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Editorial

This issue of the Journal follows the 2002 meeting of the
International Whaling Commission held in Shimonoseki,
Japan. Details of the Commission meeting will be published
in the next Annual Report of the International Whaling
Commission. Thefull report of the Scientific Committee will
be published in spring 2003 as J. Cetacean Res. Manage. 5
(Suppl.). However, it seems timely to provide a short
summary of the work of the Scientific Committee that
updates the summary provided in Donovan (2002).

REVISED MANAGEMENT PROCEDURE

After the adoption of the moratorium on commercia
whaling in 1982, the Committee spent over eight years
developing the Revised Management Procedure (RMP) for
baleen whales (IWC, 1999b). In brief, the RMP is a generic
management procedure designed to estimate safe catch
limits for commercial whaling of baleen whales. This was
adopted some time ago by the Commission (IWC, 1993).
However, the Commission has stated that it will not set catch
limits for commercial whaling for any stocks until it has
agreed and adopted a complete Revised Management
Scheme (RMS). The RMS will also include a number of
non-scientific ~ matters, including inspection and
enforcement. Thisisthe subject of a considerable amount of
discussion within the Commission, which is holding a
special meeting of Commissioners to address this issue in
October 2002.

Implementation Simulation Trials

Implementation Smulation Trials are trias that are carried
out before using the RMP to calculate a catch limit and
involve investigating the full range of plausible hypotheses
related to a specific species and geographic area.

The process of developing Implementation Smulation
Trialsisnot the same asidentifying the‘ best’ assessment for
the species/region, but involves considering a set of
aternative models to examine abroad range of uncertainties
with a view to excluding variants of the RMP that show
performance that is not sufficiently robust across the trials.
Account needs to be taken of the plausibility of the various
trial scenarios when evaluating RMP variants.

The Committee discussed the general question of how
best to ensure that the process of carrying out
Implementations (or Implementation Reviews) is efficient
and prompt, whilst taking into account the available
information. To achieve this it agreed that they should be
conducted at discrete intervals, using the data available at
one point in time. The process from ‘pre-lmplementation
Assessment’ to initial Implementation and Implementation
Reviews has been formalised and clarified.

North Pacific common minke whales

The Committee has been working on Implementation
Smulation Trials for this area since 1994; a specia
workshop was held prior to the Shimonoseki meeting. It is
proving to be difficult for anumber of reasons, including: (1)
harvesting is projected to take place on migration as well as
on feeding grounds; (2) there is a seasonally-dependent
overlap of management stocks; (3) continual updating of

information on relatively complex population structure; (4)
issues related to the plausibility of trials, particularly with
respect to population structure; (5) complexity and time
required to code and run trias; (6) lack of agreement on
when to stop ‘improving’. An ambitious workplan has been
established with the aim of reaching agreement on the
appropriate variant of the RMP to apply to common minke
whales in the North Pacific at next year’s meeting.

North Pacific Bryde s whales

The Committee is in the process of developing initial
Implementation Smulation Trials for western North Pacific
Bryde's whales. In particular, it began a review of the
reliability of catch satistics. Intersessional work will
continue on this issue so that any uncertainty about such
statistics can beincorporated into futuretrial structure. A full
discussion of population structure and abundance-related
issues will take place at next year's meeting and the
Committee will determine whether the pre-Implementation
stage of the process has been completed.

North Atlantic common minke whales

The Committee had expected to bein aposition to undertake
an Implementation Review of North Atlantic minkewhales at
the 2002 meeting. However, due to problems in making all
of the data available suitably in advance of the meeting, it
was agreed to postpone the review until next year. The
review will primarily consider new information on stock
structure and abundance.

Bycatches of large whales

The RMP estimates a limit for the number of non-natural
removals, not smply a catch limit for commercia whaling.
It is therefore important to estimate the numbers of whales
removed from the population by indirect means including
bycatches in fishing gear and ship strikes, for example.

The Scientific Committee began to consider thisissue in
some detail last year. It agreed that priority should be given
to those areas where the RMP is likely to be implemented —
such as the northwestern Pacific and the northeastern
Atlantic. Four steps are required: (1) identification of the
relevant fisheries; (2) description and categorisation of those
fisheries to allow a sampling scheme to be devised; (3)
identification of a suitable sampling strategy or strategies,
and (4) design and implementation of the sampling scheme
to enable estimation of the total bycatch.

The Committee has reviewed general methods for
estimating bycatches. These fall under two headings. (1)
those based on fisheries data and observer programmes; and
(2) those based on genetic data. The former have been used
successfully for several small cetacean populations. The
Committee agreed that independent observer schemes are
generally the most reliable means of estimating bycatch rates
in a statistically rigorous manner, but that they may not
always be practical and will require careful design.

The latter potentially represents a new way of estimating
bycatches. The Committee has agreed that although genetic
methods based on market samples may not be the primary
approach to estimating bycatch, they could provide useful
supplementary data that could not be obtained in another
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way. The use of market samples to provide absolute
estimates should not be ruled out. However, it will require
further developments in sampling design with input from
experts with detailed knowledge of market sampling issues.
The possibility of holding a workshop on that subject is
being considered.

Thisyear, the Committee |looked at the bycatches of large
whales reported in National Progress Reports (progress
reports are avalable on the IWC webste
http: //mwww.iwcoffi ce.or g/scweb/scprogreps). Common
minke whales were the most frequently reported species
(>230) with most records for Japan and eastern Korea.
Compulsory reporting schemes exist in both these countries
(it was voluntary in Japan prior to 1 July 2001). Possible
reasons for the clumping of catches in these two areas was
discussed but no clear explanation emerged, although lack of
reporting by some countries is probably part of the
explanation.

Work to further explore improved bycatch estimation
methods for the two approaches noted above is continuing.

A major topic a this year's meeting concerned
consideration of ways in which bycatches of large whales
(and mortality of entangled whales) can be minimised. A
report on this topic will be published in the 2003
Supplement.

DEVELOPMENT OF AN ABORIGINAL WHALING
MANAGEMENT PROCEDURE

With the completion of the RMP, the Commission asked the
Scientific Committee to begin the process of developing a
new procedure for the management of aboriginal subsistence
whaling. Such a procedure must take into account the
different management objectives for such whaling when
compared to commercial whaling. This is an iterative and
ongoing effort. The Commission will establish an Aboriginal
Whaling Scheme that comprises the scientific and logistical
(e.g. inspection/observation) aspects of the management of
all aboriginal fisheries. Within this, the scientific component
might comprise some general aspects common to all
fisheries (e.g. guidelines and requirements for surveys and
for data c.f. the RMP) and an overall AWMP within which
there will be common components and case-specific
components.

At the 2002 meeting, the Committee completed its work
with respect to the Bering-Chukchi-Beaufort Seas stock of
bowhead whales. It agreed a Strike Limit Algorithm (SLA)
for bowhead whales and the scientific aspects of a Scheme;
thiswas adopted by the Commission. It noted that should the
Commission decide, it would be possible to apply the
Bowhead SLA at the current meeting. Work will continue
intersessionally on gray whales and the Committee hopes to
be able to present a forma recommendation to the
Commission for a Srike Limit Algorithm for gray whales at
the next meeting. The situation for the Greenlandic fisheries
for fin and minke whales is less promising. A considerable
amount of research, especially concerning stock identity, is
required and to this end, the Committee has developed a
research programme in cooperation with Greenlandic
scientists.

ASSESSMENT OF STOCKS SUBJECT TO
ABORIGINAL SUBSISTENCE WHALING

Aboriginal subsistence whaling is permitted for Denmark
(Greenland, fin and minke whales), the Russian Federation
(Siberia, gray and bowhead whales), St Vincent and The

Grenadines (Beguia, humpback whales) and the USA
(Alaska, bowhead and gray whales). It istheresponsibility of
the Committee to provide scientific advice on safe catch
limitsfor such stocks and until the AWMP is completed then
the Committee provides advice on a more ad hoc basis,
carrying out major reviews according to the needs of the
Commission in terms of establishing catch limits and the
availabhility of data. It also carries out brief annual reviews of
each stock.

The present catch limits had been set up to the 2002 season
and so at the 2002 meeting, the Committee had to provide
management advice for all of the stocks considered. The
Commission sets catch limits based on the scientific advice
and a ‘need’ statement from the countries involved.

Eastern gray whales

The primary assessment carried out was for the eastern gray
whale population (Issue 1 of the present volume of the
Journal was devoted to gray whale papers). New
information on abundance, distribution, catches and ecology
was presented. The population is believed to be close to
carrying capacity. The Committee agreed that an annual take
of up to 463 whales was acceptable; based on the submitted
need statement, the Commission set a total for the 2003-6
seasons of 620 with a maximum of 140 in any one year.

Bering-Chukchi-Beaufort Seas stock of bowhead whales

In addition to the work on the Bowhead SLA, the Committee
also examined the status of the Bering-Chukchi-Beaufort
Seas stock of bowhead whales. New information included a
preliminary abundance estimate for 2001 of 9,860 (95%ClI
7,700 — 12,600) giving arate of increase between 1978 and
2002 of 3.3% (95%Cl 2%, 4.7%). The Committee noted that
irrespective of itswork on the bowhead SLA, theinformation
here suggeststhat it isvery likely that an annual catch of 102
whales will allow the stock to increase. Despite this, a
proposal to continue to include provision for such catches
(up to 280 bowhead whales to be landed in the period 2003
—2006, with no more than 68 whales struck in any year)
failed to reach the necessary three-quarters majority in the
Commission. The reason given by some of the 11 countries
that voted no was that they believed Japan should also be
dlocated subsistence whales for four coastal whaling
villages. They stressed that they aso believed that the
peoples of Alaska and Chukotka should also be granted their
catch limits.

Minke and fin whales off West Greenland

The Committee received little new information on stocks of
minke and fin whales off West Greenland this year. It has
never been able to provide satisfactory management advice
for these stocks and once again expressed great concern at
this state of affairs. It stressed that obtaining adequate
information on stock identity and abundance should be seen
as of extremely high priority and made anumber of research
recommendations. Without this information, the Committee
will not be ableto provide safe management advicein accord
with the Commission’ s management objectives, or develop a
reliable SLA for many years, with potentialy serious
conseguences for the status of the stocks involved. At the
Commission, the same catch limits as previously in force
were agreed for the 2003-6 period i.e. West Greenland minke
whales—an annual limit of up to 175 strikes; East Greenland
minke whales — an annual catch of up to 12 animals; West
Greenland fin whales — an annual catch of up to 19
whales.
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Humpback whales off & Vincent and the Grenadines

The Committee has been working on an in-depth assessment
for North Atlantic humpback whales (see below). Based on
the available data, the Committee believes it is most
plausible that eastern Caribbean humpbacks are part of the
West Indies breeding population (abundance in 1992/93 —
11,570, 95%CI 10,100 — 13,200). However, it recommended
further collection of relevant data to confirm this. The
Committee agreed that an annual catch of up to four whales
was acceptable. After considerable debate in the
Commission, a catch of up to 20 whales for the period
2003-7 was agreed (the Scientific Committee must review
this in 2005).

STOCK IDENTITY

Of general concern to the assessment of any cetaceansisthe
question of stock identity and examination of this concept in
the context of management plays an important role in much
of the Committee’ swork, whether in the context of the RMP,
AWMP or general conservation and management. In
recognition of this, the Committee has established a
Working Group to review theoretical and practical aspects of
the stock concept in a management context. At the 2001
meeting, the Committee considered inter alia: terminology;
stock structure in humpback whales; a range of analytical
and dtatistical issues; the use of archetypes, and the
combination of genetic and non-genetic information on
stock identity.

This year, the Committee continued its work. In
particular, it recognised the need to work towards an agreed
definition of appropriate ‘unitsto-conserve’ in  a
management context. Implicit in thisisrecognition that there
may be need for case-by-case flexibility, and that it might be
appropriate for the Committee to provide options and their
implications when providing advice to the Commission. Itis
intended to have afull discussion of thisidea next year. The
Committee a so examined anumber of statistical and genetic
issues relevant to this issue. Discussion focussed on use of
‘traditional’ hypothesis testing methods, a Bayesian
approach (see Cui et al. in this volume) and a newer, as yet
unpublished method (the boundary rank technique). In
summary, the Committee noted that it is important, in any
application of stock structure methods, to examine the
sengitivity of conclusions to different a priori decisions
about the definition of initid units, and about which
population structure hypotheses to examine.

The Committee aso recognised the importance of
simulation testing to assess the performance of methods to
identify population structure and will hold a specialist
workshop to examine this in the coming year.

COMPREHENSIVE ASSESSMENT OF WHALE
STOCKS

The *Comprehensive Assessment’ of whale stocks

The development of the concept of the ‘Comprehensive
Assessment’ is reviewed in Donovan (1989). It can be
considered as an in-depth evaluation of the status of all
whale stocks in the light of management objectives and
procedures; this would include the examination of current
stock size, recent population trends, carrying capacity and
productivity. Clearly, it is not possible to ‘comprehensively
assess al whale stocks simultaneoudly, and the Committee

has been working in an objective manner towards this,
initially concentrating on stocks that have recently been or
are presently subject to either commercial or aboriginal
subsistence whaling. Some of these have already been
discussed in the sections on the RMP and AWMP.

Antarctic minke whales

The Committee has carried out annual surveys in the
Antarctic (south of 60°S) since the late 1970s. The last
agreed estimates for each of the six management Areas for
minke whales (see Donovan, 1991) were for the period
1982/83 to 1989/90 (IWC, 1991). At the 2000 mesting, the
Committee agreed that whilst these represented the best
estimates for the years surveyed, they were no longer
appropriate as estimates of current abundance. An initial
crude analysis of available recent data had suggested that
current estimates might be appreciably lower than the
previous estimates.

At the 2001 meeting, considerable time was spent
considering Antarctic minke whaleswith aview to obtaining
final estimates of abundance and considering any trend in
these. Thisincluded a review of data sources and analytical
methodology. After considering many of the factors
affecting abundance estimates, there is still evidence of a
decline in the abundance estimates, although it is not clear
how this reflects any actual change in minke abundance.
Three hypotheses that might explain these results were
identified:

(1) area change in minke abundance;

(2) changesinthe proportion of the population present inthe
survey region at the time of the survey;

(3) changes in the survey process over time that
compromise the comparability of estimates across
yesars.

A considerable amount of work to investigate this further
was undertaken at the 2002 meeting and a nhumber of high
priority tasks have been identified to be completed before the
2003 meeting.

Southern Hemisphere blue whales

The Committee is beginning the process of reviewing the
status of Southern Hemisphere blue whales. An important
part of this work is to try to develop methods to identify
pygmy blue whales from ‘true’ blue whales at sea (IWC,
1999a) and progress is being made on this. Work on genetic
and acoustic differentiation techniques is continuing and
there is considerable progress with morphological methods.
The Committee has agreed on a number of issues that need
to be resolved before it is in a position to carry out an
assessment, which it believes should commence in 2005.

Southern Hemisphere humpback whales

Considerable progress has been made in recent years in
working towards an assessment of humpback whales.
Attention has focussed both on data from historic whaling
operations and on newly acquired photo-identification,
biopsy and sightings data. The Committee made a number of
research recommendations to further progress towards an
assessment. An intersessional group has been established to
review progress and determine whether it isfeasible to set a
deadline for the assessment to be completed.
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North Atlantic humpback whales

At the 2001 meeting, priority was given to the
Comprehensive Assessment of North Atlantic humpback
whales. The Committee recognised the important
contribution the international YoNAH (Y ears of the North
Atlantic Humpback) project made to the assessment. This
project combined photo-identification and molecular genetic
techniques to collect as many photographs and skin biopsies
as possible in four sampling periods over a wide
geographical range during a period of two years
(1992-1993). The principal objectives of the study were to
increase understanding of: (@) abundance —both regionally
and in total; (b) population genetic structure; (c) population
gpatial structure including rates of exchange among feeding
grounds; and (d) reproductive behaviour and vital rates.

In reviewing population structure, the Committee
concluded that North Atlantic humpback whales are
characterised by relatively discrete feeding sub-stocks, with
strong site fidelity by individuals. This latter factor also
influences movement patterns within feeding grounds.

Thereis clear evidence for at least two breeding stocksin
the North Atlantic. Whales from the western North Atlantic
breed primarily in the West Indies, as do some whales that
feed in the central North Atlantic. However, where other
central North Atlantic animals and those from the Barents
Sea breed is unknown.

The only breeding ground, other than the West Indies,
known from historical and contemporary data is the Cape
Verde Islands, but to date there is no direct evidence to
support theideathat thisisabreeding ground used by central
and eastern North Atlantic animals. There may be a separate
breeding population in the Norwegian Sea (as suggested in
the late 1920s) and the possibility that there are three
separate breeding stocks in the North Atlantic cannot be
ruled out.

The Committee reviewed a number of population
estimates for the feeding and breeding grounds.

This year, the Committee hoped to complete its
assessment. It reviewed historical removals and agreed that
the catch series was essentially complete for the 20" century
although catches prior to then might be substantialy
underestimated. It also received new estimates of abundance
from recent surveys in various parts of the North Atlantic.
The Committee agreed that the abundance of the West Indies
breeding population was around 10,800 in 1992/93 (see
above) and was increasing at some 3% per year, at least
between 1979 and 1992, the period for which suitable data
are available. Attempts to model the population were
unsuccessful (i.e. there was unacceptable model fit to the
data) and a number of possible reasons for this were
identified.

The Committee identified a number of research items that
need to be completed before any further assessment is
attempted.

North Atlantic right whales

The Committee has paid particular attention to the status of
the North Atlantic right whale in the western North Atlantic
in recent years (e.g. see Specia Issue 2 of the Journa —
Right whales. worldwide status). The Committee is
extremely concerned about this population, which, whilst
probably the only potentially viable population of this
species, is in serious danger (ca 300 animals). By any
management criteria applied by the IWC in terms of either
commercia whaling or aboriginal subsistencewhaling, there
should be no direct anthropogenic removas from this
stock.

This year, the Committee once again noted that
individuals are continuing to die or become seriously injured
as a result of becoming entangled in fishing gear or being
struck by ships. It repeated that it is a matter of absolute
urgency that every effort be made to reduce anthropogenic
mortality in this population to zero. Thisis perhaps the only
way in which its chances of survival can be directly
improved. There is no need to wait for further research
before implementing any currently available management
actions that can reduce anthropogenic mortalities.

The Committee reviewed progress on a number of
research and management recommendations concerning this
stock.

Western North Pacific gray whales

This is one of the most endangered populations of great
whales in the world. It nhumbers less than 100 animals (see
the paper by Weller et al. in the last issue of the Journal, pp.
7-12) and there are anumber of proposed oil and gas-related
projects in and near its only known feeding ground. The
Committee made a number of research and management
recommendations for this population and will hold a
Workshop in October to review this further. In conclusion,
the Committee strongly reiterated that it is a matter of
absolute urgency that every effort is made to reduce
anthropogenic mortality (including direct catches) and
disturbance to zero to save western North Pacific gray
whales from extinction.

EFFECTS OF ENVIRONMENTAL CHANGE ON
CETACEANS

There is an increasing awareness that whales should not be
considered in isolation but as part of the marine
environment; detrimental changes to their habitat may pose
a serious threat to whae stocks. The Committee has
examined this issue in the context of the RMP and agreed
that the RM P adequately addresses such concerns. However,
it has also emphasised that the species most vulnerable to
environmental threats might well be those reduced to levels
at which the RMP, even if applied, would result in zero
catches (IWC, 1994). Over a period of several years, the
Committee  has  developed two  multi-national,
multi-disciplinary research proposals. One of these,
POLLUTION 2000+ (Reijnders et al., 1999) has two aims:
to determine whether predictive and quantitative
relationships exist between biomarkers (of exposure to
and/or effect of PCBs) and PCB levelsin certain tissues; and
to validate/calibrate sampling and analytical techniques. The
other, SOWER 2000 (IWC, 2000) is to examine the
influence of temporal and spatia variability in the physical
and biological Antarctic environment on the distribution,
abundance and migration of whales.

At the 2002 meeting, the Committee’s primary topic
concerned progress on the SOWER 2000 programme (IWC,
2000), particularly with respect to future collaboration with
Southern Ocean GLOBEC and with CCAMLR. It aso
reviewed progress on the POLLUTION 2000+ programme
(see Reijnders et al., 1999). There was further discussion of
the development of areport for the Commission that would
provide an overview of regional environmental concernsand
how best this might be achieved. A Workshop to address
modelling-related issues related to the interactions between
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cetaceans and fisheries was held in July 2002. The report of
the Workshop will be published in next year’s
Supplement.

SMALL CETACEANS

Despite disagreement within the Commission over the
management responsibilities of the IWC with respect to
small cetaceans, it has been agreed that the Scientific
Committee can study and provide advice on them. As part of
this programme, the Committee has reviewed the biology
and status of a number of species and carried out major
reviews of significant directed and incidental catches of
small cetaceans (Bjerge et al., 1994).

Last year, the Government of Japan had indicated that it
would no longer co-operate with the Committee on small
cetacean related matters. Thisyear the Committeereferredto
the great value of the information provided by the
Government of Japan on the status of small cetaceans in
previous years and respectfully requested that the
Government of Japan reconsider its position on this matter
and resume the valuable contribution of Japanese scientists
to its work on small cetaceans.

At the 2002 meeting, the Committee considered the status
of humpback dolphins (genus Sousa). The taxonomy of the
genus is somewhat confused, with up to five species being
cited in various reports. Recognising the need for further
taxonomic work, the Committee agreed to continue to
recognise only two species at present: S. teuszi, the Atlantic
humpback dolphin and S chinensis, the Indo-Pecific
humpback dolphin. Little information exists on the life
history parameters of these essentially coastal species; that
which does comes from South Africa and Hong Kong.
Similarly, there is little information on abundance and
trends. Actual and potential conservation problems are
primarily dueto habitat degradation and incidental capturein
fishing and shark protection gear. Directed capture is
relatively rare apart from Madagascar. The Committee
concluded that there is insufficient information to assess the
status of populations of this genus and it made a number of
research recommendations.

The Committee also reviewed progress on previous
recommendationsit had made, particularly those concerning
the critically endangered baiji and vaquita. Unfortunately, no
new information was received on the baiji this year and the
Committee has requested that information be provided next
year. The Committee was informed of a new, integrated
framework being developed to implement the recovery plan
for the vaquita, and welcomed this new approach. It
reiterated its endorsement of the primary conclusion of
CIRVA (International Committee for the Recovery of the
Vaqguita) — that to ensure the future survival of the vaquitait
will be necessary to eliminate all bycatches as rapidly as
possible.

The Committee reviewed the draft report of the
ASCOBANS recovery plan for harbour porpoises in the
Baltic. It strongly endorsed the report and made some
supplementary recommendations with respect to short-term
pinger use.

The Committee also reviewed progress on the
development of survey methodology for freshwater
cetaceans and further work on the reduction of bycatchesin
fishing gear. No new information was received on the status
of Dal’s porpoises. Information on permits for takes of
1,000 whitewhales (for aboriginal subsistence purposes) and
10 killer whales (live-capture) by the Russian Federation

were received. The Committee urged that assessment of the
impact of such takes should be undertaken before their
enactment.

Finally, the Committee repeated previous requests for all
Governments to submit relevant information on direct and
incidental catches of small cetaceans in their national
progress reports.

SCIENTIFIC ASPECTS OF WHALEWATCHING

In 2000, the Committee had identified a number of areasfor
further research on possible long-term effects of
whalewatching on whales and a number of possible data
typesthat could be collected from whal ewatching operations
to assist in assessing their impact. The Committee devel oped
thisfurther at the 2002 meeting and will continue to work on
data collection issues in the intersessional period.

The Committee also reviewed: information on noise from
whalewatching vessels and aircraft, and any potential effects
this might have on cetaceans; whalewatching guidelines and
regulations; new information on dolphin feeding and
‘swim-with’ programmes.

REVIEW AND COMMENT ON SCIENTIFIC
PERMITSISSUED FOR SCIENTIFIC RESEARCH

All proposed scientific permits have to be submitted for
review by the Scientific Committee following guidelines
issued by the Commission. However, in accordance with the
Convention the ultimate responsibility for issuing them lies
with the member nation.

Most of the discussion at the 2002 meeting centred on
reviewing the results of the two-year JARPN Il feasibility
study and the proposal for a further permit that involves
taking 150 common minkewhales, 50 Bryde' swhales, 50 sei
whales and 10 sperm whales each year for an unspecified
period. The stated goal was to obtain information to
contribute to the conservation and sustainable use of marine
living resources in the western North Pacific. It includes
sub-projects on: feeding ecology and ecosystems;
monitoring of environmental pollutantsin cetaceans and the
marine ecosystem; further elucidation of stock structure. As
for the feasbility study, there was considerable
disagreement within the Committee over most aspects of this
research programme, including objectives, methodology,
sample sizes, likelihood of success, effect on stocks and the
amount and quality of data that could be obtained using
non-lethal research techniques.

The Committee also briefly considered the continuing
programme on Antarctic minke whales that was last
extensively reviewed in 1997 (IWC, 1998).

WHALE SANCTUARIES

The Committee had been asked by the Commission to
review the Indian Ocean Sanctuary (10S) and an
intersessional working group had developed a proposed
framework to carry out the review, in the light of guidelines
developed by the Commission last year. The Committee’s
discussions of sanctuaries in the past have been somewhat
inconclusive, with attention being drawn to a number of
general arguments both in favour of and against sanctuary
proposals. The discussion of the 1OS had inevitably been
coloured by these overall philosophical views. The
Committee noted that lack of consensus in evaluating the
scientific aspects of the |OS was not surprising considering
that the sanctuary’ s original proposal did not clearly stateits
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scientific objectives. It recognised that the review process
would benefit from explicitly stated objectives in Sanctuary
proposals. However, while there was little consensus in
evaluating the 10S, a considerable amount of substantive
advice was provided on a number of sanctuary-related
scientific issues.

The Committee considered a number of ways to improve
the overal review process and priority will be given to this
next year.

G.P. Donovan
Editor
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Small-scale population structure of eastern North Pacific
harbour por poises (Phocoena phocoena) indicated by molecular

genetic analyses
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ABSTRACT

Concern about the conservation and management of harbour porpoise (Phocoena phocoena) populations, which have experienced
relatively largeincidental fishery killsin localised areas throughout their range, has prompted research to better understand their population
structure. Both mitochondrial and nuclear (microsatellites) DNA were used to examine the intra-specific structure of harbour porpoise
inhabiting the eastern North Pacific Ocean. Null hypotheses of panmixia were tested after mitochondrial DNA (mtDNA) control region
sequence data (402 base pairs, n=249) and allele frequency data (9 polymorphic loci; n=194) were sub-divided into geographic strata
defined a priori. Stratawere based on sampling discontinuities and not discontinuities in population distribution. The mtDNA and nuclear
gene data revealed statistically significant genetic differentiation between most strata (o« = 0.05) suggesting demographic independence of
fairly small sub-units within the population. Since harbour porpoises are essentially continuously distributed in the eastern North Pacific,
this degree of genetic differentiation was unexpected and needs to be considered in developing a sound management plan to protect

them.

KEYWORDS: HARBOUR PORPOISE; CONSERVATION; GENETICS;, NORTH PACIFIC; DISTRIBUTION; STOCK IDENTITY

INTRODUCTION

Concern over whether harbour porpoise (Phocoena
phocoena) populations can sustain the level of observed
incidental fisheries mortality has prompted research on their
intra-specific population structure. Knowledge of this
structure is necessary to properly assess the impact of
fisheries mortalities by defining the appropriate regions for
which to estimate animal abundance and incidenta
mortality. Recently published molecular genetic studies of
harbour porpoises inhabiting the northwest Atlantic (Rosel
et al., 1999), the North and Baltic Seas (Tiedemann et al.,
1996; Wang and Berggren, 1997), West Greenland
(Andersen et al., 1997) and the seas around the UK (Walton,
1997) detected significant genetic differentiation between
sampled strata. The detection of genetic differences between
the geographically adjacent sampled areas in each study is
quite remarkable, because harbour porpoises appear to be
essentially continuously distributed and there are no
apparent barriers to movement throughout the habitats they
occupy.

Throughout their range, harbour porpoises are vulnerable
to coastal gillnet fishing and the eastern North Pacific Ocean
population focused on in this study is no exception (Gaskin,
1984; Perrin et al., 1994). Harbour porpoises are locally
abundant throughout their distribution, which in the eastern
North Pacific extends from Point Conception, California
around the North Pacific rim to the northern islands of Japan
and as far north as Barrow, Alaska (Leatherwood et al.,
1983; Jefferson et al., 1993). Their mortality has been well
documented in coastal gillnet fisheries for halibut in
California (Hanan et al., 1993; Julian and Beeson, 1998) and
in gillnet fisheries for salmon that operate near Spike Rock,
Washington and in Puget Sound, Washington (Gearin et al.,
1994; 2000; Pierce et al., 1996). However, the incidental

take of harbour porpoises in gillnet fisheries operating
around Vancouver Island, British Columbia and throughout
Alaskaisnot well known because observer coverageiseither
lacking or less than 5% of the fishery (Barlow et al., 1995a;
Small and DeMaster, 1995). The common characteristic of
these gillnet fisheries is that the fishing effort is generally
intensive and localised, and if they operate in areas where
harbour porpoises occur, the incidental take may be large.
The existing national management plan for the harbour
porpoisein the eastern North Pacific Ocean recogni ses seven
management units or stocks: (1) central California; (2)
northern California; (3) Oregon/Washington coastal; (4)
Washington inland waterways; (5) Southeast Alaska; (6)
Gulf of Alaska; and (7) Bering Sea (Barlow et al., 1995z;
1997; 1998; Hill et al., 1996; Hill and DeMaster, 1998;
Forney et al., 1999). These management units cover fairly
large geographic areas, and because fisheries mortality has
been locally high within several of the units, thereis concern
about whether their scale is biologically appropriate and
whether the boundaries are in the right place. Originally,
these stocks were designated based on knowledge of the
distribution of animals as well as analyses of mitochondrial
DNA (mtDNA) control region sequences (Rosdl et al., 1995)
and contaminant concentrations (Calambokidis and Barlow,
1991). Both of the studies concluded that there was evidence
of limited dispersal between the strata represented in their
study but that there was probably additional, finer structure
within the populations (i.e. areas not yet sampled but
inhabited by harbour porpoise). Management goals specified
in the US Marine Mammal Protection Act of 1972 and its
subsequent amendments for marine mammal populations
occupying US territorial waters include, among others,
maintaining populations as functional elements of their
ecosystem. This has been interpreted to mean that a species
historical distribution and range should be maintained

“ NMFS, Southwest Fisheries Science Center, 8604 La Jolla Shores Dr., La Jolla, CA 92037, USA.
* NMFS National Marine Mammal Laboratory, 7600 Sand Point Way NE, Seattle, WA 98115, USA.
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(Barlow et al., 1995b). Due to the limited understanding of
population structure, whether the current management plan
for the eastern North Pacific harbour porpoise population is
adequate to meet these goals is uncertain.

This paper extends the existing knowledge by using
molecular genetic techniques on a dataset that includes
samples collected from additional areas that were not
represented in previous studies. Both mitochondrial and
nuclear gene markers were used to measure genetic
differentiation between strata defined a priori. These
markers quantify different aspects of gene flow, because
they evolve at different rates and the mtDNA marker is
maternally inherited, whereas, the nuclear markers are
bi-parentally inherited. The maternal mode of inheritance for
mtDNA means that the effective population size is
approximately a quarter that of nuclear markers, which will
result in more rapid differentiation of population sub-units,
primarily due to genetic drift, when gene flow islimited (i.e.
negligible movement of breeding females). Furthermore, the
evolutionary rate of mMDNA makes it wuseful for
reconstructing phylogeographic relationships, and these
relationships were examined before performing
intracspecific  structure analyses to see whether an
evolutionary process played an overal role in the
population’s structure. Analyses of both mitochondrial and
nuclear DNA markers reveal patterns of gene flow, which
can be used to infer movement and dispersal patterns of the
breeding portion of the population studied, and thus provide
evidence of intra-specific structure.

MATERIALS AND METHODS

Samples

Samples used in this study were collected along the west
coast of the USA and Canada between 1984 and 1998 from
animalsincidentally taken in fisheries, found stranded on the
beach or biopsied at sea(Fig. 1). The samples collected were
predominantly skin tissue (92% skin; 8% muscle or internal
organ tissue) preserved in a 20% dimethylsulphoxide
solution saturated with NaCl (Amos and Hoelzel, 1991;
Amos, 1997). All samples are stored in the Southwest
Fisheries Science Center’s Genetic Tissue Archive (contact
author SJIC for information).

