 0.94
18 0.079 0.93
19 0.073 ' 0.92 ‘
20-25 0.038 0.9
2630 0.014 0.8
31-34 0.004 | 07
35-37 0.001 | 06
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Effects of E'rrdrs in Age EstimatiOn

The analysés presented thus far have treated the ages of seais in tﬁe sample as
known. In fact, estimates of age from cementum lines in seal teeth are subject to ‘érror.
The sources of error include variation among seals in the clarity of cementuﬁ annuli,'
variation among teeth and types of teeth within individuals, variation in the quality of
the cut section used for age estimation, and variation among and within readers who
count the cementum annuli. The remaiﬁder of this chapter is devoted to the implications
of this uncertainty for ‘the results presented above.

Age estimation error can be manifested as bias and/or imprecision. Bias is
generally more difficult to detect than imprecision, usuvally requiring known-age
specimens for estimation. ’ihere a.re no known-age crabeater seal teeth available for
assessment of bias m age estimation, but sevéral ]ines of evidehc¢ ‘sug'gest that bias iS
not a sigm’ﬁcént problem. First, most seals have a clearly identifiable neonatal line in
the dentine, marking the time of paﬁuﬁtion; subsequeﬁt deposition. of the ﬁrst few
cementu;n layers matéheé the deposition of distinct dentine layefs (Laws 1958, 1962),
indicating that one cementum growth layer corresponds to one year’s growth. Second,
animals known to be pups at the time of collection exhibit.an incomplete outer
© cementum layer, indicatin.g that the deposition count starts with zero at birth. Finally,
known-age specimens from cher phocid species such as harbor seals (Phoca vitulina)
and grey seals (Halichoerus grypus) have been aged accurately — to within one year of

the true age — by counting cementum layers, even for fairly old (e.g., 19-26 years)
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specimens (Laws 1962). I have therefore assumed throughqut this study that the
crabeater seal age estimates are unbiased. | |
Like bias, imprecision would perhaps also best be estimated from vknown‘-age
specimens, but techniques are available for assessing the degree of imprecisioil from
multiple independent readings of specimens of unknown ag‘e,‘ assuming the ‘réadings aré
unbiased. Statistical methods for accomplishing this have recently been developed in
association with age-structured fishery modeling efforts; and the‘ same techniques can
be applied to the crabeater seal data. |
Several authors have investigated the effecf of age estimatioﬂ errors on estimates
of recruitment or cohort strength (e.g., Rivard 1989; Br‘adf.or'd 1991) z_md on éstimates
of mortality (Barlow 1984). It is well known from these studies that imprecision in age
estimation leads to underestimated variance of recruitment (cohort strength). Due to age
estimation errors, some fraction of the individuals in a strong cohort will be assigned
to adjacent cohorts. The spreading of individuals from weak to_si:rong cohorts is less
pronounced because fewer individuals are available to bé' misclassﬁied. Therefore, the
apparent variability in relative cohort sizes is less than the true variability. This
"smoothing" éffect can also ‘leadl to inflated autocorrelation in estimates of recruitment :
and reduced correlation with potentially important environmental factors. Because these
effects are all of concern with respect to the crabeater seal data, I used a statistical
model of the age,—errorvproceés in“an‘ attempt to obt_élin impfioved estimates .of the
‘;.)opulation age distribution. The new agé distribution_ was aha;ljrzed by tlie t;ohort

'techniques described above.
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Methods and Data

Age estimation. Age estimates used in this study were produced under a variety
of cifcumstaﬁces. All estimates were based on microscopic examinatioﬁ and enumeration
of cementum lines in an optically transluscent thin sectioh of a tooth, but the number of
readers (and readings), the tooth type, and preparation of the sections varied ﬁmong the
several co]lections. The tooth type was the least variable of these factors; all ages were
estimated from longitudinal sections of a third or fourth lower post-canine except those
from specimens co]iected in‘ 1964, which were estimated from cross-sections of lower
canines. I assume here that tooth type has no signiﬁcant effect on the analyses.

Each tooth section from the 1977-1989 sainples was read at ieast three times;
sections from earlier samples were typically r'éa_d‘ once Or t§v‘ice. For s’ome“éollectidns, '
the readings Wére accomp]jshéd by independent readers, for others by a single reader,
and for sﬁ]l others, several readers each made multiple readings. In all cases, readers
did not have access to re_sults from othér readers. When a single readef made multiple
readings, results of previous readings were not available to the reader during subsequent
readings. Because of the complexity imposed by the numerous combinations of readers
and readings/tdpth employed in this study, I assume that variation among tooth readers
is the same as variation among readings and that all readings from a particular seal are
independent of one another.‘

Final age estimates, based ori one or more independent'readings, were assigned |

By ad hoc rules that varied among the samples. These rules are described below, to the
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extent that they could be recalled by the investigators (T.. Qritsland, peré. comm.; RM
M. Laws, pers. comm.; J.L. Bengtson, pers. comm.). These final ages were considered
by the respective investigators to be "best" éstimates, including consideraﬁoﬁs of such
factors as the experience of the tooth readers but without explicit use of the statistical
- sampling properties of the age determination procedure. I have therefore termed the
final age estimates "subjective" ages, though they are not eﬁtirely subjective (having
been based on counts of cementum annuli).

Subjective ages derived from multiple readings were assigned to seals in the
1977-1989 samples by the following rules: If, after 3 readings at least two were in
agreement and the third differed by no mbre than one yeaf, the agreed age was assigned.
If the high and low readings among the three differed by two years, the middle age
reading was assigned. If neither of thc_e above criteria were met, additional readings (up
to a maximum of 6) were obtained (without access to previous results) until at least two
agreed or three readings spanned no more than two years of age.

Details of the determination of final ages for seals in the 1966-1976 samples are
not presently available, but they were likely based on two readers examining each tooth.
until they agreed on the age (J.L. Bengtson, pers. comm.). Teeth from seals in the
1964 sample were read once each (T. @ritsland, pers. comm.) and the single reading
represents the final age estimate.

The rules for assigning ages have ilnp]icatioris for ‘the vaﬁabi]ity of age
determination. For example, ‘teeth read moré than three tilﬂes'are generally more

variable than those with only three readings (except for collections in which more than
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Figure 19. Subjective age estimate for each of 1,216 crabeater seals from the 1977-
1989 samples plotted against the average of individual tooth readings from each ‘seal.

The rules for producing the subjective estimates from the individual readings are given
in the text. - '

three feadings were obtained before applying the subjective age rules). For the most
part, however, the subjective estimates correspond well with the mean of the individual

readings (Figure 19).
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Individual readings of tooth sections were available ohly for the 1977-1989
samples (e.g., Figure 2). Combined, these represent 1,216 speciméns with an average
of 4.2 readings per specimen. These readings are used below‘ to model the age-error
process, aﬂowmg estimation of ca;cch-af-age distributions that may be more accurate than

the distributions of observed ages.

Modeling the age-error process. Let the true (but unknown) distribution of
catch-at-age be represented by the column vector C. Then form a matrix 0, by the
elements g,;, each of which is the probability that an animal with true age J will be

observed as having age i.. Then
C*=CQ | 10)

represents the expected distribution of ages observed with error. Note that a particular
catch-at-age data set represents one stochastic realization of thé error prbcess denoted
by the matrix’ 0; qnless sample size is very large, the observed catch-at-age is un]ikely
tb equal ‘C*. For that reason, and because the matrix @ is nearly singular for many
plausible age estimation error processes, applying @ to fhe observed catch-at-age may'
not yield the true age distribution.