DNA extraction

Standard molecular protocols were used to extract genomic
DNA (Saiki et al., 1988; Palumbi et al., 1991). Extractions of
DNA with a CTAB (cetyltrimethylammonium bromide)
protocol (Winnepenninckx et al., 1993) were successful for
most samples, but when DNA yield was initialy low, a
phenol-chloroform techniqgue was used for a second
extraction (Sambrook et al., 1989). Prior to amplification,
the concentration of DNA extracted was determined
spectrophotometrically and the  purity  assessed
electrophoretically.

mtDNA amplification and sequencing

The 402 base pair region of the 5’ end of the hypervariable
control region of the mtDNA gene was amplified using the
polymerase chain reaction (PCR). The following primers
were used: L15812 (5'-cctcectaagactcaagg-3') (Southwest
Fisheries Science Center Laboratory, unpublished); or
L 15926 (5'acaccagtcttgtaaaccl); and H16498
(5'cctgaagtaagaaccagatgld’) (Rosel et al., 1994), which are

named according to their position in the mtDNA sequence of
the fin whale (Arnason et al., 1991). Standard protocols for
the PCR were used with 50 ul reactions containing 1 pl
(approximately 10-100ng) of genomic DNA, 37.75 ul
MilliQ water, 5 ul of buffer (10mM TrissHC1 (pH 8.3),
50mM KC1, 1.5mM MgCL,), 3 ul of 20mM dNTP, 0.25 ul
of Tag DNA polymerase, and 1.5 ul of 1 uM of each primer
for the amplification. The PCR cycling was done on the
Perkin Elmer 9600 thermocycler at 90°C for 2.5 min for the
initial denaturation, followed by 35 cycles of 94°C for 45
sec, 48°C for 1 min and 72°C for 1.5 min, and a fina
extension at 72°C for 5 min (Saki et al., 1988). PCR
products were cleaned using purification columns
(QlAquick 250%;Qiagen).

Cycle sequencing was done using a profile of 25 cycles at
96°C for 10 sec, 50°C for 5 sec and 60°C for 4.0 min on the
Perkin Elmer 9600 thermocycler. 12 ul sequencing reactions
were used containing 3 ul of cleaned PCR product, 3 ul of
primer (L15812 and H16498), 2 ul of PRISM® dRhodamine
dye terminators (PE Applied Biosystems, Inc.) and 4ul
MilliQ water. Both strands of the amplified DNA product of
each specimen were sequenced independently as mutual
controls using standard protocols on the Applied Biosystems
Inc. (ABI) model 373 and 377 automated sequencers with
most samples run on the ABI 377. All sequences were
aligned by eye using SEQED, version 1.0.3 software
(Applied Biosystems Inc., 1992).

Nuclear DNA processing

Nine dinucleotide primers were optimised for harbour
porpoise: DIrFCB3, DIrFCB6 (Buchanan et al., 1996), EV1,
EV14, EV94, EV104 (Vasecchi and Amos, 1996), SL1026
(L. Garrison, Southwest Fisheries Science Center; pers.
comm.), 415/416 and 417/418 (Andersen et al., 1997).
Extracted DNA was amplified using the PCR in 25 pl
reactionscontaining 1 ul (approximately 10-100ng) genomic
DNA, 18.25 ul water, 2.5 ul of buffer (same as sequencing
buffer), 0.75 ul of each primer, 1.5 ul 10mM dNTP and 0.25
ul Taq DNA polymerase. All forward primers were labelled
with a fluorescent dye. The thermal cycling profile for each
locus was an initidl 3 min a 97°C, followed by 35
amplification cycles of 30 sec at 90°C, 1 min at the specified
annealing temperature for each primer (list follows) and 1
min at 72°C, and a finad 5 min period at 72°C ensured
extension of the PCR products. The optimal annealing
temperature for each primer was 55°C for DIrFCB3,
DIrFCB6, EV94 and SL 1026, 49°C for EV1and EV14, 48°C
for EV104, and 45°C for 415/416 and 417/418. Size and
purity of the amplicon was assessed electrophoretically.
Successful amplifications were loaded onto an ABI 377
automatic sequencer for sizing with a commercial internal
lane standard (ROX350®; PE Applied Biosystems Inc.).
Allele fragment size was determined against a size standard
using ABI's GENESCAN, version 3.1 software. The size of
the alele is the number of repeat units X 2 plus the size of
the flanking region for each base pair, and the size of each
alelic pair for each loci congtituted the raw data for
analyses.

The primers listed above were selected from 22 that were
optimised for use on harbour porpoises. For the 14 primers
that were optimised, these were screened by plotting the
sized aleles to ensure that dinuclectide repeats were
amplified for al samples in the dataset and by testing each
for the presence of non-amplifying loci, or so-called ‘null’
aleles. This additional screening was important because
none of the primers were developed on the study species.
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Fig. 1 Geographic locations of harbour porpoise specimens used in the molecular genetics study of population structure are plotted on three maps:
(A) the California, Oregon and Washington coastal area; (B) the northern coast of Washington and the inland waterways of Washington and British
Columbia, Canada; and (C) Alaska. Theregion outlined in (A) isexpanded in (B) to show the detail of sample collection within that area. Thelarge
numbers and bold horizontal lines identify the existing management units and their boundaries: (1) central California; (2) northern California; (3)
Oregon/Washington coastal; and (4) Washington inland waterways. Circles around groups of specimens identify each sampling stratum used in the
genetic population structure analyses (see Methods for description). The name and sample size for each molecular marker (i.e. n = mtDNA
sequence, nuclear DNA microsatellite) islisted next to each stratum. Discrepancies between the sample sizes of the mitochondrial and nuclear DNA
datasets listed for a particular locale were due either to the inclusion of control region sequences for the Monterey Bay, California and northern
Washington strata used in Rosel et al. (1995) for which microsatellite datawere not available, or to low yield of DNA extracted from tissue samples
of decomposed stranded animals that precluded sizing microsatellite loci.

Five primers were excluded from the dataset, because evidence of linkage disequilibrium was detected. However,
mutations in the alleles of one or more samples were in the tests of Hardy-Weinberg equilibrium, 2 of 72
detected. Null aleles were tested by adjusting annealing comparisons (9 loci X 8 strata) were rejected. These results
temperatures during PCR, because if null alleles are present, were not considered indicative of further sub-division within
aheterozygotic state may appear asahomozygotic one under the strata in question, because the observed heterozygosity

these conditions (Pemberton et al., 1995; Jarne and Lagoda, and allelic diversity was high for both, and furthermore,
1996). The presence of null alleles was not detected in the when making 72 separate tests, 5% would likely be rejected
nine primers selected for use in this study. by chance alone.

To further screen this dataset prior to analyses, individual
relatedness was estimated using Relatedness, version 5.0.6
(Goodnight, 2000) and tested for evidence of linkage

disequilibrium and deviations from Hardy-Weinberg Genetic variation analyses
equilibrium using Arlequin, version 2.0 (Schneider et al., For each sampling strata, the genetic variation of the control
2000). The estimated coefficients of relatedness (e.g. region was characterised by the number of unique

parent-offspring, full siblings) were calculated and used to haplotypes present and by estimates of haplotypic and
identify duplicate individuals and first-order relativesin the nucleotide diversity (Nei and Tgjima, 1981; Nei, 1987).
dataset (Queller and Goodnight, 1989). Two Observed and expected heterozygosity for each locus
parent-offspring pairs were identified and the offspring of processed was calculated using the procedure incorporated
each were removed from the dataset prior to analyses. No in Arlequin, version 2.0 (Schneider et al., 2000).
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Phylogeographic analyses

Prior to testing hypotheses of intra-specific structure, the
control region sequences were examined for evidence of a
phylogeographic (i.e. evolutionary) signal. In these analyses,
no a priori assumptions about intra-specific structure are
required, but inferences about phylogeographic patterns are
made demonstrating concordance between related
haplotypes and their sampling locations. The
phylogeographic analysesincluded control region sequences
from an additional 23 specimens from strata not used in the
intra-specific structure analyses. For these strata, there were
too few specimens to include with the other, more robustly
sampled strata. The additional specimens included
specimens collected off northern California (n=3); Puget
Sound, Washington (n=2); northern British Columbia
(n=4); and several, geographically distant locations around
Alaska (n=14; Fig. 1). Only unique haplotypes were used
and a minimum spanning network was generated with
MINSPNET (Excoffier and Smouse, 1994) to construct the
phylogeographic relationships. For reference, three
haplotypes from Atlantic Ocean harbour porpoise and
hapl otypesfor two sister species (P. sinusand P. spinipinnis)
were included in the dataset. There were two dominant
clades apparent in the optimal network, but there was no
geographic concordance apparent in the network. Therefore,
these results are not presented but are available from the
authors.

Genetic population structure analyses

Conventional analyses designed to detect intra-specific
structure are based on a priori stratification of the samples
using non-genetic criteria (e.g. a distributional hiatus or
geographic barriers). Therefore, the data were further
analysed with a priori stratifications that sub-divided the
dataset based on the current management scheme or
sampling discontinuities. Different schemes were tested,
because results from these analyses are fundamentally
dependent on decisions about stratification.

The first a priori stratification of the dataset recognised
the current management units. centra California,
Oregon/Washington coastal, Washington; and Washington
inland waterways (Barlow et al., 1995a; 1997; 1998). The
existing northern California management unit was not
represented in the analyses, since only three samples were
collected from that area although it is known to have high
densities of harbour porpoise (Forney, 1999).

The second a priori stratification was defined based on
geographic sampling discontinuities and resulted in eight
fairly fine-scale strataz Monterey Bay, Cadifornia; San
Francisco Bay and Russian River, California; central and
southern Oregon; Columbia River, Oregon; northern
Washington (Spike Rock); western shore of Vancouver
Island, British Columbia; inland waterways of Washington
and British Columbig; and Copper River Delta, Alaska (Fig.
1). These stratawill be subsequently referred to as: Monterey
Bay, San Francisco, Oregon, Columbia River, Washington,
Vancouver Idland, Inland waterways and Copper River
Delta, respectively. The Inland waterways stratum covered a
larger geographic range than any other strata in the study,
and was therefore split into two: (1) the Strait of Georgia,
Canada; and (2) the area south of the Strait of Georgia
primarily around the San Juan Islands, Washington and
southern tip of Vancouver Island. The null hypothesis of
panmixia was tested for these two sub-strata, they were
statistically distinguishable (see Results), and therefore, the

second a priori stratification was modified to include
sub-division of the Inland waterways. Thus, nine sampling
strata were used in the fine-scale intra-specific analyses and
the shorthand names used to reference the strata were:
Monterey Bay, San Francisco, Oregon, Columbia River,
Washington, Vancouver Island, San Juan Islands, Strait of
Georgia and Copper River Delta. The Copper River Delta
stratum was included as a ‘reference’ stratum (Fig. 1c). At
the very least, genetic differences were expected between
this geographically distant stratum and all others to the
south.

Using the mtDNA data, the null hypothesis of panmixia
was tested for intra-specific structure using both %2 and ® g,
because each statistic characterises a unique aspect of
genetic differentiation. The %2 statistic detects differencesin
haplotype frequencies between strata and makes no
assumptions about the evol ution or relatedness of haplotypes
(Rolf and Bentzen, 1989). On the other hand, ® < detects
differences in the relatedness of haplotypes between strata.
That is, datistically significant &g values mean that
haplotypes within a stratum are more closely related (i.e.
have a smaller genetic distance or are more genetically
homogenous) to each other than to those found in other
strata. This statistic uses genetic distance to quantify
relatedness and the number of homologous nucleotide
differences between two individual swas used asthe measure
of genetic distance. ®gr is analogous to the more familiar
F-statistic but is modified for pairwise comparisons of
genetic distance data and tests significance with a
non-parametric permutation method in an analysis of
variance framework (AMOVA; Excoffier et al., 1992).

Using the microsatellite data, the same a priori
stratifications of data established for analyses of the mtDNA
marker were tested. Fgr (Wright's fixation index; Wright,
1965; Cockerham and Weir, 1993) was the test statistic used
in an AMOVA for the microsatellite data (Excoffier et al.,
1992). For analyses of both the mtDNA and microsatellite
data, AMOVA was used as implemented in Arlequin,
version 2.0 (Schneider et al., 2000). For al intra-specific
structure analyses, the null hypothesis was panmixia.

The Bonferonni multiple-test correction factor has
become fairly routinely applied to results of genetic
population structure analysesfor cetacean species. However,
the application of any correction factor needs to be carefully
considered (see Rothman, 1990; Perneger, 1998; Bender and
Lange, 1999). For example, one assumption of correction
factors is that al null hypotheses are true simultaneously.
When applied to genetic population structure analyses, the
correction factor is routinely applied to all comparisons
regardless of whether they are biologically plausible. In this
study, the essentially linear coastal distribution of harbour
porpoise means animals most likely move through adjacent
(i.e. neighbouring) strata as they move along the coast, and
therefore, only comparisons of adjacent strata would likely
be biologically plausible, and the only comparisons that
would likely be simultaneously true would be those with the
Washington stratum, which has three neighbours. Columbia
River, Vancouver Island and San Juan Islands. An additional
consideration when applying correction factors is that they
effectively reduce the critical value («), or Typel error rate,
but at the expense of the Type Il error rate. In conservation
management applications, reducing the Type | error rate
means that one is more willing to commit an
under-protection error (i.e. incorrectly pooling strata) than
an over-protection error (i.e. incorrectly sub-dividing strata).
Because the results of the analyses will likely be applied to
management of the harbour porpoise, and the acceptance of
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particular Type | and Typell error rates has implications for
resource management (Dizon et al., 1995; Taylor et al.,
1997), acorrection factor was not applied to the analyses and
the results were interpreted with o« = 0.05.

RESULTS

Genetic variation

Analysis of mtDNA data

There were 74 unique haplotypes identified with 88 variable
sites among the 249 control region sequences in the dataset
(Fig. 2). The overall nucleotide diversity was 0.014 and
haplotypic diversity was 0.876. For each sampling strata,
nucleotide diversity ranged from 0.0056-0.0243 and
haplotypic diversity ranged from 0.377-0.956 (Table 1).
Similarly, the smaller dataset used for the intra-specific
structure analyses (n=225: 115 males, 77 females; 33
unknown) had an estimated overall nucleotide diversity of
0.018 and haplotypic diversity of 0.876, and 63 of the 74
unique haplotypes identified in the complete dataset were
represented (Table 2). As mentioned in the methods, 23
specimens were excluded from the intra-specific structure
analyses, because there were too few specimens/locale to
adequately represent separate strata that were geographically
distant (Fig. 1).

Analysis of nuclear DNA data

All nine microsatellite loci used were polymorphic and the
number of alleles per locus ranged from six for DIrFCB-6 to
24 for EV-1. There were 194 specimens in the dataset, of
which 180 specimens (107 males; 73 females) were used in
the analyses of intra-specific structure. The average
observed heterozygosity was >0.7 for each locus except
415/416 and 417/418, which had average observed
heterozygosities of 0.689 and 0.509, respectively (Table
3).

)

Genetic population structure

Analysis of mDNA data

For the first a priori stratification of data, which was the
currently recognised management units. central California,
Oregon/Washington coastal and Washington inland
waterways, the overall ®gr was not statistically significant
(®sr = 0.014, P=0.061). Of the pairwise comparisons
using ®gr, the null hypothesis was marginally rejected for
only the central California versus Washington inland
waterways comparison (®gr = 0.034, P=0.046). However,
statistically significant evidence was found of genetic
differentiationiny? for comparisons of the central California
stratum with: (1) the Oregon/Washington coastal stratum (x2
P<0.001); and with (2) Washington inland waterways
stratum (32 P <0.001) (Table 4).

When the second a priori stratification of data was tested
(i.e. Monterey Bay, San Francisco, Oregon, ColumbiaRiver,
Washington, Vancouver Island, San Juan Islands, Strait of
Georgia and Copper River Delta), more evidence of genetic
differentiation was found. The overall @5 was statistically
significant (®gr = 0.062, P<0.0001), and of the nearest
neighbour comparisons considered most relevant to the
question of intra-specific structure in this population, six of
the nine were statistically significant using either 2 or ®4r.
The comparisons of Columbia River to Washington,
Washington to San Juan I slandsand VVancouver Island to San
Juan Islands were not statistically significant for either %2 or
dgr (Table 5).

Analysis of nuclear DNA data

When the current management units. central California,
Oregon/Washington coastal and Washington inland
waterways, weretested as popul ation strata using the nuclear
markers, the overall Fgr was not statistically significant (Fgr
= 0.0025). However, the comparison of central California
and Washington inland waterways strata was statistically
significant (Fsr = 0.0087, P=0.020) (Table 6).

When these data were analysed using our second a priori
stratification (i.e. Monterey Bay, San Francisco, Oregon,
Columbia River, Washington, Vancouver Island, San Juan
Idands, Strait of Georgia and Copper River Delta), the
overal Fsr was not statistically significant (Fsr = 0.0075).
Furthermore, none of the nearest neighbour strata
comparisons were statistically significant. It was expected
that evidence of reproductive isolation for the Copper River
Delta stratum would be found because it is geographically
distant from all other strata. Significant genetic differences
were detected in comparisons of the Copper River Delta to
most strata, but it was not significantly distinguishable from
the San Francisco, San Juan Islands and Strait of Georgia
strata (Table 7). Similarly, significant differences were
detected between comparisons of Monterey Bay and the
strata most geographically distant to it. The Monterey Bay
stratum is the one nearest the southern edge of the range of
harbour porpoise in the eastern North Pacific, and therefore
might be expected to be geneticaly distinguishable, if
dispersal of breeding males and femalesislimited within the
range.

DISCUSSION

The analyses of themtDNA control region and nuclear DNA
genetic markers of harbour porpoise provide evidence of a
genetically sub-divided population organised into
surprisingly small geographic units. Although results of
analyses of the more broadly drawn first a priori
stretification of data (i.e. the existing management units)
provided evidence of intra-specific genetic distinctness,
analyses of thefinal, most finely drawn a priori strataby and
large demonstrated that each stratum was likely an isolated
unit. Contrasting the results of these two analyses suggest
that the current management units are likely composed of
sub-unitswith unique genetic characteristics. In other words,
the current management boundaries are drawn too broadly.

This conclusion was based on results from all of these
analyses. The lack of statistical significance for the overal
AMOVA results for both mtDNA and nuclear markers
suggest that the within strata genetic variation istoo great to
be able to detect between strata differences, thus suggesting
that structure exists within the current management units.
The results from the second, more finely stratified dataset,
were interpreted by considering detection of any significant
difference in any genetic measurement between strata to be
indicative of genetic differentiation (Table 8). Statistically
significant genetic differentiation was detected with the
mtDNA marker using either %2 or ®gr for six of our nine
nearest neighbour comparisons. At least from ademographic
perspective, these results indicate that there has been
essentially no dispersal of breeding females between strata.
The three comparisons that showed no evidence of genetic
differentiation were Columbia River to Washington,
Washington to San Juan Idlands and San Juan Islands to
Vancouver Island. These comparisons were all neighbours
of each other, and possible explanations for the lack of
evidence for genetic differentiation may be low statistical
power or poorly defined strata that do not appropriately
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GenBank 1111111 1111111112 2222222222 2222333333 3333333333 33333333
Accession 1111111 2222344456 6677788888 9990111245 5666677892 2344444566 7789001122 2234444556 67777888
Number 6780124589 2367814990 6734801456 6894359010 1157826890 8702367908 1825240801 3711279125 60248678

#1 AF461818 GCCATTTATT TTAGCCCTCC CTTCCACTTA TCTTCCTCCA CTGATTTCCC ATCCGCTCCG CTTCATAATC CGCGCCCCGC TCCCGCCT

#2 AF461819
#3 AF461820
#4 AF461821
#5 AF461822
#6 AF461823
#7 AF461824
#8 AF461825
#9 AF461826
#10 AF461827
#11 AF461828
#12 AF461829
#13 AF461830
#14 AF461831
#15 AF461832
#16 AF461833
#17 AF461834
#18 AF461835
#19 AF461836
#20 AF461837
#21 AF461838
#22 AF461839
#23 AF461840
#24 AF461841
#25 AF461842
#26 AF461843
#27 AF461844
#28 AF461845
#29 AF461846
#30 AF461847
#31 AF461848
#32 AF461849
#33 AF461850
#34 AF461851
#35 AF461852
#36 AF461853
#37 AF461854
#38 AF461855
#39 AF461856
#40 AF461857
#41 AF461858
#42 AF461859
#43 AF461860
#44 AF461861
#45 AF461862
#46 AF461863
#47 AF461864
#48 AF461865
#49 AF461866
#50 AF461867
#51 AF461868
#52 AF461869
#53 AF461870
#54 AF461871
#55 AF461872
#56 AF461873
#57 AF461874
#58 AF461875
#59 AF461876
#60 AF461877
#61 AF461878
#62 AF461879
#63 AF461880
#64 AF461881
#65 AF461882
#66 AF461883
#67 AF461884
#68 AF461885
#69 AF461886
#70 AF461887
#71 AF461888
#72 AF461889
#73 AF461890
#74 AF461891

Fig. 2 The variable sitesin 74 unique haplotypes |dent|f|ed for eastern North Pacific Ocean harbour porpoise.

Sample size, number of haplotypes, haplotypic diversity and nucleotide diversity for each stratum.

Table 1

No. of Haplotypic Nucleotide

Location Sample size haplotypes diversity diversity
Monterey Bay, California 36 13 0.890 0.0153
San Francisco Bay, California 17 12 0.956 0.0162
Oregon (southern/central) 17 8 0.728 0.0083
Columbia River, Oregon 20 12 0.910 0.0243
Washington (Spike Rock) 42 14 0.892 0.0136
Inland waterways, Washington and British Columbia:

San Juan Islands (and inland Strait of Juan de Fuca) 35 15 0.924 0.0186

Strait of Georgia, British Columbia 24 5 0.377 0.0061
Vancouver Island, British Columbia (western shore) 18 10 0.810 0.0127
Copper River Delta, Alaska 16 10 0.892 0.0056
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Table 2
Frequencies for each unique mitochondrial DNA haplotype identified by sampling strata used in the intra-specific structure analyses.

Copper River

Strait of
Georgia, BC  Delta, AK

Columbia Washington Vancouver I., San Juan Is,

(southern/central) River, OR (Spike Rock)

Oregon

Haplotype Monterey San Francisco,

Frequency

WA

BC

CA

Bay, CA

no.

74

19

10

17

10

14

12
13
14
15
16
17
18
19
20
21

13

22
23

24
25

26

27

28

29

30
31

32
33
34
35

36
37
38
39
40
41

42
43

44
45

46

47

48

49

50
51

52
53
54
55
56
57
58
59
60
61

62
63

64
65

66
67

68

69
70
71

72
73

74
Total

225

16

24

35

18

42

20

17

17

36
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Table 3

Genetic diversity of the nuclear DNA dataset: the number of alleles, and the expected and observed heterozygosity of the microsatellite dataset for each
locus by stratum.

Monterey  San Francisco Oregon Columbia ~ Vancouver = Washington San Juan Strait of ~ Copper River
Bay, CA Bay, CA  (south/central) River, OR Island, BC (Spike Rock) Islands, WA Georgia, BC  Delta, AK
(n=20) (n=12) (n=18) (n=20) (n=18) (n=21) (n=32) (n=23) (n=16)

No.

Locus alleles  Hg Ho He Ho He Ho He Ho He Ho He Ho He Ho He Ho He Ho

DIrFCB-3 19 0.897 0.900 0.964 0.833 0.941 0.833 0.914 0.800 0.935 0.889 0.920 0.952 0.919 0.812 0.921 0.826 0.946 0.938
DIrFCB-6 6 0.788 0.850 0.862 0.917 0.776 0.833 0.796 0.800 0.752 0.667 0.816 0.762 0.772 0.844 0.751 0.783 0.758 0.812

EV-1 24 0.931 0.900 0913 0.833 0.903 0.833 0.913 0.950 0.905 0.833 0.943 0.857 0.911 0.844 0.860 0.826 0.833 0.812
EV-14 8 0.622 0.600 0.750 0.833 0.611 0.667 0.833 0.950 0.763 0.833 0.700 0.714 0.743 0.688 0.735 0.739 0.744 0.750
EV-94 8 0.792 0.600 0.808 0.917 0.802 0.667 0.782 0.850 0.765 0.722 0.715 0.857 0.730 0.812 0.693 0.739 0.822 0.938

EV-104 13 0.873 0.850 0.793 0.917 0.849 0.722 0.883 1.000 0.859 0.889 0.908 0.857 0.905 0.906 0.908 0.870 0.879 0.812
SL10-26 16 0.865 0.750 0.840 0.833 0.790 0.889 0.838 0.900 0.914 0.889 0.915 0.857 0.891 0.938 0.857 0.913 0.897 0.812

415/416 7 0.740 0.850 0.627 0.667 0.697 0.778 0.660 0.600 0.808 0.611 0.653 0.714 0.653 0.812 0.638 0.609 0.605 0.562
417/418 7 0.654 0.550 0.475 0.417 0.527 0.500 0.533 0.450 0.522 0.500 0.645 0.428 0.496 0.531 0.501 0.391 0.613 0.812
Table 4 breeding females, because it is maternally inherited, and the

Results of intra-specific structure analyses using the currently recognised two statlstlcsused prowdelnf(_)rmatlon: (1) about the rel aive
management units using the mitochondrial DNA control region sequences. frequencies of h§p| Otyr}%, which afe.eXpeCted to pe different
In the upper diagonal are the Monte Carlo P-values for the comparison of dueto the complicated interplay of dispersal (albeitlow) and
test strata using y?, and in the lower diagonal are the ®g; test statistics with genetic drift and would be detected by ¥% and (2) about the

the corresponding P-value written in parentheses underneath. All text in rel atedness. or evolution, of hap| otypes, which Change dueto
cells with P-values < 0.05 are printed in bold text and P-values between drift and m[Jtati onand W,OU| dbe detectéd by @ when there

0.05 and 0.10 are printed in italics. ( .
ane . are priec I afies is essentially no gene flow between groups. On the other

1. Central 2. Oregon/ 3. Washington hand, nuclear markers are bi-parentally inherited, and

California ~ Washington  inland waterways therefore, provide information about the relative movements

(n=33)  coastal (=79) (n=35) of both breeding males and females. When statistically

1. Central California . <0.001 <0.001 significant differences are detected, they are interpreted as

2. Oregon/Washington 0.019 i 0.050 evidence that there is essentially no d[spersal of mal&; and

coastal (0.063) females and that the strata are likely reproductively
3. Washington inland 0.034 -0.002 ) isolated.

waterways (0.046) (0.429)

The primary advantage of analysing molecular genetic

data for evidence of population structure is that the data

directly reflect gene flow and not transient, non-breeding

interchange. The disadvantage is that the statistical power of
reflect population distribution. Additional samples will be the tests used to detect differences is inherently low (Dizon
needed to resolve population structure in this region. Using et al., 1995; Taylor et al., 1997), and results of severa
the nuclear DNA markers, significant differences were studies (e.g. Slatkin, 1985; 1987; Slatkin and Barton, 1989;
detected only when the more distant strata were compared. Hudson et al., 1992) indicate that only near zero dispersal
These results are more difficult to interpret, because the rates are reliably detected (i.e. approximately one
effective population size is four times greater than that for migrant/generation).  Therefore, when  statistically
mtDNA, but they suggest that breeding males move greater significant differences in genetic variation are found
distances than breeding femal es within the study area. If this between hypothesised population sub-units, the sub-units

were true, even stronger evidence of genetic differentiation should be recognised as demographically distinct and
would be expected between strata using only females in the managed separately. Even demographically insignificant
mMtDNA dataset. However, the sample sizes for al a priori amounts of dispersal will eliminate detectable genetic
strata were too small to perform meaningful analyses using differences (Mills and Allendorf, 1996). While the
females only, because the dataset was approximately 60% interpretation of statistical significance is that there is
male. effectively no movement of animals between strata

The rationale for combining evidence from the two compared (i.e. the dispersal rate was only a couple of
markers: mtDNA and nuclear DNA, and from both statistics animals per generation), theinterpretation of negative results
used to analyse the mtDNA data: x? and ®gr, is that this (i.e. no satigticaly significant differences) remains
approach is analogous to combining evidence from several problematic. If an analysisfailsto reject the null hypothesis

disparate datasets, for example, morphological, contaminant of panmixia, the effective dispersal rate between population
and genetic studies. This type of approach has been applied sub-unitsmay still be several percent per year (e.g. 1-3%). At

in studies of intra-specific structure as a means to make an such low dispersal rates, population sub-units may be
inference about animal movement patterns based on a sufficiently isolated to warrant independent management,
preponderance of evidence (Dizon et al., 1992). In such because the movement of animals between sub-units would
cases, you would not necessarily expect or demand each be unlikely to compensate for anthropogenic mortality that
contrast to be significant for each criterion, but a significant exceeds the dispersal rate in at least one sub-unit (Taylor,
finding in any marker provides relevant information. In this 1997).

study, each genetic marker and statistic provides a different Estimating statistical power for genetic analyses is not
measure of genetic distinctness. The mtDNA marker straightforward and requires simulation modelling (Taylor et

provides information about the relative movement of al., 1997). However, the role of statistical power in these
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Table 5

Results of the fine-scale intra-specific structure analyses using ®g7 and y* for the mitochondrial DNA dataset. In the upper diagonal are the Monte Carlo
P-values for the comparison of test strata using >, and in the lower diagonal are the ®g; test statistics with the corresponding P-value written in
parentheses underneath. All text in cells with P-values < 0.05 are printed in bold text and P-values between 0.05 and 0.10 are printed in italics.
Comparisons of nearest neighbours are on the off diagonal in bordered cells.

1. Monterey 2. San 3.0regon 4. Columbia 5. Washington 6. Vancouver 7.SanJuan 8. Strait of 9. Copper River

Bay, CA  Francisco, CA (south/central) River, OR  (Spike Rock) Island, BC Islands, WA Georgia, BC Delta, AK
n=36 n=17 n=17 n=20 n=42 n=18 n=35 n=24 n=16
1. Monterey
0.027 0.012 0.001 0.001 0.012 0.001 0.000 0.004
Bay, CA
2. San Francisco,| -0.016
oA 0.543) - 0.066 0.258 0.089 0.062 0.033 0.000 0.077
3. Oregon 0.110 0.109 )
(southcentral)  (0.023) ©0.036) 0.158 0.118 0.806 0.084 0.055 0.083
4. Columbia 0.021 0.0006 0.073
River, OR (0.154) (0.365) (0.043) 0.164 0.176 0259 0.000 0.129
5. Washington 0.005 -0.002 0.067 0.001
(Spike Rock)  (0.254) (0.372) (0.054) (0.334) 0.226 0.055 0.000 0.048
6. Vancouver L, 0.132 0.126 -0.012 0.077 0.096 ] 1as 0,026
BC (0.007) (0.016) (0.542) (0.018) (0.013) 0. 0 0.099
7. San Juan 0.033 0.020 0.013 0.002 0.006 0.018 ] 0.001 o2
Islands, WA (0.065) (0.156) (0.224) (0.352) (0.249) (0.158) 00 0.
8. Strait of 0.157 0.170 -0.027 0.117 0.110 -0.0002 0.044 ] 0.000
Georgia, BC  (0.004) (0.009) (0.688) (0.006) (0.010) (0.340) (0.049) -
9. Copper River  0.189 0.211 -0.002 0.136 0.148 0.019 0.071 -0.005 ]
Delta, AK (0.003) (0.002) (0.357) (0.002) (0.003) (0.151) (0.016) (0.442)
Table 6 inconsistencies in the results (i.e. not all comparisons were

statistically  significant when the nearest neighbour
comparisonswere significant), the discrepancies observedin
the resolution of genetic population structure, particularly

Results for comparisons of the currently recognised management units
using nuclear DNA. In the lower diagonal of this table are the Fir test
statistics with the corresponding P-value written in parentheses

underneath. All text in cells with P-values < 0.05 are printed in bold text.

for the Oregon, Columbia River, Washington and San Juan
Idands dtrata, likely have multiple explanations. For

1. Central 2. Oregon/ 3. Washington / M -

California ~ Washington  inland waterways exa_mple, the comparisons Of_ a priori strata, which were
(n=32)  coastal (n=59) (n=32) defined by sampling discontinuities, may not reflect the
. distribution of the popul ation. Additional sampling in nearby

1. Central California - ) . -
2. Oregon/Washington ~ 0.0012 areas to_gether with a better understanding of regional
coastal (0.296) - distribution and seasonal movement patterns of the
3. Washington inland 0.0087 0.0003 population will be needed to determine the influence of the
waterways (0.020) (0.398) apriori stratification in analyses. Additionally, even though

analyses can be partialy illustrated by comparing the
number of statistically significant comparisons to sample
size by stratum. The expectation is that the number of
significant comparisons would increase with increasing
samplesize. In generd, thisiswhat is observed, but there are
three notable exceptions. Monterey Bay, Strait of Georgia
and Copper River Delta (Table 9). Both Monterey Bay and
Copper River Delta were statistically distinguishable from
al other stratain at least one analysis, even though Monterey
Bay had the second largest mtDNA sample size and Copper
River Delta had the smallest sample size (Table 8). In part,
the genetic distinctness of these strata may be due to their
location within the study area. Monterey Bay is at the
southern extreme of the study area, while Copper River
Delta is at the northern extreme. The Strait of Georgia
stratum was dtatistically distinguishable in at least one
analysisfrom all other strata except Oregon. The uniqueness
of this stratum is likely due to the low haplotypic diversity
observed (Table 1). Although alack of statistical power due
torelatively small sample sizesmay help explain some of the

%2 had been demonstrated to be a more powerful statistic
than ®<r (Hudson et al., 1992; Taylor and Chivers, 2000),
thisstatistic did not appear to perform particularly well inthe
analyses (Table 9). Briefly, it is noted that sample sizeis not
the only determinant of statistical power but that the number
of unique haplotypes and observed haplotypic diversity also
play a role. The performance of x? observed most likely
indicates that the sample sizes were likely too small for the
relatively high haplotypic diversity/stratum (Table 1).

One of the goals of this study was to apply the results to
management of the eastern North Pacific harbour porpoise
population. However, achieving that goal remains elusive,
because the samples were collected from discrete locales
within the population’s range, which do not necessarily
correspond to the regional distribution of the population. In
fact, some areas inhabited by large numbers of harbour
porpoise were essentially un-sampled (e.g. northern
Cdifornia; Fig. 1a). The samples used were collected
opportunistically in areas where people actively participate
in stranding networks and where fishery observer
progranmes operate, and thus resulted in discrete
geographic sampling. The discreteness of sampled areas
ultimately dictated the a priori stratification of data for
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Table 7

Results of the intra-specific population structure analyses using the nuclear DNA data. In the lower diagonal are the Fir test statistics with the
corresponding P-value written in parentheses underneath. All text in cells with P-values < 0.05 are printed in bold text and P-values between 0.05 and
0.10 are printed in italics. Results for comparisons of nearest neighbor strata are in bordered cells.

1. Monterey 2. San 3.Oregon 4. Columbia 5. Washington 6. Vancouver 7. SanJuan 8. Strait of 9. Copper River
Bay, CA  Francisco, CA (south/central) River, OR  (Spike Rock) Island, BC Islands, WA Georgia, BC Delta, AK
n=20 n=12 n=18 n=20 n=21 n=18 n=32 n=23 n=16
1. Monterey .
Bay, CA
2. San Francisco, 0.0030 )
CA (0.296)
3. Oregon -0.0068 -0.0058 )
(south/central)  (0.884) (0.761)
4. Columbia 0.0094 -0.0010 0.0001 )
River, OR (0.064) (0.504) (0.436)
5. Washington 0.0157 0.0072 0.0142 0.0084
(Spike Rock) (0.008) (0.156) (0.019) (0.075) -
6. Vancouver I., 0.0083 0.0077 -0.0004 -0.0010 0.0081 )
BC 0.078) (0.148) (0.467) (0.536) (0.084)
7. San Juan 0.0108 0.0072 0.0067 0.0002 0.0028 0.0055 )
Islands, WA (0.021) (0.138) (0.094) (0.437) (0.243) (0.127)
8. Strait of 0.0189 0.0193 0.0089 0.0085 0.0159 0.0080 0.0040 )
Georgia, BC (0.001) (0.012) (0.079) (0.069) (0.008) (0.089) (0.174)
9. Copper River 0.0111 0.0126 0.0140 0.0129 0.0107 0.0180 0.0050 0.0059 B
Delta, AK (0.048) (0.070) (0.026) (0.037) (0.050) (0.005) (0.181) (0.159)
Table 8

Combined results from all intra-specific structure analyses using mitochondrial (mtDNA) and nuclear DNA markers are presented in this table. The
symbol for each test statistic: ;(2 and Ogr for mtDNA and Fr for the nuclear DNA markers is printed in the cells for comparisons with P < 0.05. A “¢”
denotes comparisons of sampling strata with no evidence of genetic differentiation. Nearest neighbour strata comparisons are the bordered cells.

1. Monterey 2. San 3.0regon 4. Columbia 5. Washington 6. Vancouver 7.SanJuan 8. Straitof 9. Copper River
Bay, CA  Francisco, CA (south/central) River, OR  (Spike Rock) Island, BC Islands, WA Georgia, BC Delta, AK

mtDNA n=36 n=17 n=17 n=20 n= 42 n=18 n=35 n=24 n= 16
Nuclear DNA n=20 n=12 n=18 n=20 n=21 n=18 n=32 n=23 n=16
1. Monterey )

Bay, CA
2. San Francisco,

CA z )
3. Oregon

(south/central) 7 st Dot .
4. Columbia

River, OR }f ¢ Dsr B
5. Washington

(Spike Rock) j Fsr ¢ Fr ¢ )
6. g;glcouver I, ZZ Dy Dy R Dy Dy )
7. San Juan

Islands, WA 7 Fst 7 ¢ ¢ ¢ ¢ .
8. Strait of

Georgia, BC Zz q)ST FST ZZ CDST FST * }(2 d)ST }(2 d)ST FST Zz qu)ST -
9. Copper River

Delta, AK 7 sy Fyr Dsr Fsr DOsr Fsr 7 Osr Fsr 2 Osr Va _
analyses, and thus, limits the conclusions regarding the true are sufficiently more samples to analyse and to refine
underlying intra-specific structure of the population and existing knowledge.
precludes precise placement of population sub-unit Detecting genetic differences between neighbouring strata
boundaries. However, dependence on opportunistic in these analyses was striking because harbour porpoises

sampling means that it will be quite some time before there appear to be essentially continuously distributed in the
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Table 9

Sample size and number of statistically significant (P < 0.05) comparisons
detected by each statistic by stratum. The sampling strata are listed in order
of decreasing sample size. The maximum number of significant
comparisons possible was 24 or 8 per statistic.

Sample size Total no.
(mtDNA/ significant

Location nuclear) ;(2 ®sr Fsr comparisons
‘Washington (Spike Rock) 42/21 33 3 9
Monterey Bay, CA 36/20 8 4 4 16
Inland waterways, WA

(Strait of Juan de 35/32 4 2 1 7

Fuca and Juan Is)
Strait of Georgia, BC 24/23 7 5 15
Columbia River, OR 20/20 2 4 1 7
Vancouver 1., BC 18/18 2 4 1 7

(western shore)
San Francisco Bay, CA 17/12 3 4 1 8
Oregon (southern/central) 17/18 1 3 2 6
Copper River Delta, AK 16/16 4 5 4 13

eastern North Pacific Ocean and have high haplotypic
diversity. Failure to find significant differences between all
neighbouring strata in a single analysis should not be
considered contradictory becausethe low statistical power of
genetic analyses makes them sensitive to insufficient sample
sizes. It is acknowledged that there are no obvious
geographic barriers to restrict movement of animals in this
population, and that knowledge about habitat preferences,
movement patterns and seasonal distributions in the eastern
North Pacific harbour porpoise is limited, but required,
before sub-unit boundaries can be identified. However, the
results of this study indicate that this population is likely
highly stratified and that smaller management units would
better preserve the population’s intra-specific structure.
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Bayes and Empirical Bayes approaches to addressing stock
structure questions using mtDNA data, with an illustrative
application to North Pacific minke whales
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ABSTRACT

Bayesian methods using mtDNA data are developed to compare single- and multiple-stock hypotheses. The likelihood of the data is
assumed to be multinomial and the multivariate prior for the probability of an individual having a particular haplotype is assumed to be
of the Dirichlet- form. The values for the parameters of this prior are either determined using an Empirical Bayes approach or assumed
to be distributed according to alog-normal hyper-prior (the ‘Full Bayes approach). The Empirical and Full Bayes methods are examined
using simulation. The performance of the Empirical Bayes method isfound to be much worse than that of the Full Bayes method. Illustrative
comparisons for North Pacific minke whales based on the latter method confirm previous results that sub-areas 6 and 7 contain different
stocks. Results of the application of this method to the mtDNA datafor the sub-areasto the east of Japan, although generally uninformative,
are nevertheless consistent with analyses based on hypothesis testing using allozymes and mtDNA. The results from this method should,
however, be used for management purposes with some caution. Thisis because, although some testing of the Full Bayes method has been
completed and suggests that when applied to data for two stocks that differ substantially in haplotype frequency, or when sample sizes are
large and thereis only one stock, performance is adequate, in common with most other methods for analysing genetics data, its performance
has yet to be fully evaluated.

KEYWORDS: BAYES;, GENETICS, STOCK IDENTITY; NORTHERN HEMISPHERE; NORTH PACIFIC OCEAN; MINKE

WHALE

INTRODUCTION

One of the key uncertainties identified during the
development of the Revised Management Procedure (RMP)
for baleen whales was that of uncertainty regarding stock
structure (IWC, 1992; Hall and Donovan, 2001). Fig. 1
illustrates the problem generically. Areas A and B are areas
covered during abundance surveys while all of the historical
catch is taken from Area A. The future intention of the
fishery isto operate in Area A (which may, for example, be
the closest to port). The catch limit for Area A can be based
either on (1) the survey and catch datafor AreaA only, or (2)
on the survey and catch data for both Areas combined.

Surveys

Area A Area B

Catches

< >

Fig. 1. The generic one-stock / two-stock problem. The historical (and
future) catches are taken from Area A and surveys cover both Areas
A and B. It is uncertain whether Areas A and B contain one or two
stocks (and in the latter case in a manner that their relative
proportions in Areas A and B differ appreciably).

Option (1) is appropriate if separate stocks' are found in
Areas A and B, whilst option (2) is appropriate if there is
only asinglestock. If thecatch limit isbased on datafor Area
A only and thereisin fact asingle stock, the resource will be
underutilised. Conversely, if it is based on the data for both
Areas when Area A contains a separate stock from Area B,
overexploitation will occur in Area A. The RMP can
overcome some of the problems associated with uncertainty
about stock structure through its catch capping and catch
cascading options (IWC, 1994), but will yield improved
performance (better catches for the same perceived risk) if
some of this uncertainty can be resolved.

One of the most common recent approaches to attempt to
resolve stock structure questionsis collection and analysis of
genetics data (e.g. see IWC, 1991; Dizon et al., 1997).
Traditionally, this has been examined using classica
(frequentist) statistical methods based on the null hypothesis
of panmixia. This classica approach is based on
well-established statistical techniques (e.g. Excoffier et al.,
1992; Hudson et al., 1992). Statistics related both to
hapl otypes (based on the hapl otype frequencies only) and to
sequencing (based on haplotype frequencies and genetic
distances among haplotypes) are used. These techniques
provide clear guidance regarding the most appropriate stock

1 For simplicity, this paper discusses stock differentiation issues in the
context of the existence of a stock boundary which exactly and
completely separates stocks. In redlity, of course, therewill be aregion
of overlap, and any boundary line specified would constitute atrade-off
choice which attempts to minimise the proportions of each stock likely
to be present on each’s ‘other’ side of that line.

" CSRO Division of Marine Research, GPO Box 1538, Hobart, TAS 7001, Australia.
* School of Aquatic and Fishery Sciences, Box 355020, University of Washington, Seattle, WA 98195-5020, USA.
# Institute of Cetacean Research, Toyomi-cho 4-5, Chuo-ku, Tokyo 104-0055, Japan.
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structure hypothesis if a statistically significant result is
obtained. However, the implications of a non-significant
result are unclear. This is because a non-significant result
can arise either becausethereisonly asingle stock inthearea
from which the datawere collected, or because thereis stock
structure in the area but the sample sizeistoo small to detect
this. Furthermore, a non-significant result could also arise if
there are realy two stocks but the boundary between the
strata chosen for data analysis does not correspond to that
between the stocks.

In principle, the use of Bayesian techniques can overcome
these problems. The outcome of a Bayesian comparison of
single- and two-stock hypotheses (models) is the posterior
odds ratio (Jeffreys, 1961; Kass and Raftery, 1995). The
posterior odds ratio is the ratio of the relative probability of
the one- to thetwo-stock hypothesis. Thus, avery largevalue
will indicate preference for the one-stock hypothesis, avalue
close to zero preference for the two-stock hypothesis, and a
value close to unity preference for neither hypothesis. The
posterior oddsratio is the product of the prior odds ratio and
the Bayes Factor. For the illustrative calculations of this
paper, the prior odds ratio is assumed to be unity (i.e. the
one- and two-stock hypotheses are equally likely a priori) so
the posterior odds ratio is equal to the Bayes Factor.

Use of Bayesian methods is perhaps preferable to the use
of classical statistical methods in any case. This is because
they provide the (relative) probability of alternative
hypotheses rather than simply the ability to reject one of the
two models at some pre-specified level of type | error.
Determining the relative probability of aternative
hypotheses is preferable because it avoids the need for the
specification of a somewhat arbitrary level of type | error,
and because risk in fisheries management is related not only
to the probability of an event but also to the severity of
possible outcomes given that event. Thus, a stock structure
hypothesis that has major management implications may
warrant consideration by the decision makers even if it has
relatively low probability.

Bayesian methods are being used increasingly to analyse
genetics data (e.g. Lulhart and England, 1999; Shoemaker et
al., 1999; Kitada et al., 2000; Pella and Masuda, 2001) and
hence to determine the relative probabilities of alternative
stock structure hypotheses. Punt et al. (2000) developed an
approach for determining the relative probability of
aternative stock structure hypotheses using allozyme data.
Although allozyme data have been widely used in studies of
stock structure (e.g. Butterworth et al., 1996; Gardner and
Ward, 1998), allozymes mutate at aslower rate than mtDNA
and microsatellites so they have lower power to detect
genetic differences (Bossart and Pashley Powell, 1998). This
paper therefore develops a Bayesian framework within
which single- and multiple-stock hypotheses can be
compared using mtDNA data. The approach is evaluated
using simulation and then, for illustrative purposes, applied
to data for North Pacific minke whales (see Fig. 2 for the
management sub-areas defined for North Pacific minke
whales).

METHODS

Basic formulation

The region to be sampled (and for which stock structure
hypotheses are postulated) is assumed to be divided into n
sub-areas. For each sub-areai, a number, N', of animals are
sampled. Thisleadsto atotal dataset {x:j = 1,2, ...,k i =
1, 2, ..., n} where X is the number of animals sampled in
sub-areai that have haplotype j, and k is the totalk number of

haplotypes in the whole dataset (by definition ZX] =N ).
j=1
Given a random sampling scheme (as is the case for the
mtDNA data for North Pacific minke whales; e.g. Fujise
(2000)), the dataset for sub-areai can be considered to be a
multinomial samplefrom the population in sub-areai. If pj is
the proportion of animalsin sub-areai with haplotypej, then
X ~ MN(p', N) and the likelihood for the dataset for
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Fig. 2. Sub-areas of the western North Pacific as defined for minke whale management purposes (from IWC, 2000).
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sub-areai is given by:

o N A
LD | p')=—— H(p_’,-)x’ (1)

iy J=1
| |x_/-.

J=1

where D' is the dataset for sub-areai.

It is necessary to specify prior distributions for the
parameters of model (1) to apply a Bayesian estimation
approach and hence to compute Bayes Factors. The prior
chosen for the parameters is the Dirichlet-f distribution,
i.e:

{3,

P =T )™ @

Hl"(aj) 7=
j=1

where o are the parameters of the prior distribution.

The Dirichet-p distribution was chosen as the prior
distribution because it is the conjugate prior to the
multinomial distribution (Johnson and Kotz, 1970; Gelman
et al., 1995). It can be shown (Johnson and Kotz, 1970) that
the marginal posterior distribution for sub-area i is given
by:

k k
N1 F(Zaj)l—[ C(x, +a))
J=1 J=1

[ 1 e 1y =—— k -
r Hx»’/! M) a;+N')
J=1 J=1 j=1

The marginal posterior across al sub-areas is therefore the
product over sub-areas of Equation (3), i.e.:

k k
NTQ ap] [resg +a))
ol =] —F—=

&
i i i
| |xj!| IF(aj)F( a;+N')

J=1 J=1 J=1

Fig. 3 explores the impact of different choices for the
values for the parameters of the prior for the smple case in
which thereisonly one sub-areaand two haplotypes. For this
example, the posterior can be summarised by the probability
of getting one of the two haplotypes. The potentia for the

(4)

Sample = (5,15)

Likelihood

Prior = (0.5,0.5) /"’ /V\'\; "

Relative Probability

T T T T T 1

0.0 0.2 0.4 0.6 0.8 1.0

prior to ‘bias the posterior away from the probability
implied by the data alone depends on (1) the sum of o over
all haplotypes relative to the total sample size and (2) the
relative difference between the ratio of the number of
animal s observed with each haplotype and theratio of the os.
Furthermore, Equation (3) can be interpreted by noting that
including the prior is equivalent to ‘adding’ a sample where
the number of individuals with haplotype j is equal to o5 —
1 to the actual data.

Now Equations (1)-(4) are based on the assumption that
the proportion of animals in sub-area i with haplotype j, pj,
depends on sub-area, i.e. thisisamulti-stock assumption. To
develop the marginal posterior across al sub-areas for a
single-stock model, the likelihood for the dataset for
sub-area i and the prior are given by Equations (1) and (2)
where the dependence of p on sub-area is dropped.

The marginal posterior across all sub-areas for the single
stock model is given by:

Pola- [[Tur 1 prelwdp ®)
p

which can be shown to be:

K k
H N1 F(Zaj) HF[Zx’, +a‘,]
i J=1 J=1 i
k k
T J]re r[zk“aWZN'}
=1 J=1 Jj=1 i

L

(6)

Dealing with the parameters of the prior

The specification of the values for the parameters of the
Dirichlet-p prior (the «s) can be achieved using Empirical
Bayes or Full Bayes approaches. The Empirica Bayes
approach involves pre-specifying the vaues for the
hyper-parameters (the «s) based on the actual data (i.e. the
xs), while the Full Bayes approach involves placing a
(hyper)prior? on the aes. One immediate difference between
the Empirical and Full Bayes approaches is therefore that
only the latter deals with the uncertainty associated with the
«s. Pellaand Masuda (2001) apply two methods (* maximum
prior predictive distribution’ and ‘minimum squared-error
risk’) to determine Empirical Bayes estimates for the as. In
common with Pella and Masuda (2001), it was found here
that the former method often leads to unrealisticaly large
(i.e. very informative — see Fig. 3) values for the as.

2 A hyper-prior is the prior distribution for the parameters of the prior
distribution.
Prior = (5,5)

Sample = (15,20)

Sample = (1,3) PN

Relative probability

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 3. Sensitivity of the posterior distribution for the probability of selecting an animal with a particular hapl otype from a population where there are
only two haplotypes. The likelihood is assumed to be binomial and the prior a beta distribution. The base-case specifications are that 15 animals
out of a sample of 20 had the particular haplotype and the parameters of the beta distribution prior = (5,5).
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Therefore, the Empirical Bayes results reported in this paper
are based on the ‘minimum squared-error risk’ method (see
Appendix 1 and Bishop et al. (1975) for details).

The hyper-prior for the Full Bayes approach needs to
satisfy the constraint o5 > 0 Vj. Onewidely-used distribution
that automatically imposes this constraint is the log-normal
distribution, i.e.:

N —In@)?
1 2UO%(Cnozj nax)

Toroa da )
To,Q;

Pla;)= e

where:

o isthe median of the hyper-prior for «; and
o, isthe standard deviation of the hyper-prior for €n c.

The values for o, and o, are taken to be the mean and
standard deviation respectively of the Empirical Bayes
estimates for the €n a. Therefore, the Full Bayes approach
has been designed to be roughly comparable with the
Empirical Bayes approach?®.

Computational aspects

Computing the Bayes Factor is straightforward if an
Empirical Bayes approach is adopted because the Bayes
Factor is simply the ratio of the marginal posteriors
(Equations 4 and 6) given the values calculated for the as. In
contrast, the Full Bayes approach involves integrating over
the hyper-prior for the os; i.e., in this case, the Bayes Factor
is defined as:

[Pl P@da

BF =%
[Pr®ia) P@)da ©

Evaluation of the numerator and the denominator of
Equation (8) cannot be achieved analyticaly, and
consequently a numerical integration approach needs to be
applied. Three alternative approaches to computing the
integrals were considered; two of these (Equations 9a and
9b) are based on samples from the posterior distribution for

P¥'™(D |2)P(2)
[P0 12)P@)da

while the third (Equation 9c) relies on samples from an
approximation to that posterior distribution:

-1
- 1Ix 1
[=4—) ———
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the ws(i.e. the distribution defined by
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w
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)1 Sfla)
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D D )P gle)
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where:

I is the integral needed to compute the Bayes
factor;

3 Basing the values for & and o, on the Empirical Bayes estimates
implies some use of the haplotype frequency data in developing the
hyper-prior and, as such, the ‘Fully Bayes approach therefore has a
dightly Empirical Bayes flavour.

w is the number of parameter vectors generated
from the (numerical representation of the)
posterior distribution;

q is the number of parameter vectors generated
from g(), the approximation to the posterior
distribution; and

PYM(D|ey) is the value of the marginal posterior (see
Equations 4 and 6 for the multiple and single
stock marginal posteriors) for the Ith parameter
vector.

Equations (9a) and (9b), due to Newton and Raftery
(1994) and Gelfand and Dey (1994) respectively, utilise a
sample of w independent parameter vectors from the
posterior distribution for the as. Equation (9c), on the other
hand, is based on asample of q pointsfrom an approximation
to this posterior distribution (the importance function). The
function f() in Equation (9b) can be any proper density
function. For the purposes of this study, f() and g() have been
taken to be the multivariate normal distribution with
multivariate mean given by the vector oo @ which the
marginal posterior attains its maximum and the
variance-covariance matrix obtained by inverting the
Hessian matrix about o, The samples needed to apply
Equations (9a)* and (9b) can be obtained using the Markov
Chain Monte Carlo (MCMC) (Hastings, 1970; Gelman et
al., 1995) or Sample-Importance-Resample (SIR) (Rubin,
1987) agorithms, while those needed to apply Equation (9c)
can be obtained using the SIR algorithm if thefunction g() is
taken to be the importance function.

A major problem associated with the application of
Bayesian methods to complex problems is how to assess
whether the agorithm used for numerical integration has
converged to the posterior distribution (Gelman et al., 1995).
Assessing convergence can be divided into two partsin the
context of this study: (a) whether the MCMC and SIR
agorithms have been run for long enough that the resultant
samples represent the posterior distributions; and (b)
whether Equations (9a)-(9c) are numerically stable. The
convergence of the SIR algorithm has been evaluated in this
paper by the proportion of replicate parameter vectorsin the
sample from the posterior (typically no more then 0.5%),
while the convergence of the MCMC algorithm has been
evaluated using the magnitude of the correlation between
‘adjacent’ parameter sets (both visually and by means of
correlation coefficients) and by using the statistics contained
in the ‘Bayesian Output Anaysis set of routines for
assessing convergence of MCMC chains®. Based on these
considerations, it was concluded that an adequate
representation of the posterior could be obtained by
conducting 5,570,000 cycles of the MCMC algorithm,
ignoring the first 15% as a ‘burn in’ period, and then
selecting every 2,000 parameter vector in the remaining
chain. This resulted in a sample of 2,500 parameter vectors
from the posterior distribution on which the integrals could
be based. The SIR results are based on 5,000,000 draws from
the importance function and 2,500 resamples from these
draws.

Theresultsinthis paper are based on Equations 9b and 9c.
Equation 9a was not used because it was found to be
numerically unstable. The lack of stability of Equation (9a)
is not surprising because a parameter vector with small
likelihood can have a large impact on the value for | (Kass

4 Equation (9a) follows from Equation (9c) taking as the sample from
the importance function a sample from the posterior, i.e. g(og) =
PY™(Dlos)P(es)/1.

5 http://www.pmeh.uiowa.edu/boal.
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and Raftery, 1995; Carlin and Louis, 2000). Table 1
illustrates this potential sensitivity for the simple case in
which the prior is U[-5,5] and the likelihood is N(O; 1?). For
this case, it is possible to generate samples directly from the
posterior distribution and to compute the integral over the
product of the likelihood and prior analytically. While
illustrative, the results in Table 1 indicate that improved
performance arises from larger samples from the posterior
distribution and that Equation 9a gives results which are
much more variable than Equations 9b and 9c. It would
appear that Equation 9a is only first order correct while
Equations 9b and 9c are second order correct.

Example application

The Implementation Smulation Trials for the North Pacific
minke whales (IWC, 2000; 2001a) include two hypotheses
regarding stock structure in the western North Pacific: atwo
stock- (‘J and ‘O’) model and a three stock- (*J, ‘O’ and
‘W’) model®. There is support for at least two stocks in the
Western North Pacific from analyses of alele frequency
(Wada, 1984; 1991; Punt et al., 1995; Butterworth et al.,
1996), conception date (Best and Kato, 1992), mtDNA
(Goto and Pastene, 1997; 1998) and morphological (Kato et
al., 1992) information. The evidence for a‘W’ stock is low
p-values found in comparisons involving sub-area 9 (IWC,
2001b).

The mtDNA control region sequencing data used in this
study were from minke whales taken during Korean and
Japanese coastal small-type whaling operations (1982-1987;
Goto and Pastene, unpublished data) and during the Japanese
Whale Research Programme under Specia Permit in the
western North Pacific (JARPN) (1994-1999; Goto and
Pastene, 2000). Some of the analyses conducted excluded
samples from the western part of sub-area 9 (west of 162°E)
in 1995. The reason for doing this is that the results of
previous hypothesis testing based on mtDNA data showed
some heterogeneity in this particular group of animals (Goto
et al., 2000). Given these previous results, it was of interest
to examine the sensitivity of the results from the Bayesian
approach to including and excluding the data from the

6 More recent versions of these trials (IWC, 2001a) include the
hypothesis that there is limited interchange between the ‘O’ and ‘W’
stocks but this hypothesis is not considered in this paper.

Table 1

western part of sub-area 9 in 1995. The results of Goto et al.
(2000) suggest the possibility of some temporal component
to the distribution of stocks in the western North Pacific.

RESULTS AND DISCUSSION

Simulation evaluation

The objective of the method developed in this paper is that
the resultant Bayes Factor should be very large if the
one-stock hypothesisiscorrect, 0 if the two-stock hypothesis
iscorrect and 1 if the data are unable to identify which stock
structure hypothesis is correct. The ability of the method to
achieve this objective can be evaluated by means of
simulation (e.g. Martien and Taylor, 2000; Taylor et al.,
2000). Detailed simulations are, however, beyond the scope
of the current paper. Nevertheless, some simulations have
been conducted to evaluate the performance of the method
given different sample sizes and true stock structure
hypotheses.

Fig. 4 plotsthe logarithms of the ratio of the probability of
the one-stock hypothesis to the sum of the probabilities of
the one- and two-stock hypotheses (essentially the relative
weight that should be assigned to the one-stock hypothesis)
against the logarithms of the p-values from likelihood ratio
tests comparing the one- and two-stock hypotheses’. The
resultsin Fig. 4 are based on applying the Full Bayesversion
of the method to 20 datasets, each of which includes two
areas. The haplotype frequency data for sub-areas 6 and 7
were used as the basis to generate the simulated data for the
two aress; i.e. the two-stock hypothesis is correct for these
simulations. As expected from previous studies, the
one-stock hypothesis is rejected by both the Bayesian and
frequentist methods even for low (25 per area) samples sizes.
This result suggests that the method of this paper performs
adequately when there are major differences in haplotype
frequencies among areas.

Fig. 5 plotsthe relative weights that should be assigned to
the one-stock hypothesis against the p-values from a
likelihood ratio test comparing the one- and two-stock
hypotheses for the case in which both datasets are generated
from the haplotype frequency data for sub-area 7. Thisis a

7 More powerful versions of the likelihood ratio test based on
randomi sation techniques exist, but the qualitative features of Figs 47
should be insensitive to using such tests.

Sampled-based estimates of the integral of the product of a U[-5,5] prior and a N(0;1%) likelihood. Results are shown for three

alternative approximating equations, three alternative posterior sample sizes, and 10 individual samples from the posterior
distribution for each sample size. The row ‘SD’ lists the standard deviation (multiplied by 100) of the 10 values for each

combination of approximating equation and sample size.

Sample size/approximating equation

. . 1,000,000 100,000 10,000
Simulation
number Eqn 9a Eqn 9b Eqn 9¢ Eqn 9a Eqn 9b Eqn 9¢ Eqn 9a Eqn 9b Eqn 9¢
1 0.099 0.100 0.100 0.111 0.100 0.100 0.110 0.101 0.101
2 0.094 0.100 0.100 0.094 0.100 0.100 0.135 0.100 0.101
3 0.103 0.100 0.100 0.107 0.100 0.100 0.119 0.098 0.100
4 0.098 0.100 0.100 0.114 0.099 0.100 0.103 0.099 0.099
5 0.108 0.100 0.100 0.105 0.100 0.100 0.118 0.100 0.101
6 0.093 0.100 0.100 0.105 0.100 0.100 0.105 0.099 0.100
7 0.108 0.100 0.100 0.118 0.100 0.100 0.122 0.099 0.101
8 0.102 0.100 0.100 0.100 0.100 0.100 0.083 0.097 0.100
9 0.099 0.100 0.100 0.106 0.100 0.100 0.118 0.099 0.100
10 0.100 0.100 0.100 0.121 0.100 0.100 0.110 0.099 0.100
SD 0.523 0.021 0.015 0.820 0.033 0.021 1.378 0.105 0.072
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Fig. 4. Logarithms of the relative weights assigned to the one-stock hypothesis based on the Full Bayes method versus logarithms of likelihood ratio
test p-values. The results in this Figure are based on 20 simulations in which the two-stock hypothesis is correct.

Sample size = 25

06 08 1.0
[ ]
[ ]

weight 1-stock
0.4
[ )

0.0

0.0 0.2 0.4 0.6 0.8 1.0

p-value

Sample size = 200

1.0

04 06 038
[ ]

weight 1-stock

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0

p-value

weight 1-stock

weight 1-stock

Sample size = 100

o |
~— N e ® ..
4 [ ]
80
7 [ ]
[ ]
| )
[ J
(X ]
B [ ]
o | e
© T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
p-value
Sample size = 1000
3 E oy B ° ° ° ° e
‘.
i Y
© | [ ]
o
<
o
N
9§
o |
o
0.0 0.2 04 0.6 0.8 1.0

p-value

Fig. 5. Relative weights assigned to the one-stock hypothesis based on the Full Bayes method versus likelihood ratio test p-values. Theresultsin this
Figure are based on 20 simulations in which the one-stock hypothesis is correct.

casein which the one-stock hypothesisis correct. Theresults
of the Full Bayes approach for the smallest sasmple size (25
per area) inappropriately indicate support for the two-stock
hypothesis (17 of the 20 relative weights are smaller than

0.5) while three of the 20 likelihood ratio test p-values were
smaller than the nominal level of 0.05. However, increasing
the sample size from 25 to 100, to 200 and then to 1,000,
results in much better performance, with increases in the
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proportions of weights larger than 0.5 to 0.6, 0.8, and 1
respectively. In contrast, it is noteworthy that even for a
sample size of 1000, three of the 20 simulations led to
likelihood ratio test p-values less than the nominal level of
0.05. Thereasonsfor the poor performance of the Full Bayes
approach for asample size of 25 are unclear but are probably
related to the nature of the prior distribution, the effect of
which is minimised given large sample sizes.

Although performance is adequate for large sample sizes,
theresultsin Figs4 and 5 suggest that the Full Bayes method
may not provide reliable results for very small sample sizes
if the one-stock hypothesis is correct. The simulations
conducted to date are, however, relatively limited and
additional work in thisareais needed. Additional simulation
work should be conducted in which the pseudo datasets are
generated using either the types of operating models
considered by Martien and Taylor (2000) or those based on
coalescence simulations (e.g. Hudson, 1991). Both of these
approaches to generating pseudo datasets allow these to be
generated such that they are bounded by the limitations
imposed by evolution and gene flow, athough coalescence
simulations are likely to be more efficient
computationally.