The observed .catch—a‘t-age‘ data (with errors) can be modeledv as a mixture of
component distributions, where each component is. ‘somc‘a'fraction of the total population
(e.g., Bohning ez al. 1992; Laird ‘1978;\ DempSter et dl. 1977). If p, is the true ffaction

of the total population in age class (component) x, then { p,: x=1,m} is the true age
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distribution, which is the quantity of interest. Denoting the probability density for the

xth component as g(y}6,), an observation ¥ has probability density

) = b, g0 16) | ¢8)
x=1

Estimates of the true age distribution can be obtained ‘via the EM algorithm
(Dempster et al. 1977) or by direct maximization of the likelihood written in ‘terﬁ;s of
the observed data (Richards et al. 1992); the latter -methdd, which I use here, produces
_simultaneous estimates of a reduced-parameter form of Q. |

When multiplé ihdependent readings of each animal’s-age are ava.ilablé, the
probability density for ages estimated with errors can be mOdeled'(Richards et al. 1992)
subject to two assumptions: (1) all errors are due to imprecision (age estimates are
unbiased), and (2) for observed‘ age Y and true age X, P(Y¥xlX=x) > P(Y=yIX=¥)
for all y=x. The latter assumption is equivalent to specifying that within a column of
the matrix @ described earlier, the maximum classification probability occurS on the
diagonal. Because the error process will tend t.o i)e sumlar for.a.djacerllt age classes, a
matrix such as @ can be approximated by a family of parametric distributions with
parameters of lécation and dispersion that depend upon age. For example, Richards et
al. (1992) used a family of discrete approximations to normal distributions wherein the
mode was equal to true age and variance scaled (possibly non-linearly) from a minimum
for the youngest age class. to a maximum for the oldest. Th1s feprééentation then,

requires only three parameters to define 0. With slight modification of the notation of
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Richards ez al. (1992), let Q(®) represent the parametric classification matrix and let &

= (01,0,4,0). Then construct each element g(y|x,®) of Q(®) by the sequence

1-¢ ~oe(x-1)

. - (o —arl)—1 oD ; a#0
o, * '(‘Tm_al)% ; “ a=0
" 1ly-x |
Bz = ! ¢ 2[ ] e
270,
q(y |x,®) =

In this formulation, o, and o,, are analogous (but not exactly equivalent) to the standard
deviations of the observed age y when th¢ true age x equzils 1 and .hz, fespecti;/ely,and ‘
o determines the linearity of the change from o, to g, (linear when a=0).

| The‘]jke]ihood for a catch-at-age sample of size n, where each member df the
sample has been subjected to & independent age readings is

L(YIP,Q) = Hsz Hq(y, Ix,®) . . . (13) .

i=]l x=1

Maximizing this likelihood as a function of p, and & produces simultaneous estimates
of the true sample age distribution and the parameters defining {, respectively.
The likelihood shown in (13) was used to estimate the age-error parameters and

true age disfr,i_butionS for each of the samples from 1977 to 1989 (e.g., Figure 2). For
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the samples from 1964 to 1976, only thé final age estima‘te‘ (i.e., not the individual age
readings) was available for each-ihdivi&ual. It was known, however, that the 1964 age
estimates generally resulted from one reading and the 1966-1976 estimates were mostly -
obtained from two readings. Thérefore, I formed a composite estimate of ¢ by
maximizing (13) over thé pooled samples from 1977 to 1989. Then I assumed that each
age estimate from the 1964 sample represented one random draw from this composite
age-error distribution and the ﬁge estimates from the 1966 to 1976 samples represented
‘means of two random draws from the composite distribution. This allowed estimation
of the true age distﬁbution for all samples in the collection, producing a new catch-at-

age distribution that was then subjected to cohort analysis.

-Results and Discussion
The estimates of the true age distributions are shown in ]Eiguré 20 aloﬁg. with thg'
observed age distributions for the‘ samples from 1977 to 1989. It can be Seeﬁ that‘i‘:he' |
effect of accounting for age estimation efror,is generally to increase i:he heights of the
peaks and decrease the heights of the troughs in the observed age distributions,
especially toward the middle age classes. Note :alsb that some samples (e.g., 1985) are
less affected by the process of adjustment for age estimation errors than others (e.g.,

1989).
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PROPORTION

AGE CLASS

Figure 20. Maximum likelihood estimates of true age distributions (solid lines). The
observed age distributions are shown as dotted lines.
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The age estimation error parameters for each sample; from 1977 to 1989 and the
poolf_:d sample are shown in Table 5. The variation due to age estimation error is
typically less than would be expected under a Poisson process (i.e., 0%, < m in most
cases). The standard deviation seems to increase approximately Hhearly with true age

(o is near 0) in most cases, as well.

Table 5. Parameter estimates defining the age classification error matrix { for the
crabeater seal sample age structures from 1977-1989, and for those samples
pooled.

Sample No. Seals Max. Age oy g, o
) (m)

1977 103 41 0.640 4.15 -0.028
1981 539 39 0.690 3.15 -0.031
1985 92 26 0.490 9.6 -0.033
198 113 34 0.308 7.83 -0.064
1988 . 270 - 34 0.232 1.69 0.128
1989 .99 30 0.025 2.10 0.089

pooled 11,216 41 0.478 278 - 0.016

The series of cohort stfengths estimated from the samples adjusted for age |
estimatioﬁ error is shown in Figure 21. The adjustment procedure changed only slightly
the pattern and variability of cohorts 1960-1988 (note that the y-axis scales of Figures
9 and 21 are different), but earlier cohorts were made to appear much more variable.
The increased variability in cohort estimates vx'fas an expected result, although the
concentration of the effect into the first few cohorts in the series was not. It is possible

that the increased variability of the earlier cohorts resulted from incorrect assumptions
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about the age-error process affecting the 1964-1976 samplés. Reca]l fhat the original
age readings were not available for those samples and it was assumed that the error
process was the same as for the 1977—1989 samples and further that the 1964 teeth were
read once and thé 1966-1976 teeth were read twice. Because the main difference
between the age-crror corrected series and the oﬂgiﬁal modeled series of cohort
strengths may be simply an effect of fhe assumptions, I chés‘e to use the original |

modeled series when comparing cohort variability with environmental variability in

Chapter 4.
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Figure 21. Estimates of crabeater seal cohort strengths, adjusted for error in age
estimation. :




CHAPTER 3

VARIABILITY IN THE ENVIRONMENT
Introduction

That the Antarctic marine environment is a highly variable place has perhaps
never been in question. The seasonal changes apparent in Weai:her and ocean features
(especially the annual advance and retreat of sea.ice) are extreme. Moreover, there is
growing evidence for envirom¢nta1 changes occurring on time scales of several years to
decades. A complete description, however, of ‘tﬁe magnitude and tlmmg of -ti]iS
variability has yet to emerge. Thé polar regions, and particularly Antarctica, have been .
identified as likely to be. most affecte(i‘ by',global climate change or the earliest to exhibit |
evidence of global chaﬁg’e (Manabe and Stouffer 1980; 'Sansbm 1‘989; Gloerson and
Campbell 1991; Walsh 1991). Unfoﬁﬁnately, data coverage f%)r detecting changes in
Antarctica is more sparse than for most other regions of 'the world. Inlparticular, time
series with potential for establishing background variability are generally short; most
meteorological records, for example, have been kept only since the International
Geophysical Year (1957/58). Data resources for studies of variability in sea ice — one
of the most dramatic features of variability in the ma.riﬁe ecosystem and perhaps ,the-
most irﬁportant for crabeatef seals — are limited to receﬁt data from satellites in the