Figs 6 and 7 show results analogousto thosein Figs 4 and
5, except that results are shown for the Empirical Bayes
approach (based on the ‘minimum sguared-error risk’
method) and avariant of thisapproach in which the asare set
to ‘uninformative’ values (i.e. ¢ = 1/k — Pella and Masuda
(2001)). The performance of the Empirical Bayes approach
(open symbols in Figs 6 and 7) is very poor for the case in
which the one-stock hypothesisis correct (Fig. 6); even with
very large sample sizes, the Empirical Bayes approach
indicates a preference for the two-stock hypothesis. The
performance of the ‘uninformative’ approach is markedly
better than the Empirical and Full Bayes approaches when
the one-stock hypothesisis correct (Figs 5 and 6). However,
its performance is less than ideal for the case in which the
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two-stock hypothesis is correct (Fig. 7). Although the
‘uninformative’ approach places greatest weight on the
two-stock hypothesiswhen it is correct, the weight assigned
to the one-stock hypothesisis much greater than the p-value
from the likelihood ratio test —this suggests that the
‘uninformative’ approach tends to ‘favour’ the one-stock
hypothesis. The extent to which thisis actually aconcernis
not entirely clear because even the ‘ uninformative’ approach
indicatesthat thetwo-stock hypothesisisfar morelikely than
the one-stock hypothesis. A further problem with the
‘uninformative’ approach is that not all authors agree on the
values to assign to the as in order to obtain an
‘uninformative’ conjugate prior for amultinomial likelihood
(Gelman et al., 1995).

Theonly potential impediment to evaluating Bayes Factor
approaches to addressing stock structure questions using
simulation is their computational demands. This is not a
problem with the Empiricdl Bayes or uninformative
approaches asthey do not involve any numerical integration.
In contrast, thisis certainly potentially a major problem for
the Full Bayes approach. However, the software on which
the cal culations of this paper are based has been optimised so
that roughly 10-20 Bayes Factors can be calculated in a
twelve-hour period. This suggests that a full evaluation of
even the Full Bayes approach should be feasible in short- to
medium-term.

[llustrative application of the data for North Pacific
minke whales

Table 2 lists Bayes Factors for a variety of comparisons
among sub-areas for minke whales in the western North
Pacific. Sub-area 7 comparisons are shown based on
commercial samples, JARPN samples, and commercia and
JARPN samples combined. The values for the Bayes Factor
can be interpreted in terms of the support for (or against) the
one-stock hypothesis (more positive values indicating
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Fig. 6. Relative weights assigned to the one-stock hypothesis (solid dots —uninformative prior; open symbols —Empirical Bayes) versus likelihood
ratio test p-values. The results in this Figure are based on 20 simulations in which the one-stock hypothesis is correct.
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correct.

greater support). Table 2 indicates the qualitative strength of
evidence for the one-stock hypothesis using the scheme
developed by Kass and Raftery (1995). Resultsare shownin
Table 2 for the Full Bayes method (based on Equation 9c),
and the ‘uninformative’ approach. Results are not shown for
the Empirical Bayes approach given its poor performance in
Fig. 6.

Account needs to be taken of the potential numerical
uncertainty associated with the calculation of Bayes Factors
using the Full Bayes approach when interpreting the results

Table 2

in Table 2. Fig. 8 showsthe distribution for the Bayes Factor
for a comparison of sub-areas 7 (JARPN and commercia
samples combined) and 9 (less west 1995) that results from
changing the random number sequence used when applying
the MCMC and SIR algorithms. It is clear that the value of
the Bayes factor can be sensitive to the random number
sequence when Equation (9b) is used (it would be even more
sensitive had the Bayes Factor been based on Equation 9a)
while the results for Equation 9c are relatively insensitive to
the random number sequence.

Results for comparisons of some one- and two-stock hypotheses. The column ‘Total haplotypes’ lists the
total number of haplotypes included in the analysis. The Bayes Factor is defined as the ratio of the
probability of the one-stock hypothesis to that of the two-stock hypothesis. C = Commercial data; J =
JARPN data; * = Positive; ** =Strong; and *** = Very strong.

/n (Bayes Factor)

Total

Area 1 Area 2 Sample sizes haplotypes  Uninformative. Full Bayes
6 7 (C+)) 28 285 49 -31.89%** -46.02%**
9 (less west 95) 7(CH)+38 110 376 60 26.89%** S5.18%**
9 (less west 95) 7 (C+)) 110 285 52 20.28*** 2.24*

9 (less west 95) 71 110 139 44 13.62%** 1.21%*

9 (less west 95) 7C 110 146 45 10.87%** -0.35
849 (less west 95)  7(C+J) 201 285 60 41.50%** 0.97

9 7 (C+))+8 188 376 64 48.12%** 1.28%*

9 7 (C+)) 188 285 56 24.29%** -1.13*

9 7] 188 139 50 27.01%%* -0.63

9 7C 188 146 50 20.44 %% -1.92%*
8+9 7 (C+)) 279 285 64 51.68%** -0.40

8 7 (C+)) 91 285 56 13.78%** -1.56*
7C 7 146 139 46 13.08*** 0.85




J. CETACEAN RES MANAGE. 4(2):123-134, 2002

MCMC; Equation 9b

2

o IIII-I
T T T T |
1.0 15 2.0 25 3.0

log (Bayes factor)

SIR; Equation 9¢

. IIIII -
2.20 225 2.30

log (Bayes factor)

2

2.35 2.40

4

o

131

SIR; Equation 9b

T T T |
15 2.0 2.5 3.

log (Bayes factor)

0

Fig. 8. Sensitivity of the logarithm of the Bayes Factor (probability one-stock hypothesis divided by probability two-stock hypothesis) to the choice
of the random number sequence used when conducting the Monte Carlo integrals and the equation used to approximate the probability of the data.
The results in this Figure relate to a comparison of sub-areas 7 (JARPN and commercial samples combined) and 9 (less west 1995).

The results, except for the comparison of sub-areas 6 and
7, are very sensitive to how the «s are specified. For
example, there is very strong evidence for the one-stock
hypothesisif an ‘uninformative’ prior is assumed for the os.
Thismay, however, be a consequence of the ‘ uninformative’
approach tending to prefer the one-stock hypothesis.
Nevertheless, it should be borne in mind that it is hard to
extrapolate from the results in Fig. 7 (where the two-stock
hypothesis is clearly correct) to the situation to the east of
Japan.
The results for the Full Bayes approach suggest that the
data generally provide little information regarding
comparison among sub-areas 7, 8 and 9. The only marked
exception to thisis the comparison between sub-area 9 (less
west 95) and the data for sub-areas 7 and 8 pooled. This
result is consistent with those from aBayesian analysis of the
alelefrequency data (Punt et al., 2000) aswell aswith those
from previous analyses based on hypothesis testing using
allozymes (Wada, 1984) and mtDNA RFLP data (Goto and
Pastene, 1997). For al combinations of factors, the
probability that sub-area 9 contains a separate stock from
sub-area 7 decreases if the data for the west of sub-area9in
1995 are omitted. This result is consistent with previous
analyses based on hypothesis testing (Goto et al., 2000).

DISCUSSION

The use of Bayesian methods to analyse genetics data, while
preferable theoretically, is arelatively recent devel opment.
A prime reason for this is that the computational
requirements of the calculations can be prohibitive.
However, the opportunities for using these methods should
increase with the advent of faster personal computers. Some
of the assumptions made in this paper (for example that the
prior for the proportion of animalsin asub-areawith agiven
haplotype is of the Dirichlet-p form) were made largely for
computational convenience (so that the marginal posterior
could be evaluated analytically) rather than for good
theoretical reasons. Although examining different choices
for this prior is beyond the scope of the current study,

development of more powerful computers should enablethis
to be carried out in the future.

The use of the log-norma hyper-prior for the «s is
relatively arbitrary. It would seem prudent to examine the
sensitivity of any results to be used for management
purposesto other probability distribution functions that have
similar properties to the log-norma (e.g. the gamma
distribution). In addition, basing the mean and coefficient of
variation of the hyper-prior on the values for the «s used in
the Empirical Bayes calculations is also relatively arbitrary.
However, no more objective way to define these parameters
is immediately obvious. It should also be noted that the
illustrative simulations only considered as the case when the
two-stock hypothesisis correct, an example where there are
clear differences in haplotype frequencies. Future
simulations should consider scenarios in which the
differences are less clear.

An advantage of Bayesian over frequentist approaches is
that the former can be used to assign probabilities to
aternative hypotheses. This cannot be achieved using
frequentist techniques inter alia because the ‘effect size’ is
unknown. This problem is not removed through the
Bayesian approach. In fact, the ‘ effect size' isimplicit in the
priors. Fig. 9illustrates the ‘ effect size’ in terms of the prior
distribution implied for the Fst statistic under the one- and
two-stock models (solid and dotted lines respectively).
Results are shown in Fig. 9 for two different choices for o,
(0.5 and 1.5) and two choices for the sample sizes from the
two sub-areas. As expected, there is considerable overlap
between these distributions, particularly for the lower
sample sizes and the high value for o, High values for o,
imply a more skewed haplotype frequency distribution (a
few very common haplotypes and many rare haplotypes) due
to the prior assigning higher probability to occasional large
values for «. The distributions in Fig. 9 raise the intriguing
question of whether a Bayesian analysis could be based on
theimplied prior distribution for aquantity such as Fst rather
than having to be based on the Full Bayesian analysis.

At the present stage of development, the results from Full
Bayes method should only be used for management purposes
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(50, 100) respectively.

with caution. Some testing of the method has been
completed and this suggests that, when applied to data for
two stocks that differ substantially in haplotype frequency,
or when sample sizes are large and the one-stock hypothesis
is correct, performance is adequate. However, in common
with most other methods for analysing genetics data,
performance of this method has yet to be fully evaluated,
particularly for casesin which there are two stocks but their
haplotype frequencies differ only slightly.

Although the use of Bayesian methods for resolving stock
structure questionsistill initsinfancy, we believe that these
methods show considerable promise. For example, Pellaand
Masuda (2001) developed an approach based on similar
assumptions regarding the likelihood function and the prior
for the proportion of animals with a particular haplotype to
estimate probability distributions for stock mixture rates.
Further development of the technique outlined in this paper
should provide a firmer basis for the development of
Implementation Smulation Trials. Conditioning of
Implementation Smulation Trials® is, in some cases, already
based on a Bayesian assessment (e.g. Punt and Smith, 1999;
IWC, 2002). In fact, there is no reason (barring
computational constraints) therefore that genetics data could
not be included in the conditioning process so that the
probability of alternative stock structure hypotheses is one
outcome of this process.

ACKNOWLEDGEMENTS

We would like to thank the Institute of Cetacean Research
for alowing us to use the mtDNA data for North Pacific
minke whales for the illustrative calculations of this paper.

8 Conditioning involves selecting the values for the parameters of the
operating model that represents the ‘true situation’ for the trials so that
this model adequately mimics the observed data.

Doug Butterworth, Tony Smith, Bob Ward, the members of
the 2001 International Whaling Commission
Sub-Committee on Stock Definition and two anonymous
reviewers are thanked for their comments on an earlier
version of the paper.

REFERENCES

Best, P.B. and Kato, H. 1992. Report of the sub-committee on North
Pacific minke whales, Appendix 5. Possible evidence from foetal
length distributions of the possible mixing of different components
of the Yellow Sea-East China Sea-Sea of Japan-Okhotsk Sea minke
whale population(s). Rep. int. Whal. Commn 42:166.

Bishop, Y.M.M., Fienberg, S.E. and Holland, P.W. 1975. Discrete
Multivariate Analysis: Theory and Practice. MIT Press, Cambridge,
MA. 557pp.

Bossart, JL. and Pashley Powell, D. 1998. Genetic estimates of
population structure and gene flow: limitations, lessons and new
directions. Trends Ecol. Evol. 13:202-6.

Butterworth, D.S., Geromont, H.F. and Wada, S. 1996. Further
analyses of allelefrequency datato provide estimates of the extent of
mixing between the various North Pacific minke whale stocks, and
their implications for the status of the 'O' stock. Rep. int. Whal.
Commn 46:443-51.

Carlin, B.P. and Louis, T.A. 2000. Bayes and Empirical Bayes
Methods for Data Analysis. 2nd Edn. Chapman and Hall/CRC, Boca
Raton. xvii+419pp.

Dizon, A.E., Perrin, W.F., Amos, W., Baker, C.S., Chivers, S.J,, Costa,
A.S, Curry, B.E., Gaggiotti, O., Hoelzel, A.R., Hofman, R., LeDuc,
R.G., Loughlin, T.R., Lux, C.R., O'Corry-Crowe, G.M., Rosdl, P.E.,
Rosenberg, A., Scribner, K.T. and Taylor, B.L. 1997. Report of the
Workshop on the Analysis of Genetic Data to Address Problems of
Stock ldentity as Related to Management of Marine Mammals. pp.
3-48. In: A.E. Dizon, S.J. Chivers and W.F. Perrin (eds.) Molecular
Genetics of Marine Mammals. The Society for Marine Mammal ogy,
Lawrence, KS.

Excoffier, L., Smouse, P.E. and Quattro, JM. 1992. Anaysis of
molecular variance inferred from metric distances among DNA
haplotypes: application to human mitochondrial DNA restriction
data. Genetics 131:479-91.

Fujise, Y. 2000. Outline of the research activities of the Japanese Whale
Research Program under Specia Permit in the North Peacific



J. CETACEAN RES MANAGE. 4(2):123-134, 2002 133

(JARPN) from 1994 to 1999. Paper SC/F2K/J8 presented at the
JARPN Review Meeting, Tokyo, Japan, 7-10 February 2000
(unpublished) 30pp. [Available from the Office of this Journal].

Gardner, M.G. and Ward, R.D. 1998. Population structure of the
Australian gummy shark (Mustelus antarcticus Gunther) inferred
from allozymes, mitochondrial DNA and vertebrae counts. Mar.
Freshw. Res. 49:733-45.

Gefand, A.E. and Dey, D.K. 1994. Bayesian model choice:
asymptotics and exact calculations. J. Roy. Statist. Soc. 56:501-14.

Gelman, A., Carlin, B.P., Stern, H.S. and Rubin, D.B. 1995. Bayesian
Data Analysis. Chapman & Hall, London. [xix]+526pp.

Goto, M. and Pastene, L.A. 1997. Population structure of the western
North Pacific minke whale based on an RFLP anaysis of the
mitochondrial DNA region. Rep. int. Whal. Commn 47:531-7.

Goto, M. and Pastene, L.A. 1998. Population structure in the North
Pacific minke whale as revealed by RFLP and sequencing analyses
of the mtDNA control region. Paper SC/50/RMP7 presented to the
IWC Scientific Committee, April 1998 (unpublished). 15pp. [Paper
available from the Office of this Journal].

Goto, M. and Pastene, L.A. 2000. Population structure in the western
North Pacific minke whale based on RFL P and sequencing analyses
of mtDNA control region, using data from 1994-1999 JARPN
surveys. Paper SC/F2K/J11 presented at the JARPN Review
Meeting, Tokyo, Japan, 7-10 February 2000 (unpublished). 16pp.
[Paper available from the Office of this Journal].

Goto, M., Abe, H. and Pastene, L.A. 2000. Additional analyses of
mtDNA control region sequencesin the western North Pacific minke
whales using JARPN samples. Paper SC/F2K/J32 presented at the
JARPN Review Meeting, Tokyo, Japan, 7-10 February 2000
(unpublished) 5pp. [Paper available from the Office of this
Journal].

Hall, M.A. and Donovan, G.P. 2001. Environmentalists, fishermen,
cetaceans and fish: is there a balance and can science help to find it?
pp. 491-521. In: P.G.H. Evans and JA. Raga (eds.) Marine
Mammals: Biology and Conservation. Kluwer Academic/Plenum
Publishers, New Y ork.

Hastings, W.K. 1970. Monte Carlo sampling methods using Markov
chains and their applications. Biometrika 57:97-109.

Hudson, R.R. 1991. Gene geneal ogies and the coal escent process. OXxf.
Surv. Evol. Biol. 9:1-44.

Hudson, R.R., Boos, D.D. and Kaplan, N.L. 1992. A statistical test for
detecting geographic subdivision. Mol. Biol. Evol. 9:138-51.

International Whaling Commission. 1991. Report of the Workshop on
the Genetic Analysis of Cetacean Populations, La Jolla, 27-29
September 1989. Rep. int. Whal. Commn (special issue) 13:3-21.

International Whaling Commission. 1992. Report of the Third
Comprehensive Assessment Workshop on Management Procedures,
Oslo, 1-8 February 1990. Rep. int. Whal. Commn 42:271-304.

International Whaling Commission. 1994. Report of the Scientific
Committee. Annex H. The Revised Management Procedure (RMP)
for Baleen Whales. Rep. int. Whal. Commn 44:145-52.

International Whaling Commission. 2000. Report of the Scientific
Committee. Annex D. Report of the Sub-Committee on the Revised
Management Procedure. J. Cetacean Res. Manage. (Suppl.)
2:79-92.

International Whaling Commission. 2001a. Report of the Scientific
Committee. Annex D. Report of the Sub-Committee on the Revised
Management Procedure. J. Cetacean Res. Manage. (Suppl.)
3:90-125.

International Whaling Commission. 2001b. Report of the Workshop to
Review the Japanese Whale Research Programme under Specia
Permit for North Pacific Minke Whales (JARPN), Tokyo, 7-10
February 2000. J. Cetacean Res. Manage. (Suppl.) 3:377-477.

International Whaling Commission. 2002. Report of the Third
Workshop on the Development of an Aborigina Subsistence
Whaling Management Procedure (AWMP). J. Cetacean Res.
Manage. (Suppl.) 4:415-53.

Jeffreys, H. 1961. Theory of Probability. 3rd Edn. Oxford University
Press, London. i-vii+411pp.

Johnson, N. and Kotz, S. 1970. Distributions in Satistics: Discrete
Distributions. John Wiley & Sons, New Y ork. xiv +328pp.

Kass, R.E. and Raftery, A.E. 1995. Bayes factors. J. Am. Sat. Assoc.
90:773-95.

Kato, H., Kishiro, T., Fujise, Y. and Wada, S. 1992. Morphology of
minke whalesin Okhotsk Sea, Sea of Japan and off the East coast of
Japan, with respect to stock identification. Rep. int. Whal. Commn
42:437-42.

Kitada, S., Hiyashi, T. and Kishiro, H. 2000. Empirical Bayes
procedures for estimating genetic distance between populations and
effective population size. Genetics 156:2063-79.

Lulhart, G. and England, P.R. 1999. Sttistical analysis of
microsatellite DNA data. Trends Ecol. Evol. 14:253-56.

Martien, K.K. and Taylor, B.L. 2000. The limitations of hypothesis
testing as ameans of demographically delineating independent units.
Paper SC/F2K/J3 presented at the JARPN Review Meeting, Tokyo,
Japan, 7-10 February 2000 (unpublished). 32pp. [Paper available
from the Office of this Journal].

Newton, M.A. and Raftery, A.E. 1994. Approximate Bayesian
inference by the weighted likelihood bootstrap (with discussion). J.
Roy. Satist. Soc. 56:1-48.

Pella, J. and Masuda, M. 2001. Bayesian methods for analysis of stock
mixtures from genetic characters. Fish. Bull. 99:151-67.

Punt, A.E. and Smith, A.D.M. 1999. Harvest strategy evaluation for the
eastern stock of gemfish (Rexea solandri). ICES J. Mar. Sci.
56(6):860-75.

Punt, A.E., Butterworth, D.S., Wada, S. and Kishino, H. 1995. On the
use of alele frequency data to provide estimates of the extent of
mixing between the various North Pacific minke whale stocks. Rep.
int. Whal. Commn 45:293-300.

Punt, A.E., Butterworth, D.S. and Wada, S. 2000. On the use of alele
frequency data within a Bayesian framework to evaluate the relative
probabilities of aternative stock structure hypotheses for the North
Pacific minke whales. J. Cetacean Res. Manage. 2(2):151-8.

Rubin, D.B. 1987. Comment on ‘The calculation of posterior
distributions by data augmentation’. J. Am. Sat. Assoc. 82:543-6.

Shoemaker, J.S., Painter, |.S. and Weir, B.S. 1999. Bayesian statistics
in genetics: A guide for the uninitiated. Trends in Genetics
15:354-8.

Taylor, B.L., Chivers, S.J., Sexton, S. and Dizon, A.E. 2000. Using
simulation models that incorporate uncertainty to estimate dispersal
rates from mitochondrial DNA data. Conserv. Biol. In Press

Wada, S. 1984. A note on the gene frequency differences between
minke whales from Korean and Japanese coastal waters. Rep. int.
Whal. Commn 34:345-7.

Wada, S. 1991. Genetic structure of Okhotsk Sea-West Pacific stock of
minke whales. Paper SC/43/Mi32 presented to the IWC Scientific
Committee, May 1991 (unpublished). 17pp. [Paper available from
the Office of this Journal].



134 CUI et al.: BAYES AND EMPIRICAL BAYES APPROACHES TO STOCK STRUCTURE

Appendix 1

The minimum squared-error risk approach to selecting values for the as

The values for the as are defined according to the
formula:

a,=a' X (L1
where:

o is avalue that minimises the expected squared-error
between the posterior meansfor therelative frequencies
of each haplotype and the observed relative frequency
of each haplotype; and

X;  is the arithmetic average of the relative frequency of
haplotype j across samples:

Xj=1) L (1.2)

Now, it can be shown (Bishop et al., 1975) that the value of
o' satisfies the equation:

Y . V)
“2 {(N, Z(x x)} > {(N, 0 Z(x)]}
(1.3
Solving Equation (1.3) for o' and applying Equation (1.1)

provides the ‘minimum squared-error risk’ values for the
os.
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Population identity of humpback whales (Megaptera
novaeangliae) in the waters of the US mid-Atlantic states
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ABSTRACT

In recent years, humpback whales (Megaptera novaeangliae) have been observed in the waters of the US mid-Atlantic states (USMA; New
Jersey to North Carolina), notably in winter. The level of the mortality in thisarea (52 recorded deaths from 1990-2000), makesit important
to understand the nature and population identity of this aggregation. Of the approximately 100 humpback whal es documented in this study,
photographs of 41 (live or dead) were of sufficient quality to be compared to catal ogues from the Gulf of Maine (GOM, the closest feeding
ground) and elsewherein the North Atlantic. Of 22 live whales, 10 (45.5%) matched to the GOM, 5 (22.7%) to Newfoundland and 1 (4.5%)
to the Gulf of St Lawrence (GSL). Of 19 dead whales, 6 (31.6%) were known GOM whales. Although the population composition of the
USMA is dominated by GOM whales, lack of recent photographic effort in Newfoundland makes it likely that the observed match rates
under represent the true presence of Canadian whales in the region. Length data from 48 stranded whales (18 females, 22 males and 8 of
unknown sex) suggest that 39 (81.2%) were first-year animals, 7 (14.6%) were immature and 2 (4.2%) were adults. However, sighting
histories of five of the dead whalesindicate that somewere small for their age and histories of livewhalesfurther indicate that the population
contains agreater percentage of mature animals than is suggested by the stranded sample. The authors suggest that the study area primarily
represents a supplemental winter feeding ground that is used by humpbacks for more than one purpose. From a management perspective,
although the only successful matches of mortalities to date have been to the GOM, the observed mixing of live whales from different
summer stocks might suggest that the high numbers of mortalities occurring there may not be impacting this single stock aone. Although
further data are required before conclusions can be drawn, the mortality rate may be significant for the GOM population and this warrants

further investigation.

KEYWORDS: HUMPBACK WHALE; NORTH ATLANTIC; POPULATION IDENTITY; MIGRATION, MORTALITY;

STRANDINGS

INTRODUCTION

In summer, humpback whales (Megaptera novaeangliae) in
the North Atlantic are distributed from the eastern coast of
the USA north to the waters of the Arctic (Clapham and
Mead, 1999; Smith et al., 1999; IWC, 2002). Individua
whales show strong fidelity to specific feeding grounds
within this range, including the Gulf of Maine,
Newfoundland/Labrador, the Gulf of St Lawrence,
Greenland, Iceland and Norway (Katona and Beard, 1990;
Smith et al., 1999). This fidelity is maternally directed
(Clapham and Mayo, 1987) and in some areas persists for
long enough to be reflected in the genetic structure of the
population (Larsen et al., 1996). Despite this strong
segregation, whales from all of the known feeding grounds
migrate to a common winter breeding range in the West
Indies, where they mate and calve (Palsball et al., 1997). It
is generally believed that the majority of whales engage in
this seasonal migration; however humpbacks have also been
observed at high latitudes during winter (Charif et al., 2001,
J. Robbins, unpublished data).

In recent years, the occurrence of humpback whales has
been documented from the coasta waters of the US
mid-Atlantic states (hereafter USMA) from New Jersey to

North Carolina(e.g. Swingleetal., 1993; Wiley et al., 1995).
Most records are for the January to April period, athough
occasional sightings are made in the summer. Recorded
mortalities are relatively high in the USMA compared to
other coastal waters. Between 1990 and 2000 there were 52
reported deaths (Wiley et al., 1995; Waring et al., 2000). Of
these, the cause of death could not be determined for 39
(75%). For the remaining 13, 11 were identified asbeing due
to entanglements in fishing gear or collisions with vessels,
whereas two showed no signs of human-induced mortality.

Knowledge of the origin of the USMA animals is
important since managers must assign anthropogenic
mortalities to the correct management stock in order to
assess status. The closest feeding aggregation to the USMA
is the well-studied Gulf of Maine aggregation that is
considered a separate management unit by the US National
Marine Fisheries Service (NMFS; Waring et al., 2000). The
implications for management will differ if all mortalitiesin
the USMA are from this aggregation or from two (or more)
aggregations.

In order to investigate the origin of the USMA animals,
identifying photographs of living and dead USMA
humpback whales were compared to catalogues from the
Gulf of Maine, Newfoundland and other areas of the North
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Atlantic. In addition, patterns of occurrence were combined
with availablelife history dataof matched individualsto gain
insight into the question of habitat use by humpback whales
in the USMA.

MATERIALS AND METHODS
The USMA study areais shown in Fig. 1.

Newfoundland
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> \
¢ Gulf of St.

5088 | awrence

US Mid-Atlantic states
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Maryland
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Hatteras North Carolina
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Fig. 1. Study area, in relation to other major regions mentioned in this
report.

Observations of live humpback whales derive from a
combination of sporadic vessel surveys (particularly in 1993
and 1994) directed at this or other species in the study area
and whalewatching excursions based in VirginiaBeach, VA
and Cape May, NJ. Data collected included date, time,
location and behaviour; where possible, photographs were
taken for the purpose of individual identification. In the case
of dead animals, information was collected by various
researchers who responded to the stranding events. Where
possible, data on the length and sex of the anima were
obtained.

All available photographs of humpback whales observed
either alive or dead in this area were included in this study.
Most of the images were collected in the Mid-Atlantic
Humpback Whale Catalogue (MAMNC) curated by the
Virginia Marine Science Museum in Virginia Beach, VA
(Swingle and Barco, 2000). Individual humpback whales
wereidentified and catal ogued using variationsin the ventral
fluke pattern and/or in the shape, size and scarring of the
dorsal fin (Katona and Whitehead, 1981). These samples

include, but are not limited to, those described in Wiley et al.
(1995) and Swingle et al. (1993).

Each fluke photograph was compared to two large
ocean-wide catalogues: the North Atlantic Humpback Whale
Catalogue (NAHWC) and the collection from the Y ears of
the North Atlantic Humpback (YONAH) project. The
NAHWC includes photographs of 5,341 individuals, with
observations dating from 1968 to the present. The YONAH
collectionincludes 2,998 individuals, with the great majority
photographed during a two-year ocean-basin-wide
collaborative study in 1992 and 1993 (Smith et al., 1999).
Both catalogues include photographs from al studied areas
of the North Atlantic, including the Gulf of Maine, the Gulf
of St Lawrence, Newfoundland, Labrador, West Greenland,
Iceland, Norway and the West Indies. Both catalogues are
curated by the College of the Atlantic in Bar Harbor,
Maine.

In addition to the oceanic catalogues described above,
photographs in this study were compared to two regional
Gulf of Maine catalogues. While these catalogues
overlapped with the oceanic collections to some degree, they
contained more recent coverage and more detailed
information on the individual animals in that region.
Regional catal ogues aso maintained photographic coverage
of the dorsal fin that was an additional source of potential
matches to USMA photographs. Gulf of Maine researchers
collaborate to identify new additions to the population, but
maintain separate photographic catalogues and archives that
differ in their underlying levels of effort and geographic
coverage. In this study, comparisons were made to a
catalogue curated by the Center for Coastal Studies (CCS) in
Provincetown, Massachusetts and to one curated by the
Whale Center of New England (WCNE) in Gloucester,
Massachusetts. The CCS catal ogue includes photos of 1,273
individuals sighted from 1975 to the present, including
directed effort throughout the Gulf of Maine. The WCNE
collection includes 1,419 individuals, with the earliest
observations from 1974.

Animals deemed less likely to be successfully matched to
high latitude catal ogues due to low image quality or animal
distinctiveness were excluded from the matching effort with
the NAHWC and GOM catalogues. In the case of stranding
documentation, the condition of the carcass was aso
considered. However, al available photographic
documentation, regardless of feature or quality, was used to
establish within- and between-year resightings of individuals
in the USMA.

Exact or minimum ages of USMA animas were
determined based on previous sightings in other regions. An
exact age was known for animals first catalogued as calves.
Animals without a known year of birth were assigned a
minimum age by assuming that the whale was at least one
year old the first time that it was sighted. Femal e humpback
whalesin the Gulf of Maine have been shown to reach sexual
maturity at an average age of five years (Clapham, 1992), a
figure that corresponds well with findings for both male and
female humpback whales in the Southern Hemisphere
(Chittleborough, 1965). Animals known to be less than five
years old were considered to be juvenile, while those known
to be at least five years old were considered to be sexually
mature. A maturational class could not be confidently
assigned to whal esthat were not seen as calves and who were
first catalogued less than four years before the study period.
For stranded animal's, age class was also inferred from body
length. Animals less than 9.9m were considered to be
dependent or newly independent animals born the previous
winter. Males between 10.0 and 11.5m and femal es between
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10.0 and 11.9m were considered to be independent but
sexually immature. Males greater than 11.5m and femalesin
excess of 11.9m were considered to be sexually mature
(Clapham and Mead, 1999).

The sex of live animals was determined by molecular
genetic analysis of skin samples collected by biopsy
techniques, either in the USMA or the Gulf of Maine
(Bérubé and Palshbgll, 1996a; b; Palsbdll et al., 1997). The
sex of dead whales was determined by direct examination of
the genital area and/or reproductive organs.

For the purpose of discussing temporal distribution of
records, the seasons were defined as follows. spring =
April-dune; summer = July-September; autumn =
October-December; and winter = January-March.

RESULTS

Strandings!

Of 52 known humpback whale mortalities in the USMA
between 1990 and 2000, 32 were from North Carolina, 13
from Virginia, 3 from Delaware and 2 each from Maryland
and New Jersey. These are summarised by year in Fig. 2 and
by month in Fig. 3. In addition, one individual originally
photographed in the Gulf of Maine in the winter of 2000
stranded in Virginia in April of 2001. This whale was not
included in stranding analyses (Table 1), but wasincluded in
the matching analyses (Tables 4 and 5).
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Table 1

Strandings of humpback whales in the US mid-Atlantic, 1990 to 2000, by
sex and age class. Age class was inferred from length, as described in
Methods. However, some designations are known from sighting history
data to be inaccurate (see text).

Age class Male Female Unknown Total

1¥-year whale 17 16 6 39 81.2%
Immature 4 2 1 7 14.6%
Mature 1 - 1 2 4.2%
Total 22 18 8 48  100.0%

©

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

Fig. 2. Yearly frequency of humpback whale strandings in the US
mid-Atlantic (NJ-NC) from 1990-2000 (n=52).
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Fig. 3. Monthly frequency of humpback whale strandings in the US

mid-Atlantic (NJNC) from 1990-2000 (n=52).

Strandings occurred in al years, athough there was a
noticeable peak of 13 animals in 1992. They were also
distributed throughout the year, with a peak in late
winter/early spring and the fewest strandings (eight) in

1 The complete set of stranding and sightings data are available from the
author or the Office of the Journal.

summer. |n 48 cases, there wasinformation on the sex and/or
length of the stranded animal; these are summarised by sex
and age class (inferred from length) in Table 1. The sex ratio
of stranded whales did not differ significantly from parity
(x»=0.20, df =1, p=0.65). Judged by length data alone, the
majority (39, or 81.2%) would be considered first-year
whales, including eight animalsthat were likely to have been
dependent (unweaned) calves. Seven (14.6%) would be
considered sexually immature, while only two (4.2%) were
large enough to be defined as adults. However, five animals
had a prior sighting history from the Gulf of Maine with
which to evaluate these length-based determinations. One
7.2m femae was first documented as a calf and was
therefore known to have died in the spring of her second
year. Another male was known to have been at least four
years old, despite a measured length of only 9.9m. The exact
age of the remaining three animals was unknown, but they
were at least near the end of their second year (9.5m male) or
the beginning of their third year (8.9m female, 11.1m male)
when their carcasses were recovered. Based on carcass
length aone, all but the last animal listed would have been
considered first-year whales. In addition, necropsy reports of
some animals indicated the presence of partialy digested
fish and/or fish bones and otoliths in the stomachs of
stranded whales.

Live whale sightings*

Most sightings of live whales were documented in Virginia,
which wasthe focus of most of the sighting effort. However,
sightings were also made in New Jersey and North Carolina.
Humpback whales were sighted in all seasons, but
predominated between January and March. Of the 58 live
whales seen, 43 were sighted in winter, primarily in Virginia
and North Carolina, 6 were sighted in spring, 12 were
observed in summer, primarily off New Jersey and 3 were
observed in the autumn. Four whales were sighted in two
seasons, one was observed in three seasons. In addition to
identifying photographs, whale watch interpreters in
Virginia have often noted observing whales with extended
ventral grooves surfacing with mouths partially open
(Virginia Marine Science Museum, unpublished data).

Thirteen individuals were documented in the USMA
region in multiple years. Eleven were sighted in two years,
while two were sighted in three years. Most (n=8)
re-sightings were limited to consecutive years. However,
animals were also found to return 2 (n=2), 3 (n=2), or 6
years (n=1) after their initial sighting.

Exact or minimum ages were available for ten individuals
previously documented in other regions. The only livewhale
first documented as a calf was subsequently sighted in the
USMA at the age of seven. The average minimum age of the
remaining sample was 3.7 years (n=14, range=1-6 yrs).
When exact and minimum age data were combined, four
sightings (26.7%) involved animals that had exceeded the
average age of sexua maturity (five years). An additional
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five sightings involved animals that were at least four years
old at the time. As females in the Gulf of Maine have been
sighted with calves as early as the age of five, it is
conceivable that some of those animals might also have
reached sexual maturity.

The sex of 10 USMA whales was determined from
molecular genetic analysis of biopsy samples; seven were
females and three were males.

Results of photographic matching

A minimum of 44 animals were documented alive in the
USMA between 1990 and 2000. Because some individuals
were represented only by dorsal fin and others only by fluke
photographs, it islikely that some, but not al, animals were
catalogued more than once. If however, all of the dorsal fins
were different from the flukes, there were as many as 58
unique individuals in the dataset. After rejection of poor
quality photographs, 22 unique animals could be identified
by fluke pattern. Of the 52 stranded whales, 19 had fluke
images of adequate condition for identification.

Sightings information on matched live and dead whalesis
summarised in Tables 2 and 3, respectively. Three additional
Gulf of Maine matchesto live whal eswere made on the basis
of dorsal fin photographs; however, these are not included in
Tables 2-5 because this feature was not available for
matching to catalogues from other feeding grounds. A
summary of the number of individualsidentified, by state, is
given in Table 4. Fluke photographs from 41 individual
humpback whales (22 living and 19 dead) were deemed
suitable for comparison to other catalogues from the North
Atlantic. Asshownin Table5, 20 (14 live and 6 dead) of the
41 individuals were matched to the following areas. Gulf of

Table 2
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Maine (16; 39.0%), Newfoundland (5; 12.2%) and the Gulf
of St Lawrence (1; 2.4%). Two live whales were matched to
both the Gulf of Maine and Newfoundland making atotal of
22 matches of 20 individuals. One Gulf of Maine whale was
also seen in the West Indies (on Silver Bank) three years
prior to its sighting in the USMA.

DISCUSSION

Habitat use and population composition

Swingle et al. (1993) presented data on sightings of
humpback whales feeding in the nearshore waters of
Virginia during the winters of 1991 and 1992. They
suggested that the increasein records of this speciesfrom the
USMA was a recent phenomenon and was not likely due to
increased observer coverage. A similar conclusion was
reached by Wiley et al. (1995), who reviewed stranding
records of humpback whales aong the USMA coastline.
They found records of 30 strandings from 1985-1992, with
the highest number in North Carolina and the greatest
density of strandings occurring in an area from the
Chesapeake Bay to Cape Hatteras. Four of the strandings
occurred from 1985-1989 (0.8/year) while the remaining 26
were reported from 1990-1992 (8.7/year). Wiley et al.
(1995) argued that, since large whale strandings are unlikely
to escape public notice, the dramatic increase in such events
was real and probably reflected an increase in the use of
these waters by the species. They considered the possibility
that a winter concentration of humpback whales that had
always been present in offshore waters had moved inshorein
recent years, but noted that this was not supported by data
from systematic aerial and shipboard surveys of the region
(CeTAP, 1982).

Summary of the sighting histories of live whales matched by fluke to high-latitude areas. HWC = North Atlantic Humpback
Whale Catalogue number; GOM = Gulf of Maine; NFD = Newfoundland; GSL = Gulf of St Lawrence; * = exact date unknown.

Mid-Atlantic US sightings

High Latitude matches

HWCNo. ID State(s) Year(s) D Area Year(s)
0984 MAMNCLIO001 NJ, VA 1990, 92, 93 EL CID GOM 1990
3792 MAMNCLIO08 VA 1992, 93 Y2657 NFD 1993
3791 MAMNCLIO14 NC 1993 NONE NFD 1994
3690 MAMNCLIO58 NJ 1992, 93 BORDER NFD/GOM 1990, 92/91
7044 MAMNCLIO15 NJ, NC, VA 1993, 94 AETNA GSL 1991, 93
8243 MAMNCLIO19 NJ,NC 1992, 94 PUMICE GOM 1997, 98
3715 MAMNCLI026 NC 1994 NONE NED 1991
3680 MAMNCLIO032 VA 1993, 95 JETTY NFD/GOM 1990/ 92, 93
8250 MAMNCLIO034 NC 1994 CAMELOT GOM 1995
8111 MAMNCLIO38 VA 1995 HAWKSBILL GOM 1992, 93,98
8094 MAMNCLI047 VA Winter 1999* SWAN GOM 1992, 97, 98, 99
8244 MAMNCLI044 VA Winter 1999* NIKE GOM 1994, 98, 99
8252 MAMNCLI045 VA Winter 1999* DENALI GOM 2000
8262 MAMNCLI0O60 NC 2000 CHARYBDIS GOM 2000

Table 3

Summary of the sighting histories of dead whales matched by fluke to high-latitude areas. GOM = Gulf of Maine. * This GOM
whale is the only 2001 stranding included here. It was not included in data presented in Table 1.

Mid-Atlantic US sightings High Latitude matches

HWC No. Field number State(s) Date ID Area Year(s)
830 13-2-90-DC-W NC 5 Feb. 1990 COBWEB GOM 1989
832 VMSM 19901013 VA 19 Nov. 1990 BUBBLES GOM 1990
996 92-MM-AO-MN-05 MD 16 Apr. 1992 CHOPPER GOM 1991
887 93-MM-AO-MN-02 DE 6 Mar. 1993 THUNDERBIRD GOM 1990, 92
8285 VMSM 19961010 VA 2 Apr. 1996 DEXTRA GOM 1995
8264*  VMSM20011038 VA 9 Apr. 2001 INLAND GOM 2000
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Table 4

Summary of live and dead humpback whales individually identified from
fluke photographs taken in the US mid-Atlantic, by state. States are listed
from North to South. NJ = New Jersey; DE = Delaware, MD = Maryland;
VA = Virginia; NC = North Carolina. * There were five cases in which an
individual whale was observed in the waters of more than one state,
including one animal seen in three states.

Type n NJ DE MD VA NC

Live animals* 22 8 0 0 11 9

Dead animals 19 1 1 1 7 9

Total 41 9 1 1 18 18
Table 5

Summary of fluke matches of live (n =14) and dead (n = 6) humpback
whales photographed in the US mid-Atlantic. One Gulf of Maine whale
was also seen in the West Indies (on Silver Bank) three years prior to its
sighting in the mid-Atlantic. Percentages likely represent minimum figures
for match rates; see text for discussion of biases. *Two whales were
observed in both the Gulf of Maine and in Newfoundland resulting in 16
matches with 14 individuals.

Gulf of St
Type n  Gulf of Maine Newfoundland Lawrence
Live animals* 22 10 (45.5%) 5(22.7%) 1 (4.5%)
Dead animals 19 6 (31.6%) 0 0
Total 41 16 (39.0%) 5(12.2%) 1 (2.4%)

The data presented in this study can add little to the above
discussion. Whether the appearance of humpback whales in
the USMA coastal waters reflects population expansion in
the North Atlantic, notably in the Gulf of Maine and off
Atlantic Canada, is unclear. However, given the estimated
population growth rate of 6.5% in at least the former region
during the 1980s (Barlow and Clapham, 1997), thisisnot an
unreasonabl e explanation.

Existing data continue to support the hypothesis that
humpback whales use the USMA waters primarily during
the winter, with some additional occupation at other times of
year. The relative paucity of humpback whales in much of
the region during summer was confirmed by systematic
aerial surveys conducted by the Northeast Fisheries Science
Center in 1995 and 1998. These surveys covered the region
from Cape Hatteras, North Carolina north to New Jersey and
found no humpback whales on the continental shelf (D.
Palka and G. Waring, unpublished data).

Both previous studies from this region (Swingle et al.,
1993; Wiley et al., 1995) used body length data from
strandings as well as visual estimates of length from live
whale observations to suggest that local population
composition was heavily biased towards sexually immature
animals. Of 25 stranded humpbacks from 1985-1992 for
which body length was measured, all were below mean
lengths for sexual maturity (11.6m for males and 12.0m for
females). Seventeen of the 25 were between 8.0 and 9.9min
length and were thus considered by Wiley et al. (1995) to be
newly independent (i.e. animals at the end of their natal year
and recently separated from their mothers); this is in
agreement with more recent work defining length at birth
and independence in this species (Clapham et al., 1999).

In contrast, the data reported here tell a somewhat
different story about the composition of the USMA animals.
Assuming that the average age at attainment of sexual
maturity isfive years (Clapham, 1992), at least 26.7% of the
live whales previously catalogued outside of the region were
likely to have been reproductively mature when seen in the

USMA based upon the length of their sighting histories. It
should be noted that this sample may not be representative of
the USMA animals since the likelihood of cataloguing an
individual increases over time. However, the documentation
of calvesis not subject to the same hias, and the only live
whale first seen at that age was known to be seven years old
a the time of its USMA sighting.

Itisnot known whether the presence of older whalesin the
sample represents a change in the composition of the
population or is an artifact of the different methodol ogies
employed. In the case of free-ranging whales, visua size
estimates have not been tested on a sample of known-age
whales, and their subjectivity can produce unreliable results,
even among experienced observers. It is also possible that
the USMA whales may be physically small for their age. In
this study, stranded animals with previous sighting histories
were found to be older than their carcass lengths suggested.
Under-development, particularly for females, may reduce
reproductive fitness and might explain the presence of
animals of reproductive age outside the breeding range in
winter.

Taking al the data together, we suggest that the USMA
waters represent a supplemental feeding ground which may
be used by juvenile as well as mature humpback whales
primarily in winter but also at other times of the year. That
some individuals were observed in more than one year
indicates repeated use of this habitat. The occurrence in the
stranded sample of apparently yearling whaes might
indicate that the area (or somewhere nearby) congtitutes a
place where some mothers wean and separate from their
calves; however, there is no way to test this hypothesis at
present. The presence of other small animals may reflect
overwintering by whalesthat, while not yearlings, are not yet
sexualy mature and thus have less reason than adult
humpback whales to undertake the migration to tropical
breeding areas. However, there is little data on residency
times of individuals to confirm that overwintering takes
place.

The adults observed in the study area might be passing
through on their migration to or from the West Indies, or they
may be whalesthat have chosen to remain in higher latitudes
rather than migrating south. However, this question cannot
be resolved a present. Neither the available individua
USMA residency data nor the available high latitude
sightings data preclude either possibility.

Population identity

Gulf of Maine

Of the four western North Atlantic feeding stocks (Gulf of
Maine, Newfoundland/Labrador, Gulf of St Lawrence and
West Greenland), the Gulf of Maine is geographicaly the
closest to the study area and might be expected to provide
most or al of the USMA animals.

The observed rates of exchange between the USMA and
the Gulf of Maine (45.5% for live whales and 31.6% for
stranded animals) are indeed high, exceeding exchange rates
documented among the major known North Atlantic feeding
grounds by more than an order of magnitude. For example,
of 1,082 Gulf of Maine humpbacks compared to other North
Atlantic regions through the end of 2000, only 12 (1.1%)
were also recorded off Newfoundland and 22 (2.0%) in the
Gulf of St Lawrence (J. Allen, unpublished data).
Furthermore, the magnitude of exchange reported here
should be considered a minimum estimate. USMA
individuals cannot be excluded from the Gulf of Maine
aggregation just because they were not successfully matched
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to the catalogue. Despite the fact that sampling occurs
throughout the Gulf of Maine, sightings effort in
Massachusetts Bay, in particular, has been substantialy
higher than in other regions. Individual sthat consistently use
other areas of the Gulf of Maine would therefore have been
less likely to be sighted and catalogued. Gulf of Maine
sightings of matched USMA whales occurred primarily
within areas of the highest GOM sighting effort, suggesting
that effort may have played a role in the matching results.
Effort may also explain why the fluke-based match rate was
lower for USMA stranded whales than for live whales;
because the likelihood of detecting a Gulf of Maine whale
increases with time, it is conceivable that fewer were
matched because fewer opportunities existed to sample them
aive.

Atlantic Canada

In addition to the expected Gulf of Maine matches, it was
somewhat surprising to aso find several matchesto Atlantic
Canada (five to Newfoundland and one to the Gulf of St
Lawrence) in the sample. Although these six matches
represent only 27.3% of the sample of live whales, this
greatly exceeds the among-feeding-grounds match rates
noted above.

Furthermore, there is good reason to believe that the
observed match rate significantly under-represents the true
presence of Canadian whales in the study area. Although
photo-identification effort has been relatively constant in the
Gulf of St Lawrence, such effort in Newfoundland was
drastically reduced after 1993 following completion of the
YONAH project. Indeed, al five matches to Newfoundland
were observed there prior to 1995; of the ten live whales
matched to the Gulf of Maine, six (60.0%) had sighting
histories which predated 1994.

An additional bias relates to the age of animals found off
the USMA. Althoughiit is clear from the sighting histories of
some of the known Gulf of Maine whalesin the sample, that
arange of age classes is represented in the region, the body
length data from stranded animals leave little doubt that
many of the whales occurring there are juveniles (i.e.
younger than five years of age). Given the lack of
photo-identification effort in Newfoundland after 1993, only
older whales photographed in the USMA would be
matchableto that area of Canada. Put another way, there was
virtually no sample of Newfoundland whales to match to
after 1993, thus any young animas from that area
photographed off the USMA in subsequent years would
necessarily have been of unknown origin.

CONCLUSION

Whatever the true representation of Canadian whales in the
study areq, it is apparent that the waters of the USMA are a
mixing area for humpback whales from different summer
feeding grounds. Although the parallels can be taken only so
far, asimilar situation appears to exist for harbour porpoises
(Phocoena phocoena) in this area. Recent genetic studies
have suggested that porpoises found off the USMA have
more than a single stock origin, with some animals perhaps
coming from as far away as Greenland (Rosel et al., 1999).
However, since the genetic analysis was based upon the
frequency distribution of mitochondrial DNA haplotypesin
a relatively small sample (rather than on resightings of
identified individual porpoises), thisconclusion must remain
tentative pending further research.

M anagement implications

The mixing of humpback whales from different feeding
stocks in the study area will mean that the mortalities
occurring there will have a lower population impact than if
al whales came from a single population. The significance
of this will depend on whether whales from each feeding
stock are equally likely to die in the study area, a question
which cannot be addressed with the existing data. Although
the only matches to dead whales were to the Gulf of Maine,
the biases noted above —regarding both sampling effort
elsawhere and the age of the animals in question —make
establishing matches to other regions less likely.

In this context, it is worth noting that a humpback whale
that stranded in Brooklyn, New Y ork on 5 September 1991
was photographed alive off Newfoundland the previous year
(J. Allen and R. Seton, unpublished data). Since the
stranding location is not part of the USMA, this whale was
not included in the sample used here. However, New Y ork
abuts the northern margin of the study area; thus, the
presence of a Canadian whale there lends support to the idea
that USMA mortalities may involve more than a single
population.

The impact of USMA mortdities on the feeding
popul ations concerned cannot bereliably assessed at present.
To do this would require the ability to assign mortalities to
the different feeding aggregations and also to have reliable
and reasonably precise estimates of abundance for those
stocks. Thereisno current estimate for Newfoundland or the
Gulf of St Lawrence, although older data from the Y ONAH
project indicate that at least the former population is ‘large’
(Smith et al., 1999). The Gulf of Maine population was
recently estimated from line transect data at 816 (CV =0.45,
Clapham et al., 2001), not stetistically different from the
YONAH estimate of 652 (CV =0.29). Both estimates are
subject to possible negative biases (IWC, 2002).

There are no data on population growth rates for
humpback whales off Atlantic Canada. The Gulf of Maine
population was growing at an estimated rate of 6.5% in the
1980s and early 1990s (Barlow and Clapham, 1997), which
is close to the theoretical maximum for this stock. However,
an updated recent analysis of photo-id data from 1992-2000
found that population growth had declined during the period
1992-1995; this was linked to a major decrease in calf
survival estimates (Clapham et al., 2001). If this decrease
wasreadl, it may be partly related to the high mortality among
young whalesin the USMA. However, as noted by Clapham
et al. (2001), the decline in calf survival and in apparent
population growth rate coincided exactly with a shift in
humpback whale distribution away from intensively studied
areas, thus, the decline may be at least partly an artifact of
this distribution shift. Further analysis of survival and
population growth in the Gulf of Maine will require
additional years of photo-id data.

In order to determine whether the observed level of
mortality in the USMA represents a potentially seriousissue
for the Gulf of Maine feeding aggregation, further study in
the USMA region, including continued monitoring of
mortalities, should be a high priority for management.
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Sexual maturation in male bowhead whales (Balaena mysticetus)
of the Bering-Chukchi-Beaufort Seas stock
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ABSTRACT

Since the mid-1970s, study has focused on reproductive biology of female bowhead whales, while little has been described for males. This
study evaluates testicular morphology (mass and length) and histology in relation to body length to determine the onset of male sexual
maturity. Mean testis mass and mean testis length were highly correlated. Body length and mean testis mass were significantly correlated
and an inflection of increased testicular mass occurred at approximately 12.5-13.0m suggesting the onset of puberty, and also indicated by
histologic findings. Biological variability and the fact that few male animals have been examined within this critical length cohort do not
alow determination of the onset of maturity with higher precision. Too few mature males have been landed in spring to make statistical
comparisons of testes mass with autumn-landed animal s within specific size cohorts. Two large (15.7m and 17.7m) males landed in spring
had relatively small inactive testes and were diagnosed as pseudohermaphrodites; body length and mean testis length and seminiferous
tubule diameter (STD) were not correlated with the other ‘normal’ whales. The smallest male confirmed as mature based on the presence
of spermatocytes was 12.7m. The largest testes measured (combined mass 203kg) were from a whale landed in autumn. Mean STD for
individual whales ranged from 33.3-170.9u and increased with mean testis weight and whale length. The STD is similar within a testis
regardless of region evaluated, with minor variability. Some variation was noted for transverse sections within a cross section for some

whales but no pattern was evident.

KEYWORDS: AGE AT SEXUAL MATURITY; ARCTIC; BOWHEAD WHALE; MALE; REPRODUCTION

INTRODUCTION

More effort has been focused on the reproductive biology of
female rather than male bowhead whales, Balaena
mysticetus, of the Bering-Chukchi-Beaufort (BCB) Seas
stock (Nerini et al., 1984; Koski et al., 1993; Tarpley et al.,
1999z; b; c). Little has been published on male reproduction
(Kenny et al., 1981; Medway, 1981; Koski et al., 1993;
Tarpley et al., 1995), primarily because an understanding of
the reproduction of femalesis more central to the modelling
of populations in the context of various management
strategies. However information on male reproduction and
breeding behaviour (e.g. seasonadlity) can improve the
models used in management and can provide vauable
additional information on the general health of populations
(e.g. inthe context of Implementation Reviews—see IWC, In
press). The present study presents information on: testicular
morphology; histological evidence of sexual maturation in
relation to body length (as a proxy for age); and further
description of testis appearance in two animals that were
deemed pseudohermaphrodites as previously described by
Tarpley et al. (1995).

Confirmation of mae sexual maturation requires
determining the presence of spermatozoa either through
seminal smears from fresh epididymides or histological
examination of testis and epididymistissue. When these data
are collected in concert with data on testis size (length,
width, depth and/or mass) for a large number of animals, it
may become possible to predict whether animals are mature
or immature from the size of testes alone. Testes of
intermediate size will <till need to be examined
histologically to determine whether an animal is pubertal, or
mature with recrudescent testes outside the breeding season
(if seasonality occurs). In a synthesis of the existing
bowhead whale literature, Koski et al. (1993) reported
13.0-13.5m as a mean length at sexual maturity for females

and 12.0-13.0m for males, based primarily on males having
a smaller body length at physical maturity. This study
presents additional information on morphometrics of
bowhead whales (i.e. standard length) and of their testes
(length and mass); and histological indicators of sexua
maturity (presence of sperm and seminiferous tubule
diameter between and within testis) to estimate the body
length range at sexual maturation.

MATERIALS AND METHODS

Examination and tissue sampling of bowhead whales
A subsistence fishery for bowhead whales is undertaken by
Alaskan Eskimos (Inuit) during the spring and autumn
migrations. Whales landed at Barrow and occasionally in
other villages aong the northern coast of Alaska were
examined by North Slope Borough (NSB) Department of
Wildlife Management (DWM) and/or Alaska Eskimo
Whaling Commission (AEWC) personnel. Measurements
were taken of standard body length, sex, and up to 43
morphological measurements including testicular mass,
greatest testicular circumference, and/or length (poleto pole)
for one or both gonads per animal. Where possible,
epididymal or testicular fluid was collected. All tissue
sections were saved in neutral buffered 10% formalin.

A triple beam balance was used to weigh testis < 3.0kg,
a 45.3kg (+/- 0.45kg) spring scale for testis <40kg, and a
136kg spring scale (+/-2.2kg) for larger testis. A transverse
core sample (capsule to centre of cross section) from each
pole (anterior and posterior) and mid-section (equatorial)
plane (cross section) were taken and fixed in formalin for
selected whales (Fig. 1). Thesethree different planesor cross
sections were further sub-divided from the capsular surface
to the centre along the transverse core (Fig. 1). Transverse
cores (or entire cross sections with core removed later) were
taken from the posterior and anterior poles, and equatorial

* Department of Wildlife Management, North Sope Borough, Box 69, Barrow, Alaska, USA.
* Department of Veterinary Anatomy and Public Health, College of Veterinary Medicine, Texas A& M University, College Sation, Texas, USA.
# Alaska Veterinary Pathology Services, PO Box 773072, Eagle River, Alaska, USA.
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Removed cross
sections at these
three planes.

~
el

Transverse core
removed and
formalin fixed.

capsule

Tissue samples removed for histology (formalin fixation).

Fig. 1. Diagram of the measuring and sampling sites of a bowhead
whale testis.

(mid-section) cross section early in the study (1980-1984) to
determine if significant regional differences (between the
three planes and within the cross-section or plane) existed. In
later samples (1992-1998), only equatorial sections
(mid-sections) were taken and sampled near the capsule, in
the centre of the cross section, and equidistant between these
two landmarks (three tissue samples per testis).

Histological examination

Assessment of maturity

Samples of testicular tissue were trimmed, embedded in
paraffin blocks and thin sections were placed on aglassdide
and stained with haematoxylin and eosin for microscopic
examination following Tarpley et al. (1995). Histological
examination was similar to that described by Clarke et al.
(1994) and Tarpley et al. (1995) and included: (1) a
morphological description; (2) measurement of ten
seminiferoustubular cross section diameters (STD) per glass
dide or site sampled; and (3) a count of the number of
interstitial cells (i.e. Leydig cells) per high dry (40X) field
(HDF). For each testis, Clarke (1956) used the mean of 10
tubule diameters; Clarke et al. (1994) found no statistical
differences between measuring 10 and 20 tubules. For some
whales, impression smears and/or wet smears were made
from the epididymis and slides were examined under alight
microscope (40x). A whale exhibiting ‘copious mature
spermatocytes was considered to be sexually mature.

The STD was measured based on the opening in the
stroma, as the epithelial cells were often slightly displaced
from the supporting stroma and distorted due to processing.
Two measurements were taken at right anglesto one another
across the tubul e to determine whether the section was round
and therefore atrue cross section; only ‘round’ tubules were
measured. Tubulesthat were closed, with an epithelium with
no evidence of mitoses and an approximate tubular diameter

of 60u were considered immature. Tubules that were open
with evidence of mitotic activity with athickened epithelium
and adiameter of approximately 130-140u, were considered
mature. Animals with intermediate (approximate diameter
85u) sized tubules that were open but lacked mitotic activity
with a flat epithelium were suspected to be pubertal.

Site of sampling comparison

Formalin-fixed sections of tissue for embedding into
paraffin blocks were collected from the transverse core
starting inside the capsule (outer connective tissue layer of
the testis) and sequentially sampled from this point until
reaching the centre of thetestis (Fig. 1). These sectionswere
labelled (A, B, C, etc.) sequentialy until the centre was
reached. For testes collected from 1980-1984, this procedure
was conducted for the anterior and posterior poles, and the
equatorial cross sections of the testis. For each site sampled
(i.e. anterior pole section A) 10 different STDs were
measured and the mean STD determined. This was done for
10 male whales landed in the spring, ranging in body length
from 7.8-136m, and did not include the
pseudohermaphrodites. Three different sites of the
equatorial (mid-section) plane were examined for samples
collected from 1992-1998; the central site, periphera site
and a site equidistant between these two sites (Fig. 1) and a
mean STD for that testis is determined from 30 STD
measurements (three sites with 10 STD measurements per
site).

Statistics

For testes from whales sampled from 1980-1984, each cross
section plane (anterior pole, posterior pole or mid-section)
had the transverse core sequentially sampled from the
periphery (capsule) to the centre and the STD values were
compared by ANOVA within each plane (significance
determined at ap < 0.05). Thiswithin-plane comparison was
conducted to determine if STD varied significantly by
location of the sample (i.e. centre versus closer to capsule)
such that sampling site would affect assessment of ‘ mature’
versus ‘immature’ . The means of STD values within aplane
were used to determine an overall mean and SD for each
cross section or plane. ANOVA was used to determine if
STD differed by plane (anterior pole vs posterior pole vs
mid-section) within a testis. For testes for which STD was
determined for three cross sections, an overall mean was aso
caculated. If two testes were assessed for an animal, the
average of both testes was cal culated to represent the overall
anima STD (mean testis STD). Means, SD (standard
deviation), ANOVA, Student’s t-test (Table 1) and figures
were derived using Microsoft Excel 2000 for Windows.
Regression analyses were performed on testis morphology
using SPSS PC (7.5 for Windows). Models were fitted using
the ‘curve estimation’ function.

RESULTS

Gross mor phology

Testesweights were plotted versus whal e length (1980-1998
whales) and a steep inflection of increased mean testes mass
occursat 12.5-13.0m body length (Fig. 2). Whale length was
linearly related to the In transformed mean testis mass (Table
2). Whale length versus mean testis length was compared
using regression analyses with and without the two
pseudohermaphrodites and in both casesthe rel ationship was
significant and positive. Removing the two mae
pseudohermaphrodites from the data achieved a better fit (R?
increased from 0.68 and 0.79, to 0.91 and 0.91 for
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Table 1

Mean, standard deviation (SD), and range for body length, mean testis mass and length, and mean seminiferous tubule diameter
(STD) for mature and immature (with and without pseudohermaphrodites) whale classes, and mature whale active or inactive
spermatogenesis.

145

Mean testis mass Mean length of
Whale class Whale length (cm) (kg) testis (cm) Mean STD (u)
All mature
Mean 1407.6 53.1 92.3 125.8
SD 105.2 28.8 19.2 24.5
No. of whales 18 13 16 15
Range 1270-1660 11.3-101.6 59.0-134 88.0-170.9
All immature*
Mean 1059.7 4.27 40.4 51.8
SD 245.5 3.32 12.8 9.74
No. of whales 23 9 13 23
Range 760-1770 0.44-9.8 20.4-58 33.3-69.1
All immature except pseudohermaphrodites
Mean 1000.6 427 37.6 51.5
SD 152.7 3.32 11.6 10.1
No. of whales 21 9 11 21
Range 760-1260 0.44-9.8 20.4-58 33.3-69.1
Mature and active
Mean 1442.5 62.0 101.6 132.5
SD 119.1 25.6 13.6 25.6
No. of whales 8 7 6 5
Range 1270-1660 20.6-92.1 84-122 102.8-168.8
Mature and inactive
Mean 1379.6 423 86.7 122.5
SD 889.0 30.7 20.4 24.6
No. of whales 10 6 10 10
Range 1290-1528 11.3-101.6 59-134 88.0-170.9
All mature v. all immature
P value** <0.0005 <0.0005 <0.0005 <0.0005
Mature-active v. mature-inactive
P value** 0.130 0.124 0.092 0.336

*Includes two pseudohermaphrodites (Tarpley et al., 1995).
** Student’s t-test.

Note: for mature whales, ‘early mature’ was diagnosed for four whales. For immature whales, three were classified pubertal.
These seven whales have intermediate STDs (mean 85.3p) and likely represent pubertal whales.
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Fig. 2. Mean testis mass (kg) versus whale body length (cm) for select
bowhead whales landed in northern Alaska 1980-1998.

non-transformed and In transformed data, respectively) for
whale length versus mean testis length (Table 2), and these
dataare presented in Fig. 3. A strong relationship was found
between mean testis mass and mean testis length (R = 0.89)
and these data are presented in Fig. 4.

Mean testes length increases with body length with aless
dramatic inflection (Fig. 3) than seen with mean testis mass,
showing more of a linear relationship (Table 2). Two
confirmed pseudohermaphrodites fall outside the ‘normal’

male maturation curve for mean testis length versus body
length (Fig. 3); and for mean STD (Fig. 5), as would be
expected. Too few mature males have been landed in spring
to make dstatistical comparisons of testicular mass with
autumn-landed animals.

Histomor phology

An ANOVA was conducted to determine if a significant
difference in STD occurred within each pole and equatorial
(mid) cross section for each testis with respect to depth from
the capsule aong the transverse core sampled. Forty-three
separate cross sections (anterior or posterior poles, and
equatorial plane) were evaluated in thisfashion and 25 cross
sections (planes) showed a significant (p <0.05) difference,
while 18 did not (p>0.05). However, no pattern was
detected and the differences were small in magnitude
(approximately 5u). Idealy, this examination should be
conducted on pubertal whale testes.

The average STD for each pole and equatorial cross
section was cal culated from the averages determined at each
depth for testes collected from 1980-1984. An ANOVA
compared the means of each pole and equatorial plane for
each testisand no significant difference was observed among
the two poles and the mid-section for most of the testes
evaluated (data not shown). Only two (of 16 tested) testes
indicated aregional difference by plane (P < 0.05) where the
mean STD for one ranged from 36.6-40.1u, and the other
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Table 2
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Regression analyses for morphologic measures of testicular mass (kg), length (cm), total whale length (cm), and seminiferous
tubule diameters (STD, p) for male bowhead whales.