1970s and 1980s. There are, however, a few records from the Antarctic Peninsula
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region, of surface air temperature and barometric pressﬁre extending back to the turn
of the century (Jones and Limbert 1987). There is also a ‘long—term record of barometric

pressures from the south Pacif“lc- region, associated with thé phenomenon known as the

Southern Oscillation, that may help to provide clues abo'ut sources of variability in the

Antarctic. In this chapter I explore the variation over the past few decades in these

environmental parameters. More specifically, I demonstrate graphically that variations

in these parameters are coherent over the Antarctic Peninsula region and therefore have -
potential to influence marine populations of that region.

First, I describe the origins of data on surface air temperéture, 'barometﬁc_
pressure, and sea ice. Next, I describe methods used in common for analyses of all
three- data sets. I then present summary analyses separately for each environmental "_
parameter and relationships between them. Evideﬁce is disc’ﬁssed, from previous
continent-wide studies, for statistical relatidnships among these environmentzlll‘
parameters. Finally, I conduct a new analysis of the relationships, tailored speciﬁcé.]ly
to the Antarctic Peninsula region. In the following chapter, the relationships between

the crabeater seal data and the environmental parameters are explored.
Data Sets

Surface Air Temperature

Air temperatures have been recorded at most Antarctic research stations at least
since the International Geophysical Year (1957/58), with one -reco_rd dating back to

1903. These temperatures, recorded hourly, have been .compiléd, edited, and reported -
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as monthly means (Jones and Limbert 1987). I used the time series of surface air
temperatures from stations in the Antarétic Peninsula and Weddell Sea region to create
a composite index of monthly mean temperature for the region from which the crabeater
seal specimens (See Chapter 2) were collected.

Five resea,rch stations (Islas Orcadas, 60°44’S 44°44°W; Signy, 60°45’S
46°30°’W; Esperanza, 65°24’S 56°59°W; Bellingshausen, 62°12’S -58°56’W; and
Faraday, 65°15°S 64°16°W) in the vicinity of the Antarctic Peninsula (Figure .1) have
time series of surface air Itemperature that aré long enough and complete enough to be
of use in comparison with Othér environmental time series and with crabeater seal data.
The data (Jones and Limbert 1987) consist of 417 monthly mean ‘temper‘atures from each
station, beginning with March, 1952 and concluding with December, 1986.

There were 16 observations missing from Bemngghausen; these were estimated
by linear regression from Signy temperatures. There were 17 observations missing ﬂom
Esperanza; theée were éstimated by linear regression with Islas Orcadas .. Because of the
high correlation between the records from Signy and Islas Orcadas and the close
geographic proﬁmity of the two stations, only the data froﬁ Sig.ny weré used in further
analyses. Figure 22 shows the time series from the four remaining statiohs‘,
standardized and then smoothed with 21 center‘-weighted 12-month moving-average filter.
With the annual cyéle thus largely removed, strong coherence among. the stations can
be seen in the lower frequency variations of the time series. Most of these vaﬂations‘

are seen in the independently measured records from all four stations and therefore must

certainly represent periods when the regional temperature -deviéte;d from the l_ong—te‘rm o -

average annual means. The ‘cc')rrela,tions among the stations are shown in Table 6. o
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Figure 22. Twelve-month center-weighted moving averages of standardized monthly
mean surface air temperatures from four stations on or near the the Antarctic Peninsula.
The first principal component (PC 1) is also shown '
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Table 6. Correlation matrix and princip@.l components analysis of monthly mean
~ surface air temperatures from four Antarctic research stations, 1953-1986.

Correlations ,
Sighy Esperanza Bellingshausen Faraday
Signy 1.000 |
Esperanza 0.867 1.000
Bellingshausen 0.919 0.878. 1.000
Faraday 0.849 0.765 0.908 ~ 1.000
Principal Components
| I bii : I | v
Signy 0.506 -0.104 0.816 : -0.259
Esperanza . 0.488 0702 -0.465 -0.229
Bellingshausen 0.516 0.105 -0.037 0.850
Faraday 0.490 0.696 0341 -0.398
Eigenvalue 3.595 - 0.238 - 0.110 0.057
Proportion of . |

Variance 0.899 0.059 0.027 . 0014

On the supposition that a linear combination of data from several stations would

be less influenced than a sinél‘e, station by "n_oi‘sel" from small-scale (spatial and

temporal) variation amohg, stations, I conducted a pﬁncipal cbmponents analysis of the B |

matrix of correlations among stations. This analysis yielded a component (PC 1)

composed of nearly equal weights from all four stations and which accounted for 90% "

of the total variance (Table 6). This principal component was used in all further |

analyses to represent the surface air temperature regime of thé Antarctic Peninsula
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region (Figure 22, top panel). h

Barometric Pressure

Two measures of barometric pressure lend themselves to this study. The first .

is the set of monthly mean sea-level pressures measured‘ at the same stations that
produced the surface air temperature data (Jones and Limbert 1987). The barometric
bressures exhibited correlations among statiohs similar to those of the températures, and
were subjected to prineipal components analysis in a like manner. The first principal |
component (PC i) consisted of nearly equal weightings for all stations and accounted for
' 92% of the standardized variance (Table 7). The stendardized pressures from the four
stations and the first principal component are shown as center-weighted 12-month |
moving averages in Figure 23.

The second set of barometric pressures is the series of monthly mean sea-level
pressures measured at Darwin, Australia (e.g., Deser and Wallace 1987). Although
geographically far-removed from the Antarctic Peninsula, these data are of interest
because of their relation to the Southern Oscillation. Several studi‘es have suggested
relationships between the Southern Oscillation and ecological phenomena in Antarctica
(Priddie et al. 1988; Croxall et dl. 1988; Fukuoka et al. 1990; Testa et al. 1991;
Chastel et al. [in press]). These studies are inconclusive with regard to the strength of
such relationships and the lag between the Southern Osci]lation and any associated
effects in Antarctica. Therefore, I have included the Darwin pressure data with the aim
of providing additional information from new analyses of their relationship with |

environmental data from the Antarctic Peninsula.
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Figure 23. Twelve-month center-weighted moving averages of standardized barometric
pressures from four stations on or near the Antarctic Peninsula. The first principal
component (PC 1) is also shown.
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Table 7. Correlation matrix and principal components analysis of monthly mean
sea-level barometric pressures from four Antarctic research stations, 1953-1986.