Morphology measured n R*  Pvalue' for F statistic Formula

Testis mass

Mean testicular mass (x) v. mean testicular length 32 0.89 <0.0001 y=27.20+16.91*In(x)
Whale length (x) v. In mean testis mass > 36 0.93 <0.0001 y=-7.75+0.008(x)
Testis length

Whale length v. mean testis length (x)> 44 0.68 <0.0001 y=-886.47+133.56*In(x)
Whale length (x) v. In mean testis length * 44 0.79 <0.0001 y=1.243+0.0022(x)
Whale length (x) v. mean testis length (w/out pseudos)* 42 0.91 <0.0001 y=4.85%10x*%

Whale length (x) v. In mean testis length (w/out pseudos)>® 42 0.91 <0.0001 y=0.854+0.0025(x)
Seminiferous tubule diameter (STD)

Whale length (x) v. mean STD 38 0.59 <0.0001 y=0.00128x"**

Mean testis weight (x) v. mean STD 17 0.79 <0.0001 y=44.50+21.80*In(x)
Mean testis length (x) v. mean STD 21 0.71 <0.0001 y=-172.65+63.59*In(x)

! P value for the ANOVA F-test that coefficient is different from 0.

2 Data were In transformed prior to regression analyses.

3 Pseudohermaphrodites (‘pseudos’) were determined based on histology and morphology (Tarpley et al., 1995).
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Fig. 3. Mean testis|ength (cm) versuswhale body length (cm) for select
bowhead whales landed in northern Alaska 1980-1998.

from 41.9-46.5u. This indicates that mean STD by pole or
mid-section does not vary significantly in most specimens;
when it did it was only approximately 5u.

Histological examination indicated that the tubules of
immature whales were closed (did not have an obvious
lumen), lined by an epithelium characterised by a single
layer of prospermatogonia aong the basement membrane,
Sertoli cells closer to the centre of the tubule, and no
evidence of mitoses (Fig. 6). Immature whales (mean whale
length of sample 10.6m) had an average STD of 51.8u
(Table 1). Excluding the pseudohermaphroditic whales from
theimmature category resultsinamean STD of 51.5u (mean
whale length of sample 10.0m).

The tubules in mature whales had an obvious lumen, the
epithelium was thickened with evidence of mitotic activity,
occasional spermatozoa within the lumen, average STD was
125.8u (Fig. 7) and average whale length was 14.1m (Table
1). Whaleswith similar findings, but aflat epithelium and no
evidence of spermatozoawere classified as suspected mature
but inactive. Seven animals had intermediate sized tubules
that were open but lacked mitotic activity with a flat
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Fig. 4. Mean testis mass (kg) versus mean testis length (cm) for select
bowhead whales landed in northern Alaska 1980-1998.
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Fig. 6. The seminiferous tubules of immature whales were closed, lined
by an epithelium characterised by asingle layer of prospermatogonia
along the basement membrane, Sertoli cellscloser to the centre of the
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Fig. 7. The seminiferous tubules in mature whales had an obvious
lumen and the average STD was 125.8u. In mature whales with
evidence of active spermatogenesis, the epithelium was thickened
with evidence of mitotic activity and there were occasional
spermatozoa within the lumen. Bar = 40u.

epithelium and were classified as pubertal or early mature.
Pubertal or early mature whales had a mean STD of 85.3u
and mean whale length was 12.6m (range 11.5-13.5m). The
smallest whale for which maturity was confirmed was 12.7m
in length and harvested in the autumn (Medway, 1981);
maturity was determined by the presence of sperm in urine.
Whale length, mean testis mass and length, and STD were
significantly different for mature versus immature whales
(Table 1). None of the endpoints measured comparing
histologically determined mature-active to mature-inactive
whales proved significantly different (Table 1).

Assessing the number of Leydig cells per HDF was not
rewarding and the interstitium varied considerably thus
affecting the count. The interstitial cells were very difficult
to differentiate. These data are not reported here.

DISCUSSION

Using morphological data (testicular mass and dimensions,
whale length) and histological evaluation (STD, presence of
spermatozoa and changes in the germinative epithelium),
this paper describes the sexual maturation of males of the

BCB stock of bowhead whales. One method for estimating
the onset of maturity is to determine at what point the testes
mass to body length curveinflects sharply. Mean testes mass
increases sharply once body length reaches approximately
12.7m, suggesting the onset of puberty can be less than
13.0m. In their review, Koski et al. (1993) noted that few
data were available on male length at attainment of sexual
maturity but predicted that it would occur at 12.0-13.0m. The
results here concur with this; ‘pubertal’ or ‘early mature’
whales ranged in length from 11.5-13.5m. Durham (1972 in
Marquette, 1977) reported that sexual maturity in the
bowhead whale was estimated to occur at 11.58m but
Marquette did not detail how this estimate was obtained. For
females, Koski et al. (1993) reported values of 14.2m
(landed whale data) and 13.0-13.5m (photogrammetric
data). However, caution is needed when comparing data
from landed whales to photogrammetric studies, as in our
experience, stretching of the landed whale will probably
increase length measurements. The shorter length at sexual
maturation for malesis not surprising since females of most
baleen whalestend to be larger (Whitehead and Payne, 1981,
Koski et al., 1993; Georgeet al., 1999). The estimated age at
sexual maturity as determined by stable carbon isotope
analysis of the baleen is 17-20yr (Schell et al., 1989; Schell
and Saupe, 1993). The estimate mean age for 13m whales
using aspartic acid racemisation was about 25 years (George
et al., 1999).

The mean STD increased at a body length of
approximately 13.0m paralleling an increase in testicular
size at a dightly lower body length of about 12.7m.
Maturation has been studied in many other whale species
(see Boness et al., 2002). Comparisons to these studies of
other species indicate male bowhead whales may have the
oldest age at sexual maturation (George et al., 1999).

In some testes, a significant difference in STD was
detected based on depth from the capsule or plane (anterior
pole, posterior pole or equatorial) of sampling, but no clear
pattern was evident and the difference was small
(approximately 5u). Thus, we conclude that intratesticul ar
variation in STD does not affect the interpretation of testis
maturity or activity if multiple sites are sampled. Whales
have been defined as pubertal if immature and mature
seminiferous tubules occur in the same testis section (Clarke
et al., 1994). In some animals, detection was made of what
would appear to be amean STD that is lower than the large
obviously mature males, but higher than clearly immature
whales with small STD. These intermediate mean STDs
(approximately 85u) could represent a pubertal or testicular
development phase.

Best (1969) showed that sperm whale testes mature from
the centre to the periphery and thus location of samples
should be considered in any maturation assessment. In our
sample, this pattern was only seen in two of 16 whales by
comparing cross sections but significant STD differences
were found based on depth from the capsul e in some sections
of 25 of 43 whales. Given this, we recommend sampling
from the centre to the periphery of the testis, especialy for
suspect pubertal animals. With an increased sample of
pubertal whales, the centre to periphery maturation theory
could betested in the future. It was reported that on occasion
(3-12%), only one testis had detectable sperm in the sperm
whale (Clarke et al., 1994) and attempts to evaluate both
gonads per bowhead whale should be encouraged.

The largest bowhead whale testes measured in this study
had a combined weight of 203.2kg in a 15.2m whale landed
in the autumn. Testes of mature northern right whales are
often larger, up to 2m long with a combined weight of
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1,000kg or more. The relatively large testicular mass for
right whales and to a lesser degree bowhead whales may
involve a sperm competition reproductive strategy
(Brownell and Ralls, 1986). In humpback whales, the paired
testes weigh approximately 4.0kg at puberty and are heavier
on breeding areas than in feeding areas (Nishiwaki, 1959;
Chittleborough, 1965). The combined maximum weight of
both testes in the gray whale at the height of the breeding
season was approximately 68kg (Rice and Wolman, 1971).
The much heavier testes and larger seminiferous tubules of
gray whales during the southward migration compared to the
northward migration and in the summer feeding areas
indicate a marked seasonal sexual cycle with a peak in
spermatogenic activity in late autumn and early winter (Rice
and Wolman, 1971; Wolman, 1985). Sample size precluded
comparisons of spring versus autumn-landed mature males
here; bowhead whales are thought to breed in March (K oski
et al., 1993).

In conclusion, based on testicular size (mass) and STD,
male bowhead whales initiate significant testicular
development at approximately 12.5-13.0m in length. In this
study, seasonality could not be determined and Leydig cell
(interstitial) assessment was found to be of very limited
value given their cryptic nature. Future studies utilising
special techniques to highlight interstitial cells (i.e. Leydig)
and androgen measures in serum and other matrices may
help to describe seasonaly based changes in testicular
activity and better define sexual maturity.
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A note on the possibility of identifying Leydig and Sertoli cells
by immunohistochemistry in bowhead whales (Balaena
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ABSTRACT

Leydig cells have been found to be either unidentifiable or at apparent low numbers during routine histologic examination of bowhead
whale testes. Therefore, formalin-fixed, paraffin-embedded testicular tissues from 14 bowhead whales were retrospectively examined to
determine if immunohistochemical staining could aid in identification of Sertoli and Leydig cells. Multiple intratesticular samples were
examined when available. Sertoli and Leydig cells were differentiated using inhibin and calretinin stains. Significant whale length and
seasonal differences were not found; however, a trend toward increased staining intensity was noted for autumn harvested whales.

KEYWORDS: BOWHEAD WHALE; HISTOLOGY; IMMUNOHISTOCHEMISTRY; REPRODUCTION

INTRODUCTION

Obtaining a better understanding of the reproductive process
is of particular importance in endangered species
management. Such studies are especially challenging in
migratory species because indices of reproduction may be
affected by the intense physical demands of migration.
Additionally, migration patterns often coincide with the
breeding season, asisthe case for bowhead whales (Balaena
mysticetus) in Alaska (Koski et al., 1993). The traditional
timing of bowhead whale subsistence hunts in Barrow,
during the spring and autumn, affords an opportunity for
sampling and evaluating reproductive parameters at two
periods in the annual migratory cycle (O'Hara et al.,
1999).

Biologists are interested in physical indicators of
reproductive success. In testes, Sertoli cells are sustentacular
or nurse cells for the devel oping gametes that are positioned
basally within mammalian seminiferous tubules (Banks,
1986). They provide the physical support upon (or within)
which the spermatogoniaare embedded (Banks, 1986). They
also secrete oestrogen and are metabolic regulators for
developing gametes (Faulkner, 1969). Thus, they participate
actively in the movement, development and release of the
gametes. This participation makes them potentially valuable
reproductive indicators. Similarly, Leydig cells are also a
reproductive indicator because of their role in secreting
testosterone, the male sex hormone. Leydig cells are the
interstitial cells of the testes and are located within the septal
connective tissue (Banks, 1986). Testosterone is the key
stimulus for development of secondary sex characteristics
and reproductive prowess (Faulkner, 1969).

M orphologic parameters (gross and microscopic) of testes
have been used in many species to aid in assessment of
reproductive status (e.g. Kobayashi et al., 1996; Chapin,
1997; Hopkins and Spitzer, 1997; Short, 1997; O'Haraet al .,
2002). For example, in immature animals and during the
non-breeding season in seasonal breeders, the epithelium of
the seminiferous tubules is quiescent, with only scattered
spermatogonia and Sertoli cells present (Banks, 1986).
Examination of testicular morphology in bowheads has
shown Leydig cells to be either unidentifiable or in low
numbers in animals expected to be mature and active
(O'Haraet al., 2002). This inability to identify Leydig cells
in bowhead whales compromises the assessment of sexual
activity and seasonality, which are currently not well
described. In humans, differencesin the quantity and quality
of Sertoli and Leydig cells have been demonstrated by
immunohistochemistry (Forti et al., 1992).

Although oestrogen and testosterone markers have been
used to identify Sertoli and Leydig cells, respectively,
additional markers have been identified and provide ameans
of identifying non-functional or inactive cells. For Sertoli
cells, testis-specific proteins (i.e. inhibin and androgen
binding protein) may serveto identify their presence (Forti et
al., 1989; Bergh and Cajander, 1990; Vleigen et al., 1993).
Specifically, inhibin isapeptide hormone that is a product of
primarily Sertoli cells and minimally Leydig cells (Bergh
and Cagjander, 1990). Likewise, calretinin, acalcium-binding
protein important in neurogenesis and neuroprotective
mechanisms is thought to correlate with androgen status in
males and has been valuable in identifying Leydig cells
(Lephart et al., 1998; Lephart and Watson, 1999). The
purpose of this study isto identify atechniqueto specifically
distinguish and describe the Leydig and Sertoli cells in
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bowhead whale testes. This information will be used to
consider seasonality and interpret testosterone data and
unusual cases, such as pseudohermaphrodites, in animals
harvested in the autumn and spring.

MATERIALS AND METHODS

Sample collection

Testes were opportunistically collected from bowhead
whales by the Department of Wildlife Management, North
Slope Borough, Alaska. Historically, testicular samples have
been collected from three locations, outer (near the tunic),
middle and central (O’'Haraet al., 2002). All specimenswere
formalin-fixed, paraffin embedded and prepared on glass
slides for staining and histologic examination. Standard
haematoxylin and eosin staining protocol was used for initial
light microscopic examination.

Immunohistochemistry
Immunohistochemical staining success can be limited by
antibody specificity for the targeted antigen. Therefore,
species variation can result in false negatives. Lack of
specific antibodies for whal e tissue antigens necessitates that
a chosen target (protein, cell type, product), and associated
antibody, is fairly well conserved among mammalian
species. This study included testosterone (rabbit
anti-testosterone’),  oestrogen  receptor,  progesterone
receptor and androgen binding protein (mouse anti-human?)
antibodies for staining testicular tissue. All four of these
resulted in negative staining, most likely due to species
variation of the antibodies for these products. Antibodies to
inhibin  (mouse anti-human® and calretinin  (rabbit
anti-calretinin®) yielded positive results for both Sertoli and
Leydig cells; however, preferential staining was noted for
Sertoli cells by inhibin and Leydig cells by caretinin.
Therefore, inhibin and calretinin were used in this study to
identify Sertoli and Leydig cells, respectively.
Immunohistochemical staining was performed by the
University of Miami Pathology Reference Service
Immunoperoxidase Laboratory, Miami, Florida (USA). A
labelled streptavidin biotin procedure was used (Nadji and
Morales, 1983). Biotin (Vitamin B6) has high affinity
binding to avidin (egg white protein), which allows these
molecules to be used for ‘tagging’ different proteins and
other molecules. The reaction between biotin and avidin can
serve as a low-energy, high-efficiency method of binding
substancesthat are otherwise difficult to bind. In brief, tissue
sections approximately 3um thick were cut from paraffin
blocks and placed on glass slides. These slide preparations
were deparaffinised, rehydrated and treated with
H,O--methanol to block interference from endogenous
enzymes. The specific primary antibody was added to the
preparation and conjugated with biotin. Next, the detection
molecule (peroxidase) congugated to avidin (strepavidin
peroxidase) was added and this preparation was incubated at
room temperature for 30 minutes. Specific binding of biotin
to avidin alows for locadisation of the detection molecule
over a target antigen, which can then be visualised by
addition of a chromagenic substance for the detection
molecule (enzyme). Slide preparations were viewed under

1 BioGenex, 4600 Norris Canyon Road, San Ramon, California,
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2 DAKO Corporation, 6392 Via Real, Carpinteria, California, USA.
3 Serotec Incorporated, 3200 Atlantic Avenue, Suite 105, Raleigh,
North Carolina, USA.

4 Zymed L aboratories, Inc., 561 Eccles Avenue, South San Francisco,
California, USA.

light microscopy. Staining intensity was graded on a scal e of
0-4, with 0 being no staining and 4 being the highest
intensity of staining observed.

M or phological measurements

Seminiferous tubules were measured with light microscopy
as described in O'Hara et al. (2002) from haematoxylin and
eosin stained slide preparations. Leydig cells were measured
with light microscopy from immunohistochemically stained
slide preparations following Clarke et al. (1994). In
summary, two cells were measured from each of five fields
for atotal of 10 cells per sample. The widths and the lengths
of the Leydig cells (given that they are round to oval
structures) were measured using a micrometer and the
averages (of the widths and the lengths) were calcul ated.

Statistics

Means, standard deviation and Student’ s t-test were derived
using Microsoft Excel 2000. Means and standard deviations
were calculated for each dataset (caretinin staining, inhibin
staining, seminiferous tubule diameter and Leydig cell
dimensions) and within each dataset by season. A Student’s
t-test was used to compare datasets by whale length and by
season.

RESULTS

Positive intracytoplasmic staining was present for inhibin
and calretinin (Figs 1 and 2). Inhibin staining was generally
more intense than the calretinin staining (Figs 1 and 2);
although in two pseudohermaphrodites, the staining
intensity was reversed. No significant differences (p>0.05)
werefound in the size of Leydig cells or staining intensity of
calretinin or inhibin in relation to whale length (Table 1).
The specimens examined were from various intratesticular
locations. In one whale, multiple locations were examined
but no differences in staining intensity were noted.
Significant (p < 0.05) differenceswere noted in seminiferous
tubule diameter in comparisons between whales greater and
less than 12m, but not in comparisons between whales
greater and less than 9m. Different Leydig cell diameters
were noted between whales greater and less than 9m if
p<0.10 is considered significant, but not between whales
greater and less than 12m (p =0.16). Spermatozoa were not
observed within the sections wused for these
immunohistochemical stains.
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Fig. 1. Positive immunohistochemical staining for inhibin with
identification of Sertoli cells (arrowhead) and Leydig cells (arrow) in
the testis of a bowhead whale (Balaena mysticetus). Bar = 15u.
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Fig. 2. Positive immunohistochemical staining for calretinin with
identification of Leydig cells (arrow) in thetestis of abowhead whale
(Balaena mysticetus). Bar = 20u.

DISCUSSION

In general, staining intensity was greater for inhibin than for
calretinin; however, Leydig cellswere more easily viewed in
calretinin stained sections. The variation in intensity might
be ascribed to species compatibility to the antibodies and/or
quantity of product present in the tissue; however, two
pseudohermaphrodites that were included in the study
displayed the opposite results for staining intensity (i.e. the
calretinin stained much more intensely than the inhibin).
Therefore, the quantity of antigen that is present in the tissue
is a more likely explanation for this variation in stain
intensity than species compatihility.

Sertoli cellsarethe primary producers of inhibinin males.
Leydig cells have been shown to produce minimal amounts
of inhibin in humans (Bergh and Cagjander, 1990). There
remains some debate as to whether or not other testicular
sources of inhibin exist but attemptsto identify other sources
have been inconclusive, especialy in adult mammals (Bergh
and Cajander, 1990; Meachem et al., 2001). Germ cellshave
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been shown to affect the amount of inhibin production in
other mammals but the effects have varied (Bergh and
Cajander, 1990; Meachem et al., 2001; Clifton et al., 2002).
Additionally, Bergh and Cajander (1990) suggest that
inhibin production may reflect both Sertoli and Leydig cell
function. Theintratubular positive staining for inhibin in the
bowhead whale is presumed to reflect the framework
provided by the cytoplasm of the Sertoli cells. Other
intratubular sources of positive staining were not identified
but cannot be ruled out. It is uncertain if the quantity of
positive staining for inhibin in the bowhead whale is
reflective of either Sertoli or Leydig cell function, but
combining these data with serum hormone analysis (i.e. for
FSH, inhibin, oestrogen and testosterone) may aid in
understanding of the reproductive physiology in this
Species.

Minimal variation in caretinin and inhibin staining of
testicular tissue was noted by length and season. Thislack of
significant variation in staining intensity by whale length
was surprising. Sexual maturity is thought to take place at
approximately 25 years of age, which for males corresponds
to a length of 12-13m (George €t al., 1999) or 12.5-13m
(O'Hara et al., 2002). Therefore, males less than 9m are
considered immature or young adults. Further investigation,
including serum hormone analysis, is required to interpret
the positive staining in the immature animals.

Staining intensity seemed to vary between animals that
were of similar size but harvested in different seasons
(83WW?2 versus 82KK1; 96V 148 versus 85B2; and 80B5
versus 81H4 versus 98B19). More intense staining was
noted among autumn-harvested animals that might indicate
seasonal fluctuation in function or differencesin sampling or
preservation (Table 1). This may suggest a seasonally
dependent proliferation or ‘turning on’ of the cells in
response to increased hormonal production, and additional
samples are being collected to clarify this. Increased
hormonal production in the autumn would coincide with the
time preceding migration to the presumed breeding grounds.
Koski et al. (1993) state that the principal mating period of

Table 1
Immunohistochemical staining intensities (0-4) for calretinin (calret) and inhibin in bowhead whale (Balaena mysticetus) testes.

Whale Seminiferous tubule Leydig cell
Whale ID length (m) Year Season Calret Inhibin diameter (um) dimensions (um?)
81WW3* 17.70 1983 S 2 1 50.8 6.2x92
83WW2 16.20 1983 S 2 2 102.8 9.2x10.8
82KK1 16.00 1982 F 2 3 62.0 7.7x7.7
83WW1* 15.90 1983 S 3 2 58.4 9.2x13.9
84WW2 14.80 1984 S 0 0 75.9 -
96V150 13.60 1996 F 0 0 69.0 -
96V148 12.60 1996 F 4 4 45.8 8.5x10.8
85B2 12.20 1985 S 3 4 39.0 9.2x13.9
80B5 10.40 1980 S 1 2 44.9 11.6 x 13.9
81H4 10.00 1981 S 1 1 454 7.7%x7.7
98B19 9.52 1998 F 3 4 50.55 8.5x8.5
82Gl 7.92 1982 S 2 4 37.5 7.7%9.2
80WW1 7.80 1980 S 1 2 39.8 7.7%x7.7
84WW1 7.60 1984 S 2 4 423 7.7 %77
Total average 12.30 1.86 2.36 54.58 8.41 x 10.08
Spring average (n=10) 12.05 1.70 2.20 53.68 8.47 x 10.44
Fall average (n=10) 12.93 2.25 2.75 56.85 8.23 x 9.00
Total SD 3.48 1.17 1.50 18.07 1.33]2.55
Spring SD 3.85 0.95 1.40 20.77 1.5412.77
Fall SD 2.68 1.71 2.05 10.57 0.461.61
Students #-test” by whale length (<12 vs >12) 0.83 0.49 0.04 0.16
Students t-test® by whale length (<9 vs >9) 0.90 0.31 0.14 0.08
Students #-test® by season 0.45 0.56

*Pseudohermaphrodite (PH). ® Analysis excludes PH.
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the bowhead whale remains unknown; however, based on
data from foetuses found in females at harvesting, most
conceptions may occur during the late winter or spring.
Similarly, Mogoe et al. (2000) reported a functional
reduction of the southern minke whale (Balaenoptera
acutorostrata) testis during the feeding season; and also
found a corresponding decline in plasma testosterone
concentration. Contemporaneous plasma testosterone
concentrations are needed to further characterise the
observations in this bowhead whale study.

A significant difference in seminiferous tubule diameter
was observed between whal es greater than and lessthan 12m
(approximately the length at sexual maturity). Similar and
expected findings were not noted in comparisons of Leydig
cell diameters by whale length; possible differences in
Leydig cell diameters were noted when comparing whales
greater versus less than 9m (p=0.08). Based on their body
lengths, these whales were most likely pubertal males and
therefore, their testes were undergoing development. Clarke
et al. (1994) found that Leydig cell size varies with maturity
and that pubertal whales have Leydig cells that range from
immature to mature depending upon the location within the
testes. Adequate intratesticular comparisons regarding
Leydig cell diameter cannot be made based on the sections
examined in this study.

Negative staining results for animals 84WW2 and
96V 150 were most likely due to sample handling. Factors
such as tissue autolysis or prolonged formalin storage prior
to paraffin embedding can affect immunohistochemical
staining (Nadji and Morales, 1983). Times associated with
sample handling were not known for these tissues.

The positive staining of the pseudohermaphrodite
testicular tissues is interesting and: (1) may indicate
testicular function in these animals; or (2) may imply that
positive staining in normal tissues cannot be correlated with
degree of function or activity. Tarpley et al. (1995) noted
that the external phenotype in these whales was female but
they described the gonads as underdeveloped testes. They
noted that the cellular composition of the seminiferous
tubules were limited to Sertoli cells and spermatogonia
whereas the interstitium was primarily dense collagen,
similar to that described for normal males. Active
spermatogenesi swas not found in the pseudohermaphrodites
and anatomically the epididymis, ductus deferens and
prostate gland were not present; however, neither were
uterine structures. The karyotypes of these whales were XY
and chromosomes were morphologically norma with a
diploid number of 42. Given these morphological findings,
the positive staining for Sertolli cells is not surprising;
however, the positive staining for Leydig cells suggests that
they may have been present but were not distinguishable
with conventional stains (i.e. hematoxylin and eosin) aswas
the case for the normal males. These data show that such
pseudohermaphroditic whales are reproductively deficient
based on the anatomical and physiologic studies.

Future work should include correlation of these
immunohistochemical findings with oestrogen and
testosterone levels from archived serum samples.
Correlating these findings with associated serum
testosterone and oestrogen levels may aid in interpretation of
the reproductive cycle (seasonality) of bowhead whales.
Further, unusual cases, such as the pseudohermaphrodites,
may be more thoroughly interpreted. These data will
improve understanding of the reproductive physiology of
this species, particularly the possibility that male bowhead
whales vary seasondly in functional maturity and sperm
production.
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ABSTRACT

Vertical aerial photographs were collected of gray whales migrating along the California Coast between 1994 and 1998 to readdress some
published findings on the biology and life history of this population based on examination of specimens. For each whale, an attempt was
made to measure standard total length, the width of the whale at its widest point, the distance from thetip of the rostrum to the widest point,
and the width of the flukes. For southbound gray whales, early migrants were longer on average and more likely to be parturient than those
migrating later. Near-term pregnant females were wider relative to their length than other southbound gray whales. This difference was
easily detected by visual inspection of the images and through statistical evaluation of length and width data. There was 100% agreement
between identification of parturient females based on linear regression analysis of length and width and discriminate analysis of all
measurements. Based on the proportion of parturient females to those with calves during sampling of southbound whales, the median
calving date was estimated to be 13 January. Southbound calves averaged 4.6m in length; those photographed northbound in late April, at
an age of about three months, averaged 7.1m. Average length for yearlings, based on combined southbound and northbound data, was 8.5m.
Residuals from a regression of width on length were compared, and significant changes in the relationship were detected which were
consistent with changes in nutritive condition or fatness described from examination of whales taken along the California Coast between
1959 and 1969 (Rice and Wolman, 1971). Parturient females were the widest relative to their length and northbound cows with calves were
the narrowest in the sample. The relationship between length and width for migrating gray whales that were not parturient or associated
with a calf, showed that southbound gray whales were significantly wider than northbound whales photographed approximately 60 days
later. These results indicate that the predictable but relatively small changes in condition or fatness of gray whales associated with fasting
during their winter migration can be reliably detected in measurements from vertical aerial photographs.

KEYWORDS: GRAY WHALE; PHOTOGRAMMETRY; MORPHOMETRICS; PREGNANCY; GROWTH; CONDITION

INTRODUCTION

As with most species of large cetaceans, our understanding
of the basic biology and life history of the eastern Pacific
population of gray whales (Eschrichtius robustus) is derived
mainly from the examination of animals killed in fisheries.
For this population, most specimens have come from the
Chukotkan native fishery, which has taken gray whales in
the Bering and Chukchi Seas since the mid-1930s and those
animals taken under specia research permits along the
California coast between 1959 and 1969. Examinations of
whales from the Chukotkan fishery have provided much of
the basic knowledge on the growth, physiology,
reproduction and food habits for this population (Zimushko
and lvashin, 1980; Bogoslovskaya et al., 1981; Blokhin,
1984; Yablokov and Bogoslovskaya, 1984; Blokhin and
Tiupeleev, 1987). Recently, most of the whales from this
fishery have been taken from nearshore waters, and the
non-random distribution of whales on the feeding grounds
has biased this sample towards immature specimens and
females.

In addition, 316 gray whales were taken under seven
scientific research permits issued to the US Bureau of
Commercia Fisheries (now the National Marine Fisheries
Service) under Article 8 of the Convention of the
International Whaling Commission between 1959 and 1969.
Land-based catcher boats were used to capture whaleswhich
were brought to the Richmond Shore Stations (inside San
Francisco Bay) in California, where external measurements
and biological samples were collected. These takes were
conducted to provide representative samples from both the
southbound and northbound migrations. The monograph by
Rice and Wolman (1971) presenting the results of this study

remains the most comprehensive review of the biology and
ecology of this population. Among the many findings on
basic anatomy, growth and reproduction that complement
the Russian studies, these authors reported partial temporal
segregation by age, sex and reproductive status in migrating
gray whales. They also found that gray whales experience a
weight loss of between 11-25% during approximately 60
days of fasting between their southbound and northbound
migrations past central California. They reported that
changes in girth were better indicators of this change in
condition than measurements of blubber thickness. Although
they planned to sample al segments of the population, no
northbound cows with calves were taken. In addition, the
authors recognised that their analyses were based on data
from one source, with some known biases (i.e. selection of
larger whales by gunners) and they recommended that their
findings be re-examined through other approaches with
different biases (Rice and Wolman, 1971; Rice, 1990).
The data available from the Russian and scientific catch
are supplemented by information from stranded gray whales,
afew that have been captured live, as well as a small set of
body measurements made from photographs. Although most
of these samples support the findings from the studies
involving direct takes, there are some notable exceptions.
For instance, size at birth estimated from stranded calves,
with the exception of avery recent sample (Pacheco, 1998),
is generally smaller than that taken from near-term foetuses
or calves captured live (Norris and Gentry, 1974; Bryant et
al., 1984; Jones and Swartz, 1984; Sumich, 1986). In
addition, growth rates for young gray whales based on
stranded and captive whales indicate that growth is much
slower than that projected from fishery data (Sumich, 1986).
The reason for this apparent difference in estimated growth
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remains unresolved, although it may be related to the
possibility that weaker, slower growing calves are more
prone to stranding.

This paper presents the results of an aerid
photogrammetric sampling programme that was modelled
after the effort conducted more than 25 years ago by Rice
and Wolman (1971). Migrating gray whaes were
photographed as they passed along the California coast and
the field effort was scheduled in an attempt to collect
representative samples of the southbound and northbound
migrations. The field season was extended into April and
May to include the northbound gray whale cows with calves.
Measurements from vertical photographs of gray whales
were examined for evidence of temporal segregation during
the migrations, for indications of reproductive status, and for
changes in shape that may reflect reduction in nutritive
condition during the winter migration. The goals of the study
were to determine whether data from high resolution aerial
photographs could be used to detect changesin nutritive and
reproductive condition in gray whales, and to review other
findings based on examination of fishery and stranded
specimens.

MATERIALS AND METHODS

The measurements presented in this paper were made on
vertical aerial photographs of gray whales taken near the
coast between Monterey, California and the California
Channel Idands (Fig. 1). Photographing of gray whale cows
and calves began during the northbound migration in 1994
and continued each spring through 1998. In 1996, sampling
of northbound gray whales was expanded to include the
adults and juveniles that comprise the first phase of this
migration; this photographic sampling continued in 1997
and 1998. In thewinters of 1997 and 1998, gray whaleswere
aso photographed during the southbound migration. Since
migrating gray whales reportedly segregate by age, sex and
reproductive condition during the southbound and the first
phase of the northbound migrations (Rice and Wolman,
1971; Poole, 1984), thefield effort was scheduled to span the
peaks of these migrations (Table 1). Although the
southbound migration is characterised by a steep and
predictable peak in migration rates (Rugh et al., 2001), the
northbound migration is much more diffused and selection
of a peak date can be somewhat arbitrary (Pike, 1962;
Herzing and Mate, 1984; Poole, 1984). The northbound peak
date for this study was selected as 14 March based on the
studies cited above and the observations of gray whale
migration rates within the Southern California Bight.

Aeriad photographs were taken with a 126mm format
KA76 military reconnaissance camera (image size 114mm
X 114mm) that was mounted vertically over a hatch in the
deck of aPartenavia aircraft. A bubblelevel was attached to
the top of the camera and the orientation of the camera was
adjusted during each pass to ensure that the photographs
were collected vertically. When the camera fired, a data
acquisition system recorded an dtitude reading from a
Foerry 300 series twin transducer radar atimeter, and a
position from a GPS unit. Gray whales were photographed
from atitudes between 135 and 245m. The magjority of the
photographs (about 98%) were taken with Kodak Aerecon
Plus-X aerial film. Two colour transparency films, Kodak
MS 2448 and Kodak HS SO359, were tested early in the
experiment and the resolution of the black and white
negatives was consistently superior to the colour
transparencies.
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Fig. 1. Aeria photographs of gray whales were taken around the
California Channel Islands and along the central California coast
between Santa Barbara and Monterey.

Table 1

Dates of aerial photographic missions to sample southbound and the first
phase of the northbound migrations of gray whales. This sampling was
conducted around the California Channel Islands.

Sampling periods

Migration Early Peak Late
Southbound 6, 7 Jan. 1997 17, 18 Jan. 1997 29, 30 Jan. 1997
migration 30,31 Dec. 1997 17 Jan. 1998 23, 24 Jan. 1998
Northbound 11 Mar. 1998 14, 15 Mar. 1996 25, 26, 27 Mar. 1996
migration 18, 19 Mar. 1997
(Phase 1) 20 Mar. 1998

M easur ements from photographs

Theblack and white negativeswere reviewed on alight table
and the whales selected for measurement were those clearly
visible and swimming near the surface. If acceptable
photographs were available from more than one pass over a
pod of whales, natural marks were used to identify
individuals and thus avoid inclusion of duplicate
measurements from the same whale. A high resolution
digital camera (Diagnostic Instruments SPOT) mounted
above the light table was used to capture images of
individual whales which were then transferred to a
computer. The whales were measured with either Image, a
software package developed by the National Institutes of
Health, or Image Pro Plus, produced by Media Cybernetics.
The distances measured on the computer screen were
multiplied by the scale of the photograph (scae=
atitude/lens focal length) to convert them to true or ground
distances. Because data from radar atimeters are generaly
precise but may be biased, calibration experiments were
conducted each season to determine the sign and magnitude
of any bias in the recorded altitude readings. In these
experiments, several photographic passes were made over
pipes of known length that were towed offshore. These
experiments were conducted over water to avoid the small
positive bias that has been reported from calibration
experiments conducted over targets on land (Koski et al.,
1992). Correction factors were then developed for recorded
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altitudes based on linear regression of recorded altitude and
dtitude calculated from target measurements, as shown in
Fig. 2 (Perryman and Lynn, 1993; Gilpatrick, 1996;
Perryman and Westlake, 1998).
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Fig. 2. The atimeter calibration equation calculated for altimeter
readings recorded during photographic missions flown in 1997. True
altitudes were determined by measurements of targets of known
length.

For each whale, an attempt was made to measure total
length (L,); the width of the whale at the widest point (W,,);
the distance from the tip of the rostrum to the widest point
(RW,); and fluke width (F,,) as shown in Fig. 3. After
making several photographic passes over a whale, many
excellent images were often achieved in which these
characters could be accurately measured. The following
criteria were used for selecting the best measurements.
Because the normal movements associated with swimming
can make L, RW,,, and F,, appear smaller when seen from
above, the largest measurement was selected when more
than one measurement was obtained from the photographs.
Measurements of W,,,can be either positively or negatively
biased as the whale bends its body to begin a dive or from
distortion caused by waves created as a whale slides along
the surface. For this feature, the measurement was selected
from the photograph in which the body of the whale was not
flexed and both sides of the whale were most distinct.

Accuracy and precision
A common concern in any study based on measurements of
continuous variables is whether the measurements are
accurate (reflective of the true distance measured) and
precise (differences between repeated measures of the same
feature on the same individual are small). To test the
accuracy of the measurements, two 7.6cm diameter sections
of plastic pipe were towed offshore and photographed from
therange of altitudes used while photographing gray whales.
The lengths of the two pipes were approximately that of a
cow (12.02m) and a calf (6.02m). The pipes were measured
with the same image capture and measurement system used
for measuring whales. All measurements of these targets
were performed by individuals who did not know the true
lengths of the targets. The average lengths from the target
photographs were 12.04m (n=41; s=0.169) and 6.04m
(n=41; s=0.093). Measurement accuracy in the test was
within 1% for each pipe and coefficients of variation (CV)
for the two sets of measurements were 0.014 and 0.015 for
the longer and shorter pipes respectively.

Although the target measurements indicate that lengths of
semi-rigid objects floating at or near the surface can be
determined within an acceptable degree of accuracy and

Length

Fig. 3. Features measured on vertical photographs of migrating gray
whales.

precision, these data do not replicate the additional variance
found in repeated measures of mammals that flex their
bodies as they swim. To test the precision of the
measurements of whales, the coefficients of variation (CV)
were calculated for a series of whales that had been
photographed several times. CV's were only calculated for
whalesthat were measured on at |east three photographs. For
L, Wnand F,, the averages of the CVs were 0.020, 0.035
and 0.030 respectively. The level of sampling precision and
tendency for measurement error to represent a larger
proportion of shorter measurements are consi stent with other
photogrammetric studies on large cetaceans (Best and
Rither, 1992; Koski et al., 1992; Angliss et al., 1995).

Analyses

The measurements of adult and juvenile gray whales were
divided into strata based on whether they were photographed
before, during, or after the peak of the migrations (Table 1).
The means of the lengths of whales from these strata were
then compared to look for evidence of the partial temporal
segregation in migrating whales reported by Rice and
Wolman (1971). For instance, asymptotic length for female
gray whalesis larger than for males, and the average length
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for a sample of whales that included a disproportionate
number of adult females would likely be longer than the
average of a sample composed of mostly adult males or a
combination of males and older juveniles. In tests of the
hypothesis of homogeneity in length between strata,
observationsweretruncated at 10m to eliminate the few very
small juveniles that were found in some strata
Tukey/Kramer tests were used for post hoc comparisons,
because the power of this test remains high when sample
sizes are unequa (Day and Quinn, 1989).

The following assumptions were made about the age, sex
and reproductive condition of individual whales based on
their size, association with a smaller whale or their shape. It
was assumed that al whales <8m in length and swimming
in close association with alarge whale (> 11m) were calves.
The larger whale swimming in close association with a calf
wasidentified as the mother of that calf, and isreferred to as
acow or an adult female. Some whales were also classified
as parturient or near-term pregnant females based on the
relationship between their length and width. These animals
are referred to as ‘parturient females in the text to
distinguish them from other females that may have recently
become pregnant.

It was noted that the ratio of parturient to post-partum
female gray whales changed as the southbound migration
progressed. A logistic model was fitted to the proportion of
those female gray whales identified as reproductive (cows
with calvesand parturient femal es) that were post-partum for
missions flown on 30-31 December, 6-7 January, 17-18
January and after January 22nd. From this, the median birth
date for this population was estimated. The confidence
intervals for this estimate were estimated by anchoring the
model at 100% for the last point, bootstrapping each of the
other points and refitting the model 999 times. This estimate
of median birth date is dependent upon the assumption that
calving is dependent upon the duration of the pregnancy, not
the geographic location of the near-term pregnant female.
This assumption is supported by recent findings suggesting
a relationship between the shift towards later migrations in
recent years and an increase in sightings of calves along the
Cadlifornia coast (Shelden et al., 1997; Rugh et al., 2001,
Buckland and Breiwick, 2002).

The measurements included data that reflect whale size
(Ly) and shape (W,,, RW,). In order to compare sets of shape
measures between groups of whalesthat differ in size, it was
first necessary to remove the effect of size on shape. A least
squares regression technique was selected that has been
shown to be very effective in removing the effect of sizein
morphometric studies (Atchley et al., 1976; Reist, 1985) and
in evaluation of condition indices for harbour porpoise
(Read, 1990). A linear regression of each shape parameter
was performed on length and the resulting residuals from
these regressions were used as size-free variates for normal
hypothesis testing. Tests were conducted between groups of
whales that were identified based on their direction of
migration or reproductive condition (cows and parturient
females).

The main reason for comparing measures of shape was to
determine whether documented seasonal changes in gray
whale nutritive condition could be detected in measurements
from photographs. Gray whales rely on the oxidation of
stored fats to support their metabolic needs during the
migration, and thus are thinner when they return to their
feeding grounds in the Arctic than when they departed (Rice
and Wolman, 1971; Blokhin, 1984). Rice and Wolman
(1971) reported that the changes in condition from fatter
southbound to thinner northbound gray whales were best

reflected in changes in girth. W,,, was used as the proxy for
girth and an investigation of whether changes in condition
were reflected in changes in the relationship between length
and width was calculated. The location of the point of
maximum width (RW,) was also compared to determine
whether this measure varies with reproductive or nutritive
condition.

Several multivariate techniques were used during the
exploratory phase of the analyses, but only the results of one
discriminant analysis are reported in this paper. Multivariate
analyses were performed in MiniTab (release 10) and all
other analyses were done in Satview (version 5).
Differences were considered statistically significant if
P<0.05.

RESULTS

Southbound gray whales

The lengths of 303 southbound gray whales were measured
from the photographs collected in 1997 and 1998. The
measurements were divided into three strata based on the
timing of the photographic missions relative to the peak of
the southbound migration (Fig. 4). Calves of the year were
found in all three strata and represented about 5% of the total
length sample. These data probably overestimate the
proportion of calves in the southbound migration because
cows with calves spend more time at the surface and were
thusmore easily detected fromtheair. Averagelength for the
southbound calves was 4.6m (n=15; range 4.3-4.9m), and
average length for the accompanying cows was 12.2m
(n=15; range 11.4-13.0m). No significant correlation was
found between the length of a cow and her calf (r =0.261;
P =0.35). Unlike calves, the very small juvenile gray whales
which averaged 8.5m (n=5; range 8.1-8.8m) were all
photographed late in the migration. The length samples in
the three strata were truncated at 10m; the null hypothesis
that the means of thethree stratadid not differ wastested and
rejected (F=9.948, P<0.001). Post hoc tests found that
whales photographed prior to the peak of the migration were
longer on average than those from the peak or post-peak
strata (Table 2).

While reviewing the photographs of southbound gray
whales, it was noted that some of the longer whales (> 11m)
were exceptionally wide relative to their length (Fig. 5).
These wide-bodied whales were most common early in the
southbound migration (Fig. 6) and were suspected by the
authors to be near-term pregnant females. A technique
commonly used to identify outliers in regression analysis
was selected to separate these parturient females from the
remainder of the sample.

L, and W,,, measurements for whales photographed late in
the migration (when no exceptionally wide whales were
detected) and those <11m in length were used to build a
linear model for the length and width relationship for whales
that fall within the main cluster of points (i.e. not
exceptionally wide) shown in Fig. 6. Measurements of
whales swimming with a calf were excluded from this
exercise. The standard deviation of the residuals for this
regression of L; (X) and W,, (y) was calculated and then the
relationship between width and length was compared for the
southbound whales not used to construct the model. It was
assumed that any whale whose L; and W,, measurements
produced a residual that was greater than 1.99 (t.os)(ss))
standard deviations from the above regression was an outlier
(parturient). A total of 34 southbound gray whales were
classified as parturient females based on their large positive
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Fig. 4. Histograms of lengths for whales photographed early
(12/30-1/7), near the peak (1/17-1/18), and late (1/23-1/30) in
southbound migrations of 1997 and 1998.

Table 2

Results of Tukey/Kramer post hoc comparisons between means of lengths
for gray whales >10m photographed early, near the peak and late in the
southbound migration.

Critical
Comparisons Differences difference P<0.05

Sample Mean
size (m)

Early 90 1195 Earlyvspeak  0.296 0.260 Yes
Peak 95 11.65 Early vs late 0.479 0.255 Yes
Late 103 11.47 Peak vs late 0.183 0.251 No
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residuals. For both the parturient and the remaining
southbound gray whales sampled, there was a positive linear
relationship between length and width (parturient females
F=10.95 P<0.01; remaining southbound F=115.09,
P<0.01) (Fig. 7).

Inconsistencies in the classification of parturient females
based on L; and W,, were investigated by performing a
discriminant analysis on the full set of measurements (L,
W, RW,and F,) for all southbound whales >10m. A
cross-validation technique was used in the analysisto reduce
the probability of overly optimistic matcheswith the original
classifications. There was 100% agreement between
classifications based on the regression technique and
discriminant analysis.

In late December, about 47% of the southbound gray
whales photographed were either ‘parturient’ or
accompanied by a caf. By the end of January, parturient
femaes and females with a calf decreased to 2% of the
photographic sample. While the number of parturient
females and cows decreased, the proportion post-partum
(cows with calveg/parturient females + cows with calves)
increased steadily as the migration progressed. The data
were divided into four samples (30-31 December, 6-7
January, 17-18 January and after 22 January) and the
proportion post-partum was calculated for each. A logistic
model was fit to these four points (Fig. 8) and it was
estimated that the median birth date for parturient gray
whales passing through the Channel I1slands was 13 January
(95% confidence intervals 12-15 January).

Northbound gray whales

Phase 1- adults and juveniles

Nine missions were flown to sample the adult/juvenile phase
of the northbound migration; 273 whales were measured
from the photographs. The datawere divided into three strata
based on the dates of the photographic mission relativeto an
estimated migration peak of 14 March (Fig. 9). Length strata
were truncated, at 10m and the null hypothesis that the
means of the samples were equal was tested. Tests revealed
no difference in average length for whales photographed
before, during, or after the peak of the northbound migration
(F=0.108, P=0.898). The relationship between length and
width was consistent across strata. The six small juveniles,
mean length 8.5m (range 8.29-8.93m) photographed
(including one from Phase 2) were found near the peak or
late in the migration. No cow-calf pairs were found in this
phase of the migration.

Phase 2 —cows and calves

Northbound gray whale cows and calves were photographed
between mid-April and early May each year from 1994-1998
(Figs 10a and 10b). Calves averaged 7.10m in length
(n=112) and ranged from 5.5-8.1m. Cows averaged 12.4m
(n=98) and ranged from 11.2-13.9m. A significant positive
linear relationship (b=0.245, p=0.002) was found between
the length of a cow and the associated calf (Fig. 11). Thus,
longer cows were associated with longer calves.

Adult females

Due to their shape (southbound whales only) or association
with a calf, 49 southbound and 98 northbound gray whales
were classified as adult females. Southbound adult females
were somewhat shorter on average (12.1m) than those
photographed northbound (12.4m) (t-test, P=0.012).
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Fig. 5. Vertica photographs of two southbound gray whales illustrating the difference in shape between very wide whales and those more fusiform

in shape.
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Possibly younger, shorter femal esthat were parturient or had
given birth during the southbound migration are more likely
to lose their calf and thus were not classified as cows in the
northbound sample.
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Fig. 7. Plot of length and width measurements for parturient (e) and
other southbound gray whales (o). Measurements of southbound
gray whales accompanied by calves were excluded from this dataset.
Lines represent least squares linear regression fits to each dataset.

Length at one year

Length distributions from measurements of south and
northbound gray whales (Fig. 12) included a group of very
small juvenile whales that were separate from the main
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distributions. These small juveniles represented about 2% of
the total dataset, and were probably yearling gray whales.
The average length for each sample, and thus the combined
sample, was 8.5m (n=11; range 8.1-8.9). The categorisation
of these yearlings was based on the assumption that the
hiatus in length distribution represents the difference in
length between one- and two-year-old gray whales. The
sample probably underestimates the proportion of
one-year-olds in the migration because these whales were
small, difficult to detect from the air, and were generally
found swimming alone.

Nutritive condition-fatness

For all whales (except calves), alinear regression was fitted
to the length and width measurements and the residuals of
this least squares fit were saved as derived shape variables.
Themeans of theresiduals (ANOVA) for parturient females,
southbound cows, southbound adults and juveniles,
northbound adults and juveniles, and northbound cows were
compared and the null hypothesis that they were the same
was rejected (F =317.8, P <0.001). Tukey/Kramer post hoc
tests revealed that al samples differed significantly (Fig.
13). These results indicate that gray whale condition, as
indexed by the relationship between L, and W, declined
steadily during the winter migration and that northbound
lactating females were the narrowest or in the poorest
nutritive condition of all categories.

Regression residuals
»
1 Il
—O—

A = parturient B = southbound cow C = southbound ad/juv D =
northbound ad/juv E = northbound cow

Fig. 13. Plot of means of residuals from regressions of length (x) on
width (y) for al gray whales for which these two features could be
measured. Calves of the year were excluded from this dataset. Error
bars are + 2 standard errors of the mean values.

To test the hypothesis that RW,,, was the same between the
five categories of whales described in the previous
paragraph, alinear regression of RW,,, on L was performed.
The means of the resulting residuals were then compared
(ANOVA). The location of W, was found to vary
significantly between whale categories (F=40.046,
P <0.001). Results of Tukey/Kramer post hoc testsindicated
that for parturient females and southbound cows (the two
categories of whalesthat were widest relativeto their length)
the location of their greatest width was farther from their
rostrum than for all other categories of gray whales (Fig. 14).
For the near-term pregnant females the foetus probably
accounts for some of this change in shape, but for
southbound cows these dataindicate that the extrafat carried

by these females was reflected in a change in width that is
closer to the fluke than in other southbound or northbound
whales.

Regression residuals

A B C D E

A = parturient B = southbound cow C = southbound ad/juv
D = northbound ad/juv E = northbound cow

Fig. 14. Plots of means of residuals from regression of length (x) on
distance from thetip of the rostrum to the widest point (y) on all gray
whales for which these two features could be measured. Calves of the
year were excluded from this dataset. Error bars are + 2 standard
errors of the mean values.

DISCUSSION

The findings of partial temporal segregation in southbound
gray whales by size and reproductive condition are
consistent with those published by Rice and Wolman (1971)
from analysis of whales sampled through a hunt over 25
years earlier. Early migrants were longer on average and
more likely to be parturient than those passing later. Small
juveniles were most common after the peak of the migration.
Although no southbound cow/calf pairs were located during
Rice and Wolman's (1971) study, in this study calves
represented about 5% of the southbound sample. Shelden et
al. (1997) found that up to 4.4% of the southbound gray
whales sighted during aerial surveys near Monterey Bay
were neonates and suggested that the apparent increase in
births north of the lagoons may be associated with the delays
in the migration reported over the past few decades (Rugh et
al., 2001; Buckland and Breiwick, 2002).

The median calving date within the Southern California
Bight was estimated as 13 January. This date falls between
the median calving date estimates of 10 January by Rice and
Wolman (1971) based on foetal growth rates, and 27 January
proposed by Riceet al. (1981) from the temporal distribution
of calves in Laguna Ojo de Liebre, Mexico. Although the
estimate 13 January date for gray whalesisthe only estimate
based on counts of parturient and recent post partum
females, its validity for the eastern North Pacific population
depends on the untested assumption that the probability of a
near-term female giving birth is more related to the duration
of her pregnancy than to her location.

Making the assumption that afemale mammal is pregnant,
based on her shape alone, can be risky. However, the
identification of parturient female gray whales from the
relationship between their length and maximum width is
supported by severa findings made from the examination of
specimens taken in fisheries. Fishery data revealed that
near-term pregnant gray whales had greater girth to length
ratios than any other group of southbound gray whales and
that pregnant females were most common early in the
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southbound migration (Rice and Wolman, 1971). In
addition, results from examination of gray whales taken in
the Arctic and off California agree that female gray whales
reach sexual maturity at a length of about 11.1m (Rice and
Wolman, 1971; Blokhin, 1984; Yablokov and
Bogoslovskaya, 1984). This study found that some of the
southbound gray whales photographed were exceptionally
wide relative to their length, these wide whales were most
common early in the southbound migration, and that all of
these whales were >11.1m in length. In addition, no
exceptionally wide whales were found in any of the
photographs of gray whales returning northward from the
calving lagoons. Because of the consistency of the findings
from the fishery and the photogrammetric sample, itislikely
that the anomalously wide whales photographed were
near-term pregnant females.

While no pattern of temporal segregation by size and sex
was found in the northbound migration, as reported from
specimens, the early migration sample may have been
collected too late in the season to capture the northbound
newly pregnant females. Rice and Wolman (1971) noted that
these females pass Central California within a two-week
period that peaks around 28 February and, athough gray
whales appear to be migrating later than they did in the 1960s
(Rugh et al., 2001; Buckland and Breiwick, 2002), the
March 11 flight may have missed this first pulse of
northbound whales. No cows with calves were found to
migrate with the adults and juveniles that make up the first
phase of the northbound migration, as also reported by Poole
(1984).

Although no correlation was found between the lengths of
southbound gray whale cows and their associated calves,
there was a positive linear relationship between the lengths
of northbound cows and calves. These results suggest that
length at birth is independent of size of the mother, but
calves of larger (probably older) cows grow at a faster rate
than those of smaller females. However, southbound data
include measurements of only 15 cow/calf pairs and the lack
of correlation in these pairs of measurements may be the
result of the small sample size. The average length for the 15
newborn calves (4.6m) is closer to estimates of size at birth
based on measurement of near-term foetuses (4.6m) from
Rice and Wolman (1971) and of live-captured calves (4.7m)
(Norrisand Gentry, 1974) than it isto the average of lengths
for stranded calves (4.4m) summarised by Jones and Swartz
(1984). Rice (1983) suggested that compression of the
intervertebral disks might cause body length to shrink after
birth, thus explaining the difference between data from
foetuses and stranded newborns. The results here and recent
data from stranded calves (Pacheco, 1998) indicate that the
difference between these datasetsis more likely the result of
higher mortalities (and therefore strandings) amongst
smaller, possibly premature calves. A similar pattern of
potential size bias towards small calves in data from
strandings was reported for southern right whales (Best and
Rither, 1992).

Based on their analysis of the data taken from the whales
captured along the California coast, Rice and Wolman
(1971) estimated that gray whales reached a length of about
8.5m at weaning and averaged 9.3m by thefollowing winter.
Their estimate of length for one-year-old whales was based
on the assumption that the smallest whales in the sample
were yearlings. These small gray whales had two growth
layer groups in their ear plugs, and more recent research has
shown that gray whales lay down a single layer each year
(Blokhin and Tiupeleev, 1987). Sumich (1986) reviewed
data from stranded specimens, some photogrammetric data

and growth of a captive gray whale calf and concluded that
gray whales reach alength of 5.6m at three months, are 7m
at weaning and attain a length of 8.0m at one year. Sumich
(1986) assumed that the hiatus in lengths of stranded
neonates in the 6-7m range represented the difference in
lengths between calves of the year and one-year-old whales.
In a more recent study, Sumich et al. (2001) published
growth data for a second gray whale calf that was raised in
captivity. This calf reached a length of about 6m at three
months and 9m at one year.

In this study, gray whale calves photographed in late
April, at an age of about three months, averaged 7.1m in
length, not 5.6-6m as suggested above. The lack of stranded
specimens in the 6-7m size range is likely to reflect greater
survivorship of calves that reach this size. Based on data
from 9-10 month old gray whal esreported by Blokhin (1990;
1997) and asingle gray whale cow with a calf photographed
off Alaska (8.33m) on 6 July 1998 (Perryman unpublished
data), gray whales are estimated to be between 8.0 and 8.5m
when weaned. We believe, as suggested by Sumich (1986),
that growth in young gray whales slows at weaning and that
the length of yearling gray whales average 8.5m, as
originally suggested by Rice and Wolman (1971). The
estimate of the mean length of yearling gray whalesis based
on the interpretation of the overall length distribution of
photographed whales and must be taken with caution until a
larger sample of lengths for whales of known age is
available.

Gray whales do not feed significantly during their winter
migration. Rice and Wolman (1971) estimated that gray
whales passing San Francisco on their way north weigh
about 11-29% less on average than they did passing the same
siteon their way south. A detectable pattern of reduction was
found in the relationship between maximum width and
length that mirrors the pattern of change in nutritive
condition reported from specimens. Southbound parturient
females were found to be widest relative to their length and
northbound lactating femaleswere the narrowest. For whales
that were not parturient or with a calf, southbound gray
whales were significantly wider than those migrating north.
These findings indicate that the documented changes in
overal nutritive condition in gray whales associated with
fasting for approximately 60 days can be detected in
measurements from photographs. It was also found that the
location of the widest point on a gray whale changes with
reproductive and nutritive condition. These results imply
that, for stranded gray whales and those taken in fisheries,
axillary girth might be a less informative measurement than
maximum girth coupled with the distance from therostral tip
to the site of this measurement. Published results on both fin
and sei whales also indicate that girth measurements taken
near mid-length or even farther posterior may be more
reflective of changes in condition than those taken at the
apex of the pectoral fin (Lockyer et al., 1985; L ockyer, 1987;
Vikingsson, 1990).
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A framework for evaluating Strike Limit Algorithms for
populations reduced to small numbers
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ABSTRACT

A generic framework is outlined within which operating models for populations reduced to low numbers but still subject to exploitation
(‘type 3 fisheries’) can be developed. This framework is founded on an individual-based operating model that includes temporally
correlated environmental variation in birthsand survival aswell asthe possibility of occasional catastrophic reductionsin survival. Methods
are devel oped to specify the value of the parameter that determinesthe productivity of the resource from that for MSYR, to enable simulation
trials based on this framework to be parameterised in terms of MSYR. Three potential candidate Strike Limit Algorithms are evaluated using
14 *generic’ simulation trials that capture a range of factors pertinent to type 3 fishery situations. The ‘Maximum-likelihood-like' SLA
devel oped for usein the management of the Bering-Chukchi-Beaufort Seas stock of bowhead whal es performs adequately for many of these
14 trials, but not all. In contrast, a variant of the ‘PBR approach’ is shown to perform adequately in terms of achieving conservation
objectives for all of the trials. The information needed to specify trials for actual type 3 fishery situations is outlined.

KEYWORDS: ABORGINAL WHALING; INDIVIDUAL-BASED MODEL; STRIKE LIMIT ALGORITHM; MODELLING

INTRODUCTION

The Scientific Committee of the International Whaling
Commission (IWC) has, since 1996, been developing
candidate Srike Limit Algorithms' (SLAs) for the
management of aboriginal subsistence whaling. The
approach adopted by the Scientific Committeeto contrast the
performances of candidate SLAs is Monte Carlo simulation.
Thisapproach was used to devel op the Revised M anagement
Procedure (RMP) for commerciad whaling (Kirkwood,
1997) and has also been applied to develop management
procedures for several fish stocks (see, for example, the
review by Butterworth and Punt (1999)).

IWC (1997) determined that (initial) priority should be
given to developing SLAs for two types of fishery:

(1) ‘type 1 fishery': a case where there is relatively little
available information and stock identity problems and
where the Scientific Committee has had considerable
problems in providing management advice;

(2) ‘type 2 fishery’: a case where there is arelatively large
amount of information and satisfactory management
advice can be provided.

Subsequently (IWC, 1998), a third fishery type was
identified. This type is characterised by a high extent of
depletion to a small (of the order of 300 animals) total
population size. Progress towards the selection of an SLA for
one of the type 2 fisheries (the Bering-Chukchi-Beaufort
Seas stock of bowhead whales) has been completed (IWC,
2003) and simulation trials have been designed for one
example of a type 1 fishery (IWC, 1998). In contrast,
relatively little progress has been made towards selecting
S As for type 3 fisheries (although see Breiwick and
DeMaster, 1999).

What distinguishes type 3 situations (and consequently
may necessitate a qualitatively different approach to their
management and the associated evaluations) isthe relatively

1 An algorithm that determines the number of allowable strikes from a
population subject to an aborigina harvest.

much greater influence on their dynamics of ‘demographic
stochasticity’ (annual variation in the number of births and
deaths as a conseguence of the fact that the population is
comprised of individua animals), environmental
stochasticity (annual variation in birth and survival rates
common to groups of individuals) and catastrophic events
(infrequent events, but ones that have a large impact on
groups of individuals)? (Shaffer, 1981; Lande, 1993).

The objectives of management for aborigina whaling
have been set by the IWC as follows:

(1) ensure risks of extinction not seriously increased
(highest priority);

(2) enable harvestsin perpetuity appropriate to cultural and
nutritional requirements (implicit in this is the concept
of catch stahility);

(3) maintain stocks at highest net recruitment level and if
below that ensure they move towards it.

Arguably, the most important step in the process of
evauating candidate SLAs is the development of an
appropriate set of smulation trials. This set reflects different
assumptions for an operating model. The trials for fishery
types 1 and 2 have been largely based on density-dependent
age- and sex-structured operating models, characterised by
the BALEEN Il model underlying the HITTER-FITTER
package (de la Mare, 1989; Punt, 1999). Although some of
the operating models for the type 1 and 2 fisheries alow for
demographic stochasticity and environmental stochasticity
in births (e.g. IWC, 2000), they are ‘lumped’ (in the sense
that the behaviour of individualsisignored and all animals of
agiven age are assumed to be interchangeable€). It isunclear,
however, whether such lumped operating models are
appropriate for evaluating Srike Limit Algorithmsfor type 3

2 The impact of catastrophic events may be more severe for small than
for large populations because the population may be reduced to levels
at which demographic stochasticity may render the resource extinct.

3 The model that represents the true situation for the simulation
trials.

" School of Aquatic and Fishery Sciences, Box 355020, University of Washington, Seattle, WA 98105-5020, USA.
* National Marine Mammal Laboratory, 7600 Sand Point Way NE, Bldg. 4, Seattle, WA 98115, USA.
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fisheries because the behaviour of individuals may play a
large role in the dynamics of the population when the
population size is small.

This paper therefore develops an operating model that is
individual-based. The behaviour of this model as the values
for its parameters are changed is examined and this
behaviour is contrasted qualitatively with that of a lumped
operating model. The performances of three potential
candidate S_As (including one based on the PBR approach
(Wade, 1998) and another based on the
‘Maximum-likelihood-like' SLA developed by Punt (2001))
are then contrasted by using a set of illustrative fishery type
3 trias. Finally, the further work needed to apply the
framework developed in this paper to actual type 3 fisheries
(e.g. Cook Inlet white whales (Delphinapterus leucus),
Baffin Bay bowhead whales (Balaena mysticetus) and the
humpback whale (Megaptera novaeangliae) feeding
aggregation off West Greenland) is identified.

METHODS

The stochastic individual-based model

The model described below considers the population at the
level of the individual. The information available for each
animal includes: sex; age; whether recruited to the fishery or
not; whether mature or not (females only - animals aged 60
and older are assumed not to calve); the animal’ s mother and
the year in which the anima (if female and mature) last
calved. The following steps occur during each year y to
project the model forward.

(1) Generate the survival rate for year y for animals of sex
s and age a, S, (the survival probability can be
temporally correlated or the population can be subject
to catastrophic mortality events - see Appendix A for
details).

(2) Compute the number of 1+, mature and recruited
animals at the start of year y.

(3) Compute the probability of a mature anima giving
birth, f, (see Appendix B).

(4) Determine, for each mature female that did not give
birth the previous year or whose calf died during its
first year, whether it gives birth at the start of year y by
conducting a Bernoulli trial with probability f,.

(5) Determine the sex of each new calf by conducting a
Bernoulli trial with probability 0.5 for each calf.

(6) Remove the catch. If fishing involves a fixed harvest
rate, a Bernoulli trial with a probability of success
equal to the harvest rate is conducted for each recruited
animal to determine whether it is caught or not. If the
numbers caught (by sex) rather than the fishing
mortality rateis specified, then thiscatch isremoved by
selecting animals at random (and without replacement)
from the set of recruited animals (i.e. multinomially). If
afemale that calved during year y is harvested during
year y, its caf is assumed to die.

(7) Determine, for each animal that survives the harvest,
whether it survives natural mortality by conducting a
Bernoulli trial with probability Sj,. If a femae that
calved during year y dies due to natural causes during
year y, its calf is assumed to die as well.

(8) Determine, for each unrecruited animal, whether it
recruits at the end of the year by conducting aBernoulli
trial with probability of success of

02 = (Ra — Ra—1)/(1 — Ra—1)
where R,) is the probability that an animal of age a is
recruited®.

(9) Determine, for each immature femae, whether it
matures at the end of the year by conducting a
Bernoulli trial with probability (My — Ma_)/(1 —
M._ 1) where M, isthe probability that an animal of age
ais mature.

(20) Increment the age of each animal.

Specifying the values for the parameters of the model
The values for the biological parameters of the model have
been set to those ‘typical’ for alarge baleen whale (based on
the suggestions by Breiwick and DeMaster (1999) - Table 1).
For consistency with previous SLA eva uations (IWC, 2002),
all animals are assumed to recruit to the fishery at age 1, i.e.
R, = 0Oand R; = 1for agesa=1 and older. The vaue of the
parameter z has been assumed to be 2.39. This choice for z
corresponds to Maximum Sustainable Yield Level
(MSYL)=0.6 for a model in which the recruitment and
maturity ogivesareidentical and density-dependence actson
the mature (or recruited) component of the population.

The remaining parameters of the model determine the
current (1+) population size, the current depletion (current
1+ abundance relative to its average pre-exploitation level),
MSYR,,5, the impact of catastrophic events, whether
survival is subject to temporally correlated fluctuations and
whether the probability of birth is subject to temporally
correlated fluctuations. Fourteen scenarios (Table 2)
examinethe sensitivity of theresultsto arange of hypotheses
about these factors. Current (1+) abundanceislow (300) for
all but two cases and the base-case value for MSYR is 2.5%.
The majority of the trials ignore catastrophic events and
temporally correlated birth and survival rates (equivaent to
the SD (Demographic Stochasicity) assumptions underlying
the trials developed for the Bering-Chukchi-Beaufort Seas
stock of bowhead whales - IWC, 2002).