Correlations
Signy Esperanza Bellingshausen.  Faraday
Signy 1.000 | o
Esperanza 0.822 1.000 ‘
Bellingshausen 0.873 0.939 1.000
Faraday 0.793 0.930 0.975 1.000
Principal Components
I O i 1Y
Signy 0.474 -0.858 ~0.024 -0.197
Esperanza 0.504 0.256 -0.825 -0.003
Bellingshausen 0.516 0.117 0.349 0.773
 Faraday 0.505 0.430 0444 0.603
Eigenvalue 3.669 0.238 - 0.079 0.014
Proportion of
Variance 0.917 0.059 0.020 ~0.003
Sea Ice

The U. S. Navy/National Oceanic and Atmospheric Administration (NOAA) Joint -

Ice Center (JIC) has produced weekly charts of Antarctic sea ice since January 1973

(e.g., Godin 1979; Gross 1986). The charts are compiled from various types of sate]]ité

imagery, mostly from passive microwave radiometry (Weatherly et al. 1991). Jacka

(1990) and Jacka and Budd (1991) digitized the northern limit of the ice edge shown on

the JIC charts, at intervals of 10° longitude and averaged the weekly values to form a
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Figure 24. Twelve-month center-weighted moving averages of standardized monthl
g g y

mean ice edge latitndes measured at four longitudes surrounding the Antarctic Peninsula.
The first principal component (PC 1) is also shown. The raw data (degrees south
latitude) were transformed to negatives so that upward on the graph signifies more ice.

monthly time series for each longitude interval. Here, I use their data for vlongitudes

40°W-70°W (Figure 24). These four time series were standardized and subjected to .
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- principal componehts analysis in the same manner as were the temperature and
barometric pressure data (Table 8). The first principal component accounted for 76 %

of the variance. This prinpipal component‘ was multiplied by -1 (so that positive
anomalies signify greater ice extent) and used as the index of sea ice conditions for

further analyses.

Table 8. Correlation matrix and principal componerits analysis of monthly mean
latitude of the northern edge of the sea ice, measured at four longitudes surrounding
the Antarctic Peninsula, 1973-1990. ' ‘

. Correlations

W 60°W 50°W 0w
70°W 1.000 | - | |
60°W 0.830 1.000
S0°W 0.663 0.693  1.000
40w 0.635 0.591 0702 1.000

Principal Components _
I I om v

70°W 0.513 -0.440 0314 - 0.667
60°W 0511  -0501  0.062 0.695
500W 0499 0329 0776 - 0198
40w 0475 0.668 -0.543 © 0.180
Eigenvalue 3.060 ° 0.484 0.296 - 0.159
Proportion of ' ' | '

Variance 0.765 0121  0.074 0.040
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Statistical Methods

To begin to assess the nature of patterns in the three time series described above,
the autocorrelation fun‘ctions were examined. An example, using the surface air
temperature series, is shown in Figure 25. The strongly seasqnal nature of the time
series is evident from the large posiﬁve and negative correlations that recur at lags of
12-month multiples. This feature, shared by all the environmental time series (except
perhaps barometric pressure from the Antarctic Peninsula region), indicates that most
of the variation arises from the seasonal climatic cycle. "I‘his relatively high-frequency
variation is not of interest for a decade-scale comparisoh with annual estimates of
crabeater seal cohort strengths. Furthermore, any analysis of cross-correlations betwéen
pairs of such seasonal variables would be dominated by the seasonal pattern. Rather,
the interest is in whether there are patterﬁs in the environmental data spanning several
(say, 2 to 5) years that coincide with patterns in the crabeater seal data. These lower-
frequency variations may be masked in the raw data by the seasonal pattern. Therefore,
I "decomposed” each environmental series into three additive components: 'seasonal,
trend and remainder.

If the seasonal component is taken as a relatively constant annual cycle of higher
temperature in summer and lower in winter, attention can be focussed 01-1 the trend and
remainder components. The resulting trend should indicate periods when the
temperature in the Antarctic Peninsula region ‘was higher or lower than the long-term
average; this can be compared to biological or ;)ther physical time series to assist in

explaining their variability. The remainder should be no more than "white noise",
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random fluctuations with no significant serial correlation or other patterns.
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Figure 25. Autocorrelation function for the index of surface air temperature from the
Antarctic Peninsula region, 1953-1986.

The decompositions were accomplished by the :method called STL (Seasonal-
Trend‘decomposition baséd on Loess) (Cleveland et al. 1990). Tﬁs procedure_forms
the seasonal component by smoothing each monthly subseries (i.e., January values from
all years, February values from all years, etc.) .separately’ and‘cbnnectiﬂg the smoothed
values into a monthly series. This seasonal component is then subtracted from the raw
data, leaving trend combined with noise. The latter series is smoothed to get the trend
component, leaving a remainder component that should be indistinguishable from "white
noise" if the decomposition is to be meaningful. The procedure is adjusted to a

particular time series by choosing the lengths of smoothing windows for the two

smoothing steps. I discuss the choice for smoothing-window length in the results section

below.
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The trend components were analyzed for cross-correlations between the
environmental parameters at lags and leads of up to 60 months. Cross-correlations were

tested for significance using the approximate (large sample) variance estimator:

varlpg(m)l = T, (14)
where x, and y, are observed at time points ¢ = 0, 1, . . ., T-1 and p,,"(m) is the cross-
correlation of y, with x,,,, (Shumway 1988, p. 27). Bécause the cross-correlations at
large lags are based on smaller sample sizes than those at small lags — especially when
using the short time series for ice — I modified the variance estimator slightly by

accounting for the effect of the lag on the sample size:

varlpgm)] = (T-m)™ . — (15)
This variance was used to compute a P-value for each cross-correlation coefficient, from
the two-tailed critical values of the standard normal distribution. These P-values were
then adjusted for simultaneous testing (all lags and leads tested) to allow comparison

with an experiment-wise Type I error probability of o = 0.05. To adjust the P-values,

I used the procedure by Hommel (1988) as described by Wright (1992).

Results

Seasonal Decompositions

Surface Air Temperature. In Figure 26, the air temperature series is shown in

its original form (first principal componenf from four stations) and decomposed into
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seasonal, trend and remainder series. The trend line suggests that the 1950s ‘were
characterized by periods of 2 to 3 years of unusually high or low temperatures. From
1960 to about 1980, there were small to moderate fluctuations. The 1980s began
substantially colder than usual, but then warined-for a relatively prolonged period of
about 5 years. Comparison of the trend with the non-decomposed series (PC 1)
indicates that tile trend results primarily from variations in the winter minimum
temperatures; the summer maximum temperatures are much less variable. Note that the
seasonal component has been made to be quite consistent over the duration of the series
by choosing a long seasonal smoothing window (31 months). This ensures that the
variations in winter minimum temperatures result in trend variation rather than variation

in the seasonal cycle.

Barometric Pressure —‘Antarctic Peninsula. The results of STL decomposition
of the Antarctic Peninsula station barbmetric pressures are shown in ‘Fi‘gure 27. .An
obvious result is that the seasonal component is complex, having two maxima and tw6
minima pér year. This has been described as a "semiénnual wave" that occurs south of
approximately 50°S (van Loon and Shea 1988). Because the troughs co;in_éide with both
minimum and maximum extent of sea ice, there may be little information in barometrié
pressure data about sea ice variations that may have occurred before sea ice imagery
began to be acquired. For that reason, and because all STL decompostions of these
‘barometric pressure data resulted in remainder components that were highly correlated

with the raw data, I did not use Antarctic Peninsula pressure data in further analyses.
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Figure 26. Decomposition of the surface air temperature data (PC 1) into seasonal,
trend and remainder components by the STL method. -
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Figure 27. Decomposition of ‘the Antarctic Peninsula barometric pressure data (PC 1) =

into seasonal, trend and remainder components by the STL method.

. Barometric Pressure — Darwin. The seasonal component of the Darwin

barometric pressure series (Figure 28) is simpler than that from the Antarctic Peninsula,
with one cycle per year. The general range of frequencies in the trend variation appears

similar to that of the air-temperature series.
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Figure 28. Decomposition of the Darwin sea-level pressure data into seasonal, trend
and remainder components by the STL method.

SeaIce. The decomposition of sea ice data is shown in Figure 29 on the same
time scale as were the temperature and pressure data to facilitate coniparison. Note that
the ice edge latitudes were multipﬁéd by minus one-so that greatér sea ice extent is
toward the‘top. of the figure. The trend of the relativély short time Series for iée‘ will

be more influenced than the other series by the values near the ends, which have greater
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uncertainty than the central values as a result of the smoothing procedure (Cleveland ez

al. 1990).
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Figure 29. Decomposition of-sea ice data into seasonal, trend and remainder
components by the STL method. -
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Cross-Correlations

Air Temperature and Darwin Barometric Pressure. Figure 30 shows the cross-

correlations betweeﬂ Antarctic Peninsula air temperature trend and Darwm sea lével
pressure trend. The correlations are | generally low, apd are mostly significant for
pressure leading temperature and not significant fof pressure lagging temperature. The
peak correlations occur for pressure leading temperature by 24 months (0=0.32), 57
months (p=0.33), and 4 months (p= —0‘.23) ahd‘temperature léading pressure by 14

months (0p=0.24).
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Figure 30. Cross-correlations between STL trends for Antarctic Peninsula surface air
temperature and Darwin barometric pressure. Temperature leads pressure for positive
lags. Correlations significant at an expenment—w1se (all lags tested) level of a=0. 05
are indicated with bold bars.
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Air Temperature and Ice Extent. The trend components of Antarctic Peninsula

air temlﬁerature and sea ice extent are strongly and negatively correlated (p‘=—0.82)‘ at
zero lag (.]Figure‘ 31). Over the eﬁtire range of lags and leads, the cross-correlations are
roughly symmetric. This result is reiated to questions about a the so-called
"temperature—ice—albedo feedback” mechanism (e.g., Weatherly ez al. 1991) which is -

considered in the discussion below.
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Figure 31. Cross-correlations between STL trends for Antarctic Peninsula surface air
temperature and ice extent. Temperature leads ice for positive lags. Correlations
significant at an experiment-wise (all lags tested) level of «=0.05 are indicated with
bold bars. -

Barometric Pressure and Ice Extent. All of the significant cross-correlations

between Darwin pressure and Antarctic Peninsula ice extent occur for pressure leading
or concurrent with ice extent (Figure 32). The peaks occur at lags of 0 months

(0=0.25), 24 months (o=—0.52) and 50 months (p‘=0.33).
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_ Figure 32. Cross-correlations between STL trends for Darwin sea-level pressure and
ice extent. Sea-level pressure leads ice for postive lags. Correlations significant at an
experiment-wise (all lags tested) level of a=0.05 are indicated with bold bars.

- Discussion

There aré several alternatives to the technique used here (STL) for resolving the
low—frequency trends in environmental time series. Examples include methods as simple a
as taking the 12-month center—weiéhted ﬂlovmg average or more complex modeI—based.
procedures (e.g., Hillmer & Tiao, 1982; Shﬁmway 1988). Because the principal aim
is to resolve the gross features and patterns of several yéars’ duration from monthly data -
for comparison with the relatiVely crude annual time series of cfabeatef seal cohort:
strengths, the particular smoothing technique will have littie effect on the outcome. For
example, I obtained nearly identical results for cross-correlations between temperature

and sea ice whether the 12-month mbving averages or the STL trends were used. I~
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chose the STL method because it produces additive components that are easily subjected
to further tests. For example, the remainder component could be tested for departures
from "white noise" characteristics. Other tests could be applied to the seasonal

component, as well.

Ice-Temperature Relationship

Early attempts to describe the relationship between sea ice and climate in
Antarctica (reviewed by Heap 1964) were motivated by the need to predict sea ice
conditions for navigation. These studies were subject to the limitation that ice conditions
could only‘ be observed from ships or from stations occﬁpied yeér—round. More recent
studies of sea ice and climate relationships have focussed on detection of climatic change -
(Raper et al. 1984; Jacka and Budd 1991; Weatherly et al.’ 1991), usuvally on a
continent-wide basis. Despite advancements in capabilities of remote sensing from
satellites, the sea ice record remains tﬁe limiting factor in these analyses due to the
shortness of the time series, which began in 1973. Although t-h‘ese studies 'ha\}e been -
unable to demonstrate clear and consistent relationships between variations in surface
air temperature and in sea ice, two lines of evidence suggest that such an endeavor
might prove fruitful when limited in scope to the Antarctic Peninsula region.

First, Sansom (1989) found strong coherence between four widely separated
Antarctic stations, in the de-seasonalized trends of surface air temperatures from the late
1950s to the late 1980s. This suggests that thére are discernable trends in temperature
and there should be reason to suspect that the coherence would be even stronger when

limited to a small subset of the area considered by Sansom (1989).
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Second, Weatherly ez al. (1991) suggested that the strongest correlations between
sea ice and air temperature at research stations might occur when the stations are in
close proximity to the ice, as occurs in the Antarctic Peninsula region. They found
strong ice-temperature correlations in that region, using seasona]ly averaged data (i.e.,
January, February and March combined; April, May and June combined; etc.) and
considering the Weddell Sea ice separately from that of the Amundsen—Be]hngshausen
Sea.

Because the crabeater seal population of interest in my study was sampled from
both sides of the Antarctic Peninsula, I used an index of ice extent that combined the
western Weddell Sea with the eastern Amundsen-Bellinghausen Sea and found that the
strong correlation between sea ice and air temperature still held. The cross-correlations
I found between surface air temperature and sea‘_ice latitudinal extent were roughly
symmetric with respect to leads and lags, providing no information about causal
relationships between the two variables or about the direction of the "temperature-lce-
albedo feedback" (Weatherly et al. 1991). The concept of this feedback mcludes the
effect of air temperature on formation of ice at the Water surface as well as the effect
of reflectance (albedo) from sea ice on air temperature.- Although it is widely
acknowledged that both phenomena occur, it remains unclear which is most responsible
during the various phases of seasonal expansion and contraction of sea ice extent.
- Despite this lack of understanding of the mechanisms, the strong correlation between
Antarctic Peninsula surface air temperature and sea ice may prove useful to this and

other studies seeking to relate ecological phenomena to variability in sea ice because the




84
long series of air temperatures may serve as a proxy for the relatively short series

available for sea ice.

Southern Oscillation Effects on the Antarctic Peninsula

The tendency for sea ice and surface air temperature of the Antarctic Peninsula
to correlate w1th prior sea—level pressures at Darwin, Austraha adds' support to other
studies — reviewed by Sm1th (1991) — that have suggested the ex1stence of such a link.
To the best of my knowledge however none of those studies have md1cated that there’
may be a two—year lag associated uvith the }phevnornenoh.v Smith (1991) found that the
sign of Antarctlc temperature and pressure anomalies change during the periods from
_one year before to one year after prominent minima in the Southern Oscillation Index
: (maxjrna in Darwin pressure series). His conclusion, however, was that patterns in the “
atmospheric flow over the major drainage basins of the Antarctic continent may be
responsihle for maintaining persistent meteorological features in the New Zealand region
which may in turn affect the El Nifio Southern Oscillation (Trenberth 1980). Thus, if
the correlations I observed for Darwin pressure leading Antarctic Peninsula temperature |
and sea ice by two years reflect genuine forcing of the Peninsula region by events in the
south Pacific, the relationship between Antarctica and the Southern Oscillation may be
bi-directional: Atmospheric circulation in the Ross Sea region influencing the Southern
Oscillation could eventually (perhaps two to three years hence) affeet the Antarctic
Peninsula environment and its biota. This could be related to a circumpolar precession
of sea-ice anomalies on a cycle of about 7-8 years that has recently been reported

(Pozdeeva et al. 1990; unpublished manuscripts cited in Croxall (1992)). Detection and
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documentation of such relationships have just begun. Rapid pfogress in this area should
be possible with increased use of satellite remote sensing and increased coverage of

meteorological monitoring stations in and around Antarctica (Stearns and Weidner

1991).
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CHAPTER 4
ENVIRONMENTAL AND ECOLOGICAL FACTORS IN
CRABEATER SEAL POPULATION DYNAMICS

" The aim of this chapter is to explain as completely as the present data allow, the
factors responsible for cohort vaﬁabi]ity duﬁng tile past four to ﬂ\}e decades in crabeater
seals of the Antarctic Peninsula. Previous studies aré reviewed to establish which
factors are candidates for population regulation. These factors include environmental
(physical) and ecological phenomena. The results of Chapters 2 and 3 are used to .
estimate the amount of cohort variability that mighi: be explained by variations in sea
ice, surface air temperature, or barometric pressure. Previously published data on
variability in-leopard seal populations are tested for po_tentigl to. explain crabééter seal
cohort variability. Other factors, such as ‘d‘,iﬁs‘easef and-reducéd competition for food
following the harvest of large whalés are diséusséd but not tested quantitatively. Fina]ly,
an experiment is proposed to further distinguish among certain environmentai and

ecological causes of the crabeater seal population vériabi]i'ty.
Factors Potentially Affecting Cohort Strength
Environmental Factors

Sea Ice. Temporal variation in sea ice extent could cause variation in crabeater.

seal populations because several lines of evideﬁée suggest that the seals are dependent
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upon sea ice to breed, bear young, avoid predation, rest betweeﬁ foraging bouts, and
capture food. |

During the pupping, lactation and breeding period (September-October), crabeater
seals appear to depend on sea ice floes, as there are no accounts of these activities
observed on othef substrates. | After giving birth, each lactating fém'ale fasts and remains
on an ice floe with her pup, nursing it for a period of about four weeks- (Siniff ez al.
i979 ; Shaughnessy and Kerry 1989). Copulation ‘with an‘attendant male after the pup
is weaned is presumed fo take place on ice floes, though it is unknown whether
successful mating can also occur in the water.

During the austral spring and summer months of November-March, weaned
crabeater seal young-of-the-year may require sea ice for refuge from leopard seal
predation (Siniff and Bengtson 1977; Siniff et al. 1979). Although most adult crabeater
seals bear scars from encounfers with leopard seals, the encounters nearly all take place
dun'hg the first year of life, probably shortly after weaning (Siniff and Bengtson 1977,
Siniff ez al. 1979). Although a sample of 45 crabeater seal pups (prior to weaning) had
no leopard seal wounds (Siniff and Bengtson 1977), circumstantial evidencé suggests that

leopard seals may occasionally take crabeater pups on ice floes (Siniff er al. 1979).

. Nevertheless, most of the evidence indicates that young crabeater seals are frequently

preyed upon in the water and presumably the predation rate would be higher at times
when the safety offered by large platforms of sea ice is relatively unavailable.
All age classes of crabeater seals may need sea ice to haul out upon between

feeding bouts (Brickson et al. 1989; Bengtson and Stewart 1992). For example,
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Bengtson and Stewart (1992) found that in a sample of six seals equipped with time-
depth recorders, each individual hauled out on at least 80% of the days observed. The
haulouts occurred during daylight hours, between nightly feedihg bouts. The reasons
that seals haul out are not known, bﬁt could be related to thermoregulation, prey
availability or resting.

Finally, crabeater seals may be dependent upon sea ice in at least two aspects of

:foraging. First, the seals may require, during certain periods of the year, ice cover for

locating and capturing krill that graze the algae growing on the icé unde;rsﬁrface (Stretch
1988). Second, and perhaps less direct but potentially as important, krill productioﬁ and
overwinter survival may be linked to sea ice abundance and distribution (Marschall
1988) such that entire year-classes of krill may fail whén sea ice conditions are
unfavorable.

Because most of these potential dependencies of crabeater seals upon sea ice
involve the ice condiﬁons in the first year of the seals’ lives, I hypothésiZed that cohort

strength would be positively correlated with sea ice extent in concurrent years (zero lég).

Other Environmental Factors. Other environmental parémeters that might be
linked‘to crabeater seal populations and that have been recorcied for long enough to
support quantitative comparisons include surface air temperature and barometric
pressure. Surface air temperature could be re;lated to the seal pdpulations through links
to sea ice (e.g., the "temperature-ice-albedo feedback" (Weather_ly et al. 1991)). If so,
it may be easier to detect a relationship between sea ice anq cohort strength using

surface air temperature data because of the longer temperature record and high
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correlation between ~sea‘ ice and surface air temperature (Chapter 3). I there;fofe
hypothesized that the zero-lag éorrelation between surface air témperature and cohort

| strength would be negative (positive; correlation between sea ice and cohort strength).
Variability in barometric pressure could influence seal populations through
seasonal changes in wind patterns that disrupt typical hydrogra‘phic structure and thereby
affect krill distribution. Priddle ez ai. (1988) ‘suggeste_d‘ that this link might explain
fluctuations in krill predator performance at South Géorgia (e.-g., Bengtsoﬁ 1988).
There are considerably fewer data available for assessing whether a similar link occurs

between atmospheric variation and crabeater seals of the Antarctic Peninsula.

Ecological Factors

I include in this category both intrinsic biotic factors such as disease and external -

biotic factors such as predation and competition.

Disease. Two studies suggest that crabeater seal populations may 6ccasioﬂa]1y
be subject to epizootic infections severe enough to cause population or cohort variability. |
Fifst; there was a mass dying of crabeater seals in the western Wedde]l Sea in 1955 _
(Laws and Taylor 1957). Approximately 85 % of the crabeater séals wintering in Prince .
Gustav Channel died, probably from viral infections. -Many aborted fetuses, b’uf no
births or live pups were observed in that area. Second, antibodies to canine distemper |
virus were found in blood collected from crabeater seals in 1989 along both sides _of fhc;
Antarctic Peninsula (Bengtson ez al. 1‘99“1‘). Car’ﬁn‘e and phocine distemper vi:ruses‘f have

been responsible for widespread mortality in Baikal seals (Phoca sibirica) and Europeén ‘
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harbor seals (Phoca vituling). If similar infections occur in craBeater seals, they could
be the cause of at least some of the observed cohort variabi]ity, ‘N ote that the weakest
cohorts in the modeled series of cohort strengths (Figure 9) are those born in 1954 and
1955. AIIowing- for effects‘ of age estimation error, that reSuit is coﬁsistent with an
interpretation of reproductive failure of the 1955 cohort, pérhaps from an infeptious o

disease (Laws and Taylor 1957).

Predation. As discussed abové, leopara séal predatioh may play a major role 1n
regulation of crabeater seal populations (Siniff and Bengtson-1977; Siniff ez al. 1979).
Little is known of variability in leopard seal populations near the Antarctic Peninsula but
annual sightings of leopard seals at Macquarie Island, south of Australia, havé
undergone substantial ﬂuctuatipns during the past four decades ‘(Rounséve]l and Eberhard
1980; Rounsevell 1988; Testa et al. 1991). Although thesé data concern primarily
immature leopﬁd seals, they may be indicative of ﬂu;:tuatioﬁs in abundance and/or
distribution of other age classes as well. If so, and if similar fluctuations occur near the |
Antarctic Peninsula, the documented high fre,qﬁency of predation by leopard seals on
young crabeater sealé would imply the potential for leopard seal population variability
to cause the variabﬂity described for crabeater seals in Chapfer 2. There is insufﬁcientv
inférmation available on which to base an é priori hypothesis concerning the correlation
be;,tween cohort strengths of crabeater seals of the Antarctic Penihsula .and sightings of

leopard seals at Macquarie Island.

Competition. There has been much interest in the effects of a "krill surplus” that
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may have resulted from the removal of most of the large lq‘ill—consﬁming whales from
the Southern Ocean (e.g., Laws 1977b). Bengtéon and Laws (1985) noted that their |
measure of cohort strength increased in the yéa.rs imﬁlediately following peaks in
whaling activities during the 1950s and 1960s. However, other periods of high cohort
strengths in their data and in the longer time series estimated by Testa et al. (1991) and
in this study (Figure 9) are associated with periods of little or nd whaling. Thus, it
seems unlikely that substantial variation in cohort strengths could be explained by
variation in competition pressure caused by variation in whaling activities. Several
recent studies have concluded that the "krill surplus" concept is too simplified to explain
the recent patterns in abundance of Antarctic marine mammals and seabirds (Fraser et
al. 1992; Croxall 1992). In any case, there are virtually no data available to document
that krill became more available to seals ﬁnd birds following reduction of whale stocks
and few data to document abundance or condition of the species that may have been

affected.
Methods

Cross-correlations between the modeled series of crabeater seal cohort st;engths
(from Chapter 2) and sea ice extent, surface air temperature, Darwin sea-level pressure
(from Chapter 3) and leopard seals sighted at Macquarie . I.sland (Roﬁnse,ve]l and
Eberhard 1980; Rounsevell 1988) were computed at leads and lags of up to five years. ‘
The trend components from STL decompositions (Chapter 3; Cleveland ez al. 1990)

were used to represent the three environmental parameters. Because the modeled series

[T e— —
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of cohort strengths is an annual series and the environmental series are monthly, the
latter were converted to annual values by averaging over the period from November
through October (the annual cycle for crabeater seals, béginning just after completion
of pupping). The log-transformed numbers of annual sightings were used for the
leopard seal time series.

P-values were computed for all cross-correlations by the complementary error
function of the standardized Fisher z-transformed values of the coefﬁcients (Press et al.
1992). For the a priori hypotheses set forth above, the statistical significance of the
correlations were judged by whether the P-value was less than «=0.05. For
relationships not associated with an a priori hypothesis, statistical significance of each
correlation was judged by adjusting the P-value for comparison with an experiment-wise

(all lags considered simultaneously) o-level of 0.05 (Wright 1992).
Results

Sea Ice

The cross-correlations between crabeater seal cohort strength and sea ice extent
are shown in Figure 33. The a priori hypothesis set forth above, that cohort strength
would be positively correlated with sea ice extent in concurrent years, must be rejected,
for the zero-lag correlation is only -0.111 (P=0.683). In fact, the highest correlation
is negative (p=-0.612) with sea ice leading by one year, but is not significantly different
from zero when. all leads and lags up to five years are considered. The lack of

significance for such a high correlation is due to the shortness of the sea ice time series.




93

Because there is a high negative correlation between sea ice and surface air temperature

(0=-0.82), the longer record of temperatures may serve as a proxy for sea ice extent.
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Figure 33. Cross-correlations between the modeled series of cohort strengths and the
STL trend for sea ice extent. Sea ice leads cohort strength for positive lags. At an
experiment-wise (all lags tested) level of «=0.05, none of the cross-correlations is
significant.

Surface Air Temperature

The cross-conelaﬁons betweén crabeater seal cohort strength and Antarctic
Peninsula surface air temperature are shown in Figure 34. Even with the relatively long
timé series of temperatures the hypothesized positive correlation between sea ice and
' éohort strength (a negative correlation between temperatﬁre and cohort: strength) is not
supported (0=-0.189, P=0.292). None of the correlations are significant when all lags

are considered simultaneously.




94

1.0

0.5 -

0.0J1—— .,|

~0.5 -

CROSS—CORRELATION

~1.0 -

| I T T T —
-5 —4 -3 -2 -1 0 1 2 3 4 5

LAG (years)

Figure 34. Cross-correlations between the modeled series of cohort strengths and the
STL trend for Antarctic Peninsula surface air temperature. Temperature leads cohort
strength for positive lags. At an experiment-wise (all lags tested) level of a=0. 05, none
of the cross-correlations is significant. :

Darwin Sea-Level Pressure
The cross-correlations between crabeater seal cohort strength and sea-level
pressure at Darwin, Australia are shown in Figure 35. None of the correlations are

significant when all lags are considered simultaneously. |

Leopard Seal Sightings

The cross-correlations between crabeater seal cohort strength and log-transformed
annual sightings of leopard seals at Macquarie Island are shown in Figure 36. None of

the correlations are ‘sigm'ﬁ‘cant when all lags are considered simultaneously.
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Figure 35. Cross-correlations between the modeled series of cohort strengths and the
STL trend for Darwin sea-level pressure. Pressure leads cohort strength for positive
Jags. At an experiment-wise (all lags tested) level of «=0.05, none of the cross-
correlations is significant. '
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Figure 36. Cross-correlations between crabeater seal cohort strengths and sightings of
leopard seals at Macquarie Island. Leopard seal sightings lead cohort strengths for
positive lags. At an experiment-wise (all lags tested) level of «=0.05, none of the
cross-correlations is significant.
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Discussion

The failure to detect significant correlations — ie. , the lack of power to explain
variability in the crabeater cohort strengths — could be due to a variety of causes. One

is, of course, that the hypothesized relationships simply do not exist, or they exist only E

_in rare circumstances not wéll represented.in the data set. Although crabeater sea‘ls‘ may
be dependent‘ on sea ice, for examplé, ice may havé always been plentiful enough that
the effect was not manifested in the data us'ed her’é. Another pbssibi]ify ié that cohort
strengths vary with some combination of environmental and ecological factors in a way
that cannot be approximated by the vatiability ‘in a single parameter of the type I tested.
It is also possible that true correlations were masked or feduced to insignjﬁcanc‘:e‘
because the variables were measured incorrectly or with too much: error. For e'xample;
the index of sea ice extent used here (negative latitude of the northern edge of the sea
icé measured at four longitudes near the Antarctic vPeninsula; Chapter 3) may not capture -
the aspects of sea ice variability most iinpOrtant th crabeater seals; the index takes no

account of the ice characteristics nor the ‘amou_nt‘of i'ce—covered' area south of the ice

edge. As was acknowledged in Chapter 2, the agé estimates from which the cohort
s.trengths were computed contain errors. It is perhaps note€vorthy that the peak |
correlations were higher — tﬁough not necéssarily af the same Ia‘g — in every test
(cohort strength vs. sea ice, .air temiaerature, Darwm pressure, and leopard seal
sightings) when the "age-error corrected" series of cohort strengths (Figure 21) were
used in place of the modeled series. As indicgted in Chapter 2, however, there is

sufficient uncertainty regarding the process used for estimation of ages of seals in the

T
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early half of the collections that I chose not to draw conclusions about whether the "age-

error corrected” series is truly a better representation of cohort strength than the

modeled series. Finally, the approach taken here, namely to use trends in the

explanatory variables that resolve events ‘of durations similar to the durations of
fluctuations in the cohort series (two to four years, .sayj, ‘wo,uld likely not detect

relationships that occur on shorter time scales. Perhaps, for example, anomalous

temperatures during just one cﬁﬁcal month of the seals’ annual cycle affect thé cohort

strength in that year or the following year. The STL decompositions that I used would

relegate such anomalies to the noise term, which was not tested for potential to explain

cohort strengths (because the necessary hypotheses would be much more detailed and
were envisioned as a logical next steﬁ from ithe present study).

The crabeater seal catch-at-age data used in this study are perhaps the only data
available that might= allow a detailed view into the past four-decade‘s of population
variability of an Antarctic ice-breeding seal. ~ Estimates of aﬁundance of ice-breeding -
seals from Ship and aerial surveys (Ericksoh and Hanson 1990) aie too few and too
variable to reliably estimate treﬂds, even over the relatively short period covered (1968-
1983). The series of leopard seal sightings at Macquarie Island (Rounsevell and
Eberhard 1980; Rounsevell 1988; Testa er al. 1991) is comparable in length to the
crabeater seal cohort series, but the relationship of the sightings to leopard seal
population variability is not apparent. Reproductive rates of Weddell seais in McMﬁrdo
Sound (Testa and Siniff 1987; Testa et al. 1990; Testa et al. 1991) have great potential

for recording population Variabi]ity but the time seties is presently only about one-half
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the length of the crabeater seal series.

The population represented by the crabeater seal catch-at-age data witnessed the
near extinction of several stocks of lér_ge whales, an increase of about 15 % in the global
atmospheric CO, concentration and the onset of annual disruptions of the Southern
Hemisphere ozone layer. The polar regions have been ide_nﬁﬁed as the areas where‘
global warming will be most pronounced and possibly most éasily detected (Manabe and
Stouffer 1980; Sansom 1989; Gloerson and Campbell 1991; Walsh 1991). The Global
Ocean Ecosystem Dynamics (GLOBEC) Southern Ocean Program includes, as part of
its research plans, population studies of Antarctic top predators and their prey (GLOBEC
1991). The GLOBEC Program, noting that global warming may disrupt life cycles of
marine animals at several trophic levels and that the shortness of some Antarctic marine '
food chains implies close coupling of trophic levels, suggests that long-term studies of
these predator-prey relationships may eventually form the basis ’for monitoring human-
induced impacts.

Because of the uniqueness of the crabeater seal catch-at-age data and ‘the
. prominence of Antarctic marine top predators in effcﬁts such as GLOBEC, it seemed
appropriate to begin this research with simple questions about crabeater seal cohort
variability, even though searches for simple relationships betweéﬁ mammal populations
and environmental variables are noforiously unrewarding. In Chapter 2 it was found
that the sampling scheme used to obtain the cz.ltch—at—age data was probably sufficient to
detect fluctuations in cohort strength of the magnitude estimated in this and previous

studies. It was found that the series of cohort strengths could reasonably be modeled
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by an ARIMA process with some tendency toward periodicity, but that the conclusions
and analysis in earlier studies that treated the series as periodic are perhaps not justified.
In Chapter 3, fluctuations in envi;‘ohmenta’l -parameters, of similar &uration to those in
the cohort s‘cr‘ies,y were shown to be coherent among severai sites fepfese‘ntihg the
locations from which the seals were collected. Correlations among the ‘énvironmentznal |
parameters were documented. This spatial cqherence and conelatidn among parameters,
along with known aspects of crabéater seal life history led to simple hypotheses tested
| in. Chapter 4 about whether a significant fraction of the variation in séél cohorts could
be explained by variation in sea ice, surface air temperature, the S‘outhem Oscillation,
or numbers of leopard seals sighted annually at Macquarie Island. - It was found that
none was ‘capable of explaining a signiﬁcant fraction of the variance 1n crabeater seal
cohorts.

The lack of power to explain seal cohort variability by the enyiro_nmental and
ecological factors tested here may be cause for concern about efforts such as 'GLOBEC
that propose to use Antarctic seals or‘o‘ther top predators in theﬁ schemes to monitor‘
climate or other environmental changes. The wide distribution and remote habit‘ats. of
these species make sampling and detecting (significant) changes difficult. If these
species are to be included in such efforts, existing data such as the éﬁtch-at—age data
used hefe and the associated reproductive daté should be thoroughly evaluated to assist
in identification of pOpulafion parameters that are most sensitive to»éﬁiiohrhental_change
and most efficient to measure. This study ‘sug.gests that cohort strengths of crabeater -

seals near the Antarctic Peninsula may not meet those criteria, though further analysis,
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particularly with re‘ﬁnements to the sea ice data and the statistical ‘model for age
estimation error, might alter this conclusion, |

In further research on the demography of crabeater seals it would 'bé desirable
to include the following objectives: (1) to‘ form more detajled hypotheses about sources
of cohort variall)i]ityl based on critical times and componénts of cfaﬁeater seal life
history; (2) to obtain, if pdssible, raw data used to derive final age estimates for the
1964-1976 samples (Chapter 2) and estimat¢ new series of céhort strengths accounting
for err.ors. in age estﬁnaﬁon; 3) to obtain an improv_ed in_déx of sea i(;e extent; and (4)
to devise exi)elfimentsr that might help to - distinguish b_etweeh env‘_ironmental and
ecological sources of cohort variability.

With respect to objective (4), one experiment in particular may prove useful.
It was suggested in Chapter 2 that crabeater seéls of the Antarc;fic Peninsula may be
subject to unusually high first-year mortality.” If so, this feature of the life history might
be used to distinguish between leopard seal predatioh and any factor that affects more
than the first age class. For example, if evidence — perhaps in the fme—structuré of the
teeth — cah be found to show that all age classés éxperienced difficult conditions in
- years associated with weak cohorts, leo’pa.rd. seal prédétion on young-of-the-year would
seem unlikely to be the primary cause of cohort variability. Such an experiment may
require new developments in methods of preparing tooth sampies énd' idéntifying and

measuring indicators of seal growth and condition.
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