The specifications related to productivity in Table 2 are
expressed in terms of the MSY rate, MSYR. However, the
model parameter determining productivity is A and not
MSYR (see Equation B.1). Unlike the deterministic case

4 This equation arises from the relationship between &, and Ry: Ry+1 =
Ra+ 83(1 — Ry), i.e. the number of animalsrecruiting at age a+1is 841
multiplied by the number of animals of age a+1 that have not yet
recruited.
5 MSYR is the ratio of MSY to the population size at which MSY is
achieved.

Table 1

Expected survival probabilities and the probability of being mature as a function of age.

Age 0 1 2 3 4 5 6 7 8 9 10+

Survival, S, 075 075 08 085 09 092 094 095 096 097 098
Maturity, M, 0 0 025 0375 05 05 0625 075 1 1 1
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Table 2

Specifications of the 14 simulation trials.

Current Current Catastrophic CV, p of env. CV, p of env. MSYR,+
Description Trial no.  populationsize  depletion events variation in survival  variation in births (%)
Base-case la 300 0.05 No 0 0 2.5
1b 300 0.1 No 0 0 2.5
Low MSYR;. 2b 300 0.05 No 0 0 1
2b 300 0.1 No 0 0 1
High MSYR,. 3a 300 0.05 No 0 0 4
3b 300 0.1 No 0 0 4
Large population size 4a 3,000 0.05 No 0 0 2.5
4b 3,000 0.1 No 0 0 2.5
With catastrophic events Sa 300 0.05 Yes* 0 0 2.5
5b 300 0.1 Yes* 0 0 2.5
With env. variation in survival 6a 300 0.05 No 0.025, 0.71 0 2.5
6b 300 0.1 No 0.025,0.71 0 2.5
With env. variation in births Ta 300 0.05 No 0 0.5,0.71 2.5
7b 300 0.1 No 0 0.5,0.71 2.5

* A catastrophic event involves an 80% reduction in population size The probability of a catastrophic event is 2% each year.

(Punt, 1996), the expected sustainable catch is not related
analytically to A and MSYR. Instead, it is necessary to apply
a numerical approach to solve for A given MSYR and the
valuesfor the remaining parameters of the model (Appendix
C). This approach is similar to that used in New Zealand to
define MSY for fish specieswith highly variable recruitment
(Francis, 1992). The initial conditions for the population
projections correspond to a resource at its (deterministic)
pre-exploitation level. Two levels for the depletion at the
start of the simulations (0.05 and 0.1) are considered. Both of
these correspond to a resource well below conventional
target levels.

Each simulation trial involves projecting the population
from pre-exploitation equilibrium for 200 years without
catches (so that the age-structure at the start of the first year
in which historical catches are taken is not in equilibrium
because of the impact of random variation in births and
deaths), and then removing 100 years of historical catches
(the catches are removed under the assumption of a constant
intended harvest rate over the 100 years — the actual harvest
rate (the ratio of the number harvested to the 1+ population
size) will differ from the intended harvest rate given the
Bernoulli process used to decide whether an animal is
harvested or not). The 250 simulations that constitute a
simulation trial are each constructed by selecting the random
variates that determine stochasticity in birth and death rates
and in catastrophic events and then varying the harvest rate
over the historical period so that the depletion at the end of
this period equals the pre-specified depletion. This implies
that the historical catches (which are, of course, integer
numbers) differ among simulations.

Evaluating Strike Limit Algorithms
Three candidate SLAs are evaluated for the 14 scenarios:

(1) A constant catch strategy - this strategy sets the strike
limit each year to the level of (integer) catch which
achieves a median final depletion for trial 1 as close as
possible to that for the * Maximum-likelihood-like' SLA
below.

(2) The Potential Biological Removals (PBR) strategy (see
Appendix D for a brief overview).

(3) The ‘Maximum-likelihood-like' SLA - a variant of an
SLA considered for the Bering-Chukchi-Beaufort Seas
stock of bowhead whales (see Appendix E for a brief
overview).

Each simulation trial involves 250 simulations of a
100-year projection period in which the strike limit is set
every fifth year. The data available to the SLAs are
(unbiased) estimates of 1+ abundance (and their CVSs)
generated using the protocol applied for
Bering-Chukchi-Beaufort Seas stock of bowhead whales
(see Section B.1 of Appendix 3 of IWC (2002)). These
abundance estimates are generated every fifth year with a
CV (if the population was 60% of its pre-exploitation
equilibrium level) of 0.25, starting the year beforethe SLAis
first applied (i.e. it is assumed that no historical estimates of
abundance are available). Additiona variance in abundance
estimatesisignored for the purposes of thesetrials. Thelevel
of need istakento beinfinitefor thesetrialsand the historical
annual catches supplied to the SLA are taken to be the
average (over simulations) catch each year (truncated to the
nearest integer).

RESULTS AND DISCUSSION

Basic model features

Smulations with no environmental
catastrophic events

Fig. 1 plots expected (i.e. average over years and
simulations) catch versus exploitation rate and expected
catch versus expected number of recruited (equals 1+)
animalsfor trials 1b, 2b and 3b (pre-exploitation size for the
1+ component of the population, K*, of 3,000 and MSYR,.,
rates of 2.5, 1 and 4% respectively). These figures were
constructed by projecting an unexploited popul ation forward
for 800 years under a variety of levels of intended constant
exploitation rate. The results for the last 400 years of the
800-year period for 500 such projectionswere then averaged
to obtain the results for each exploitation rate plotted in Fig.
1. Theyield curves in Fig. 1 are sufficiently smooth that it
can be concluded that the number of replicates conducted
(500) was (more than) adequate to determine the value of A
reasonably accurately. MSYL ;. does not occur at 0.6K** for
any of thesetrials (53-56% for the resultsreported in Fig. 1).
This is, however, to be expected given that the recruitment
and maturity ogives differ substantially (Punt, 1996). The
ratio of the exploitation rate at which the population is
rendered extinct within 800 years to MSYR,., decreases as
MSYR,, is increased. This ratio is 4 for MSYR,, =1% but
less than 2 for MSYR,, = 4%.

variability or
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Fig. 1. Expected catch versus exploitation rate and expected number of recruited animals for trials in which K** =3,000 and MSYR,, = 1, 2.5, and
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Fig. 2. Distribution of the number of recruited animals after 800 years
of the application of a (intended) constant exploitation rate.
MSYR,, = 2.5% and K**=3,000 for this figure.

Fig. 2 plotsthe distribution of population size (500 points)
after 800 years for tria 1b (MSYR;, =2.5%; K*=3,000;
population initially at K*) for fixed exploitation rates of 0,
1, 2.5 and 4% while Fig. 3 shows the time-tragjectories of 1+
population size for the first 10 (of 500) simulations for each
of these exploitation rates for this trial.

As expected (e.g. May et al., 1978; Sissenwine et al.,
1988), Fig. 2 indicates that the variability in the distributions
of the number of recruited animals after 800 years increases
with increasing exploitation rate (CVs for the find
population size of 1.6% for exploitation rates of 0 and 1%,
3.4% for an exploitation rate of 2.5%, and >100% for an
exploitation rate of 4%).

The timetrgectories of 1+ population size reach
approximate equilibrium after about 100 years, except when
the exploitation rate is 4% when the resource is predicted to

be rendered extinct eventualy (Fig. 3). It should be noted
that although there is variability among simulations (Fig. 2),
this variability is not particularly large in comparison to the
impact of the harvest (Fig. 3).

Smulations with environmental variability and catastrophic
events

Fig. 4 shows 800-year time-trajectories of 1+ population size
for the base-case population model (trial 1b) and variants
thereof in which allowance is made for catastrophic events,
(correlated) environmental variation in survival, and
(correlated) environmental variation in births (trials 1b, 5b,
6b and 7b). The value of K* equals 3,000, MSYR, . = 2.5%,
the exploitation rate is 2.5% and the population isinitially at
K1* for all of the results reported in Fig. 4.

The factor that has the largest impact (i.e. the largest
difference from the base-case) is environmental variation in
the survival rate. In contrast, the one factor included in the
current trials for fishery type 2 (environmental variation in
births) has relatively the lowest of the impacts in Fig. 4
(except, of course, for the base-case which does not include
any sources of environmental variation). It is noteworthy
that when there is environmental variation in survival, the
resource is almost rendered extinct on occasion even though
the harvest rate equals MSYR. The fact that environmental
variation in survival has the largest impact in Fig. 4 may
appear surprising given the arguments of Mangel and Tier
(1994) and Gerber and Hilborn (2001) that catastrophic
events are often the most important determinants of the
probability of population extinction. However, this can be
attributed to the specific choices for the values for the
parameters that determine environmental variation of
survival and the impact (and frequency) of catastrophic
events (for which there is little basis in data). The fact that
environmental variation in births has the least impact is
probably a fairly general result because environmental
variation in survival and catastrophes impact severa
age-classes whereastheimpact of environmental variationin
births is restricted to calves.
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Fig. 3. Time-trgjectories of 1+ population size for ten simulations for four exploitation rates when K** = 3,000 and MSYR,, =2.5.
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Fig. 4. Ten time-trajectories of 1+ population size under an exploitation rate of 2.5% based on different amounts (and types) of environmental

variability when K** = 3,000 and MSYR,, = 2.5.

Fig. 5 contrasts the implications of different levelsfor the
coefficient of variation (CV) of the probability of surviva
and the extent of inter-annual correlation in annual survival.
The 1+ population size is 300 animals (10% of K*) at the
start of the 100-year projection period and no catches are
taken for the entire 100 years. The range for the CV of
survival is bounded above by 0.1 because, given the
specifications related to survival (Table 1), there is no
solution to Equation (A.3) for CVs larger than 0.1. The
variability in the trajectories increases with inter-annual

correlation in survival and with the CV for the probability of
survival. In 250 simulations over 100 years, no extinctions
occurred for CVs <0.075 but severa extinctions occurred
for CVs of 0.075 and larger. The population size after 100
years substantially exceeds K** in some instances and the
frequency of thisincreases with increasing CV. This occurs
because, when the CV of surviva is high and given that
survival is bounded above by 1, the median probability of
survival exceeds the mean probability of survival by an
amount that increases as the CV increases. Therefore,
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Fig. 5. Twenty 100-year time-trajectories of 1+ population size under zero harvest for various specifications related to the extent of environmental
variation in survival for the scenario in which the population is depleted to 300 animals (10% of K*) at the start of year 300.

although the expected population size in the absence of
exploitation is K*, the higher the variability in the
probability of survival, the more substantially the popul ation
will exceed K** on occasion.

Comparison with a lumped model

A deterministic lumped model cannot mimic the types of
behaviour evident in Figs 4 and 5 for the model variantsin
which there is environmental variability in survival or in
births. In contrast, the level of variability due solely to
‘demographic stochasticity’ (see Fig. 3 and top left panel of
Fig. 4) issufficiently small that the results of adeterministic
model would not be qualitatively different.

It would be difficult to implement some of the features of
the individual-based model within a standard lumped model
(for example, the assumption that if a calf dies, its mother is
more likely to calve immediately, and, particularly, that the
catch is taken multinomialy from the population). An
additional feature that would be difficult to implement using
a standard lumped model would be the regulation that
motherswith calves cannot be harvested. |n addition, the use
of an individual-based model as the operating model ensures
that the number of animals (for each age and sex) is dways
aninteger; the lumped model developed by IWC (2002) does
not ensure that this is the case.

The individual-based model framework is therefore
clearly more flexible in terms of the assumptions that it can
represent. However, this flexibility is not without
(computational) cost. In particular, the software required to
implement the individual-based model is substantially more
complex than that to implement the corresponding lumped
model, has markedly larger storage requirements (it is

necessary to store several pieces of information for each
animal) and runs considerably more slowly. The impact of
the last two disadvantages increases with the number of
animals. For example, the time required to evaluate S_As
using operating models 4a and 4b is at least an order of
magnitude longer than is the case for the other operating
models. However, for type 3 fisheries, the population sizeis
relatively small by definition, so that these computational
constraints are not as prohibitive as might be the case if the
individual-based model formed the basis for an operating
model for, say, the eastern North Pecific stock of gray
whales for which the current population size is over
20,000.

While it is clear that deterministic lumped models are
inappropriate as the basis for operating models for type 3
fisheries, it may well be case that models that pool
individuals of a given age and maturity state (could give
birth this year, gave birth last year, etc.) and alow for
demographic and environmental stochasticity in births and
deaths could mimic the behaviour of an individual-based
model adequately. Evaluation of this issue is, however,
beyond the scope of the current paper but should form a
focus for future work.

Evaluation of SLAs

Table 3 contrasts the performances of the three S As
described above and the strategy of setting zero strike limits,
in terms of a subset of the performance statistics used to
evaluate S_As for other aboriginal whaling operations (e.g.
IWC, 2002). The performance statistics are the 5", median
and 95" points of the distributions for the following
quantities:



(a) Zero catches for 100 years.

Table 3

Performance statistics for four alternative SLAs for the 14 simulation trials.

Trial Final depletion (1+) Final depletion (mat) Lowest depletion (1+) Relative recovery (1+) Relative recovery (mat)
ria
Description no 5% Median 95% 5% Median 95% 5% Median 95% 5% Median 95% 5% Median 95%
Base-case la 0.752 0.799 0.825 0.899 1.001 1.058 0.045 0.049 0.054 14.7 16.0 17.5 16.3 18.4 21.2

1b 0.816 0.845 0.871 0.993 1.035 1.077 0.095 0.100 0.104 8.0 8.5 8.9 8.5 9.5 11.1
Low MSYR 2a 0.149 0.200 0.256 0.160 0.222 0.290 0.045 0.050 0.054 3.0 4.0 5.0 3.1 4.0 5.3

2b 0.302 0.392 0.505 0.322 0.435 0.592 0.095 0.099 0.104 3.0 39 5.1 3.0 4.0 5.1
High MSYR;, 3a 0.788 0.819 0.846 0.987 1.010 1.035 0.046 0.050 0.054 15.1 16.5 17.9 17.3 19.9 232

3b 0.865 0.901 0.943 0.941 0.974 1.009 0.095 0.100 0.104 8.5 9.0 9.6 8.5 9.5 10.9
Large population size 4a 0.790 0.804 0.813 0.978 1.011 1.033 0.046 0.051 0.054 14.9 15.8 17.1 17.2 18.2 19.7

4b 0.836 0.846 0.856 1.021 1.033 1.045 0.096 0.101 0.104 8.1 8.4 8.8 9.0 9.5 10.1
With catastrophic events 5a 0.572 0.809 0.843 0.650 1.015 1.101 0.043 0.049 0.054 11.8 15.8 18.0 12.9 18.3 22.0

5b 0.671 0.842 0.908 0.775 1.044 1.102 0.087 0.099 0.104 6.7 8.4 9.2 7.0 9.4 10.8
With env. variation in survival ~ 6a 0.355 0.789 0.878 0.401 0.978 1.158 0.044 0.049 0.054 7.4 15.5 18.3 7.7 17.7 23.1

6b 0.585 0.840 0.942 0.624 0.997 1.160 0.086 0.099 0.104 6.0 8.5 9.5 6.0 9.3 11.4
With env. variation in births Ta 0.664 0.777 0.889 0.787 0.975 1.103 0.045 0.050 0.054 13.1 15.4 18.0 14.0 17.7 20.9

7b 0.738 0.828 0.940 0.897 1.010 1.124 0.095 0.099 0.104 7.3 8.3 9.5 7.7 9.3 10.9
(b) The ‘Maximum likelihood-like’ SLA.

Trial Final depletion (1+) Final depletion (mat) Lowest depletion (1+) Relative recovery (1+)  Relative recovery (mat) Average annual catch AAV

ria
Description no. 5% Median 95% 5% Median 95% 5% Median 95% 5% Median 95% 5% Median  95% 5% Median 95% 5%  Median 95%
Base-case la 0.074 0.558 0.808 0.077 0.641 1.028 0.037 0.049 0.054 1.6 112 17.1 1.8 11.8 19.6 0.2 10.0 21.4 0.039  0.084 0.720

Ib 0385 0.690 0.868 0.445 0.805 1.060 0.095 0.100 0.104 4.0 6.8 8.8 4.1 7.5 10.4 0.2 11.9 19.1 0.033  0.053  0.800
Low MSYR;. 2a  0.011 0.177 0.235 0.013 0.197 0.268 0.004 0.049 0.054 0.2 3.6 4.7 0.2 3.6 4.8 0.2 0.3 5.2 0.103  0.322  0.800

2b  0.168 0.348 0477 0.189 0.382 0.547 0.092 0.098 0.104 1.7 3.5 4.8 1.7 35 4.7 0.1 0.2 42 0.077  0.350 0.800
High MSYR . 3a 0.017 0.716 0.828 0.018 0.811 1.028 0.013 0.049 0.054 03 143 17.5 0.4 15.8 22.4 0.3 40.3 57.4 0.029 0.041 0.771

3b 0.622 0.716 0.903  0.662 0.804 0.997 0.095 0.099 0.104 6.2 7.2 9.3 6.4 7.8 10.0 0.3 325 39.0 0.025 0.034 0.633
Large population size 4a  0.071 0.226 0.780 0.076 0.249 0966  0.032 0.049 0.054 1.4 4.4 15.8 1.4 4.5 17.9 11.5 1394 2033 0.033 0.047 0.211

4b 0364 0.625 0.833 0402 0.719 1.035 0.096 0.101 0.104 3.6 6.2 8.0 37 6.6 9.2 42 1393 1722 0.034 0.044 0.362
With catastrophic events 5a 0.039 0.595 0.843 0.042 0.687 1.093 0.009 0.051 0.089 1.4 104 226 1.5 11.7 25.2 0.2 0.5 30.1 0.037 0.240 0.760

5b 0272 0.701 0.876 0292 0.794 1.091 0.042 0.096 0.186 2.1 6.3 15.5 2.1 6.7 18.2 0.2 10.4 25.4 0.033  0.060 0.743
With env. variation in survival 6a 0.036 0.547 0.859 0.039 0.619 1.132 0.005 0.045 0.155 0.9 9.1 30.6 1.0 9.8 33.8 0.2 0.6 452 0.037 0.171  0.829

6b 0.185 0.671 0.882 0205 0.772 1.126 0.021 0.101 0.282 1.7 5.6 16.8 1.7 6.1 21.6 0.2 7.6 28.6 0.031  0.077 0.850
With env. variation in births 7a  0.018 0.612 0.843 0.019 0.715 1.093 0.006 0.048 0.082 06 119 202 0.6 13.0 224 0.2 0.7 27.4 0.038 0.216 0.771

7o 0332 0.664 0.901 0390 0.783 1.075 0.057 0.102 0.160 3.2 6.1 12.2 3.1 6.7 14.0 0.2 11.2 20.8 0.035 0.055 0.880
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(c) Constant catch strategy

Final depletion (1+)

Final depletion (mat)

Lowest depletion (1+)

Relative recovery (1+)

Relative recovery (mat)

Average annual catch

Trial
Description no. 5% Median ~ 95% 5% Median  95% 5% Median  95% 5%  Median  95% 5% Median  95% 5%  Median 95%
Base-case la 0477 0.652 0.749 0.531 0.756 0918 0.045  0.049 0.054 10.0 13.1 14.8 10.2 14.0 16.9 5.0 5.0 5.0
1b 0.725 0.790 0.820 0.861 1.003 1.052 0.094  0.099 0.104 7.3 7.9 8.4 8.1 9.1 10.3 5.0 5.0 5.0
Low MSYR;. 2a 0.003 0.042 0.090 0.004 0.054 0.113 0.003  0.039 0.052 0.1 0.8 1.8 0.1 1.0 2.0 4.9 5.0 5.0
2b 0.003 0.078 0.182 0.007 0.101 0.227 0.003  0.073 0.100 0.0 0.8 1.8 0.1 0.9 1.9 4.8 5.0 5.0
High MSYR,+ 3a 0.761 0.786 0.814 0.996 1.017 1.037 0.045  0.050 0.054 14.5 15.8 17.2 17.5 20.0 233 5.0 5.0 5.0
3b 0.792 0.836 0.876 0.949 0.987 1.025 0.095  0.099 0.104 7.9 8.4 8.8 8.5 9.7 11.0 5.0 5.0 5.0
Large population size 4a 0.780 0.799 0.810 0.957 0.999 1.022 0.046  0.051 0.054 14.8 15.7 16.9 17.0 18.1 19.4 5.0 5.0 5.0
4b 0.832 0.841 0.851 1.024 1.035 1.048 0.096  0.101 0.104 8.1 8.4 8.8 9.0 9.5 10.1 5.0 5.0 5.0
With catastrophic events 5a  0.031 0.623 0.827 0.044 0.734 1.082 0.017  0.051 0.089 1.6 10.6 16.7 1.8 11.9 18.6 5.0 5.0 5.0
5b 0.000 0.754 0.882 0.000 0913 1.078 0.000  0.096 0.186 0.0 6.6 10.0 0.0 7.4 11.9 4.1 5.0 5.0
With env. variation in survival 6a  0.000 0.596 0.874 0.000 0.685 1.139 0.000  0.045 0.151 0.0 8.1 19.5 0.0 9.1 229 1.4 5.0 5.0
6b 0.000 0.744 0.946 0.000 0.862 1.134 0.000  0.099 0.282 0.0 5.1 11.6 0.0 5.5 14.4 1.2 5.0 5.0
With env. variation in births 7a  0.106 0.630 0.851 0.121 0.747 1.049 0.027  0.049 0.082 35 10.9 16.1 3.7 12.3 17.3 5.0 5.0 5.0
7b 0.316 0.762 0.888 0.362 0.950 1.091 0.056  0.102 0.157 42 7.0 9.5 4.7 8.0 11.0 5.0 5.0 5.0
(d) PBR approach
Trial Final depletion (1+) Final depletion (mat) Lowest depletion (1+) Relative recovery (1+)  Relative recovery (mat) Average annual catch AAV
rial
Description no. 5% Median 95% 5% Median 95% 5% Median 95% 5% Median 95% 5% Median 95% 5% Median 95% 5%  Median 95%
Base-case la 0499 0.603 0.697 0.561 0.693 0.832  0.045 0.049 0.054 102 122 13.8 10.5 12.8 15.4 7.7 9.9 12.8 0.070 0.103  0.140
Ib  0.712 0.759 0.784 0.821 0.924 0984  0.095 0.100 0.104 7.1 7.6 8.0 7.5 8.5 9.6 7.4 8.9 10.5 0.063 0.088 0.117
Low MSYR,. 2a  0.084 0.117 0.156 0.090 0.132  0.182  0.044 0.049 0.054 1.7 2.3 3.2 1.6 2.4 3.4 1.9 2.8 3.6 0.133  0.185 0.265
2b  0.170 0.231 0.309 0.191 0.266 0360  0.093 0.098 0.104 1.7 2.3 3.1 1.8 2.4 32 22 3.0 4.0 0.097 0.138  0.188
High MSYR,, 3a 0.759 0.783 0.808 0951 0979 1.006 0.045 0.050 0.054 144 158 17.2 16.8 193 225 16.4 192 228 0.056 0.080 0.102
3b 0785 0.816 0.852 0.927 0963 1.004 0.095 0.099 0.104 7.7 8.2 8.7 8.4 9.4 10.7 11.2 12.4 14.0 0.059 0.078  0.102
Large population size 4a 0499 0.577 0.630 0.559 0.656 0.728  0.046 0.051 0.054 10.0 11.3 124 104 12.0 13.2 86.2 101.1 1155 0.072  0.095 0.133
4b  0.719 0.749 0.770 0.852 0.899 0.937 0.096 0.101 0.104 7.1 7.5 7.9 7.7 8.3 8.8 78.0 87.6  98.0 0.062 0.082 0.108
With catastrophic events Sa 0356 0.621 0.760 0385 0.715 0.940  0.043 0.049 0.054 72 124 154 7.2 13.0 17.5 6.0 10.5 14.7 0.068 0.097 0.152
5b 0517 0.751 0.817 0.572  0.904 1.021 0.085 0.099 0.104 5.1 7.5 8.3 5.5 8.2 9.8 5.7 8.6 11.0 0.064 0.089 0.124
With env. variation in survival 6a 0224 0618 0.819 0253 0.717 1.074  0.042 0.049 0.054 47 122 16.9 4.7 13.0  20.2 4.5 10.1 17.5 0.067 0.106 0.170
6b 0393 0.750 0.846 0.450 0.889 1.103 0.081 0.098 0.104 4.0 7.5 8.6 42 8.2 10.6 43 9.2 11.9 0.060 0.088 0.134
With env. variation in births 7a 0429 0591 0.730 0.477 0.680 0.855  0.045 0.050 0.054 87 118 14.6 8.9 12.4 15.9 7.2 10.0 13.3 0.069 0.097 0.143
76 0.609 0.724 0.846 0.707 0.890 1.020  0.094 0.099 0.104 6.2 7.2 8.6 6.3 8.1 9.7 6.5 8.5 10.4 0.064 0.087 0.118

[4A)
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(1) the final depletion - the ratio of the population size (1+
and mature) at the end of the projection period to the
average pre-exploitation level.

(2) the lowest depletion — the ratio of the lowest 1+
population size during the projection period to the
average pre-exploitation level.

(3) the relative recovery — the ratio of the population size
(1+ and mature) at the end of the projection period to that
at the start of this period.

(4) the average annual catch.

(5) the average absolute variation (AAV) in annual catch.

A variety of other performance statistics are used by the
IWC Scientific Committeeto evaluate S As. However, these
statistics are not currently easily amenable to simulation
trials based on individual -based models.

The values for the performance statistics al indicate that,
in the absence of future catches, the population size after 100
years will exceed that at the start of the projection period
(Table 3a). The extent of increase (as measured by the
‘relative recovery’ statistics) differs depending on the MSYR
and theinitial state of the resource (5 or 10% of the average
pre-exploitation level). Thefinal depletions are, as expected,
lower if the strike Ilimits are set using the
‘Maximum-likelihood-like' SLA (Table 3b). However, some
recovery is guaranteed in many of the cases. The exceptions
to this (all of which have an initial depletion of 0.05) are
trials 2a (initial depletion=0.05; MSYR,, = 1%), 3a (initia
depletion = 0.05; MSYR,., =4%), 6a (initial depletion=0.05;
environmental variation in survival), and 7a (initia
depletion=0.05; environmental variation in births) for
which the lower 5" percentiles for the relative recovery
statistic are less than unity. The reasons for the poor
performance for trials 2a, 6a and 7a are readily apparent:
these are cases in which productivity is poor or survival is
subject to environmental stochasticity. The poor
performance for trial 3ais surprising; thisisacase in which
productivity is high, and substantial resource recovery
occursin the bulk of the simulations. It would seem to bethe
consequence of afew large catch limits in the first years of
the 100-year period leading to a high exploitation rate at low
population size.

The value of applying a feedback harvest strategy can be
evaluated by comparing the resultsin Tables 3b and 3c. The
constant level of catch for Table 3c was chosen so that the
median final depletion for trial 1 was as close asis possible
(given that the strike limit has to be an integer) to that for the
‘Maximum-likelihood-like' SLA. This level of constant
catch is 5 and, in fact, the median final depletion for trial 1
substantially exceeds that for ‘Maximum-likelihood-like
S _A. However, the performance of the constant catch SLAis
very poor (for example, extinction occursin more than 5% of
simulationsfor trials 5b, 6aand 6b and more than 50% of the
final depletions for trials 2a and 2b are below the initia
depletions), which indicates that there is considerable value
in applying a feedback harvest strategy for type 3
fisheries.

The PBR approach (Table 3d) is inherently more
conservative than the ‘ Maximum-likelihood-like' SLA (note
the generally lower average catches/strikes). Consequently,
this SLA does not lead to values for the lower 5" percentile
of therelative recovery statistic lessthan unity for any of the
trials. Moreimportantly, the PBR approach does not drop the
resource appreciably below the level that would be achieved
in the absence of any catches for trials 5a-7b (contrast the
lower 5™Mpercentiles of the lowest depletion distributions in
Tables 3a and 3d).

Worked needed totailor theframework to specifictype 3
fisheries

The information required to develop case-specific trials for
actua type 3 fisheries includes the following:

(1) historical catches.

(2) biological parameters (surviva rates, fecundity rates,
minimum calving interval).

(3) extent of environmental variability in survival and birth
rate.

(4) probability and expected severity of catastrophic
events.

(5) nature and frequency of future data collection
programmes.

(6) relative (age- and sex-specific) probability of being
harvested.

(7) scenarios regarding MSYR and MSYL.

(8) the boundson thelevels of need that an LA will haveto
be able to cope with.

(9) performance statistics.

The information for type 3 fisheries tends to be even
worse than is the case for type 1 and type 2 fisheries. This
may mean that instead of being able to specify values for
some of the parameters of the operating model exactly,
ranges for the values for these parameters will have to be
considered. One implication of this is that the range of
scenarios that may need to be considered may be very wide
(to ensure that the actual situation is covered by the set of
trials). The extent of environmenta variation in birth and
survival rates and the probability and severity of catastrophic
events cannot be estimated for any type 3 fisheries.
However, it is possible that inferences from other whale
species (e.g. Angliss et al., 1995; Perryman et al., 1997)
could be used to develop ranges for, for example, the extent
of environmental variation in births. Developing scenarios
regarding catastrophic events using data for cetaceans will
be even more problematic than developing such scenarios
for the extent of environmental variation in birth and survival
rates. Gerber and Hilborn (2001) provide data related to
catastrophic events for arange of otariid species and it may
be possible to utilise information of this type when
developing scenarios.

The primary data available for type 1 and 2 fisheries on
which strike limits might be based has been assumed to be
unbiased estimates of total (1+) abundance. Unfortunately,
the absolute abundance data for some type 3 fisheries are
likely to comprise only very infrequent (and possibly highly
biased) estimates of population size. For such cases, it may
be necessary to use the information on relative abundance
and from the age-structure of the catch to achieve reasonable
9 A performance.

The scenariosfor MSYR could be expressed in terms of the
expected rate of recovery at very low stock size. Values for
this rate could plausibly be inferred from data for other
whale species (e.g. Best (1993)).

The specification of a need envelope (i.e. bounds on
possible levels of need) would have to be achieved through
discussions at the Commission, with technical advice from
the Scientific Committee. The selection of appropriate
tunings of candidate SLAs would need to be coordinated
between the IWC Scientific Committee and the
Commission.

General discussion

The framework in this paper could be extended substantially
depending on circumstances. There are severa areas where
additional model development work may be required for
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some type 3 fisheries, for example Allee effects;
time-dependence in catastrophic events;, catastrophic
impacts on the birth rate; changes over time in the
environment and spatial structure. Thefirst of these has been
ignored in the analyses of this paper because, although there
must be a ‘level below which recovery isimpossible’, there
aretoo few datato define thislevel genericaly. In fact, there
may be some good reasons not to definethislevel but (aswas
the case during the development of the RMP) to instead
interpret performance on the basis of the lowest depletion
statistic. The individual-based model can be extended to
include spatial structure (as has been done for lumped
models for the Implementation Smulation Trials devel oped
for the North Atlantic, Southern Hemisphere and North
Pacific minke whales). However, as was the case for the
RMP, it would seem advisable to first examine the generic
properties of SLAs for type 3 fisheries before submitting
them to evaluation against detailed spatially structured
case-specific trials.

The process of conditioning case-specific trials may be
substantially more complicated if operating models for type
3fisheriesareto befounded on individual-based models. For
example, the approach used to condition the trials for the
Bering-Chukchi-Beaufort Seas stock of bowhead whales and
of those for the eastern North Pacific stock of gray whales
involves placing a prior on the current population size.
Unfortunately, it is not easy to ‘solve’ an individual-based
model for K such that the current abundance (or depletion)
equalsaparticular value. In this paper, the constraint that the
depletion of the 1+ component of the population after the
period of historical catches equals 0.05 or 0.1 was achieved
subject to a tolerance of 0.005. This aspect of the
conditioning problem could be overcome by placing a prior
on K rather than on current depletion or current abundance,
although this approach to conducting Bayesian assessments
has been criticised in the past in the Scientific Committee
(e.g. Butterworth and Punt, 1995).
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Appendix A

GENERATING THE AGE- AND SEX-SPECIFIC SURVIVAL RATES

The probability that an animal of sex sand age a survivesthe
impact of natural mortality, § 5, when subject to temporally
correlated environmental variation and to occasiona
‘catastrophic’ reductions in survival, is given by:

Ta
s e s s s s s
Sha=—Uy Gra=tatP(@ra— M) 6,05 (AD)
e +1
where:

§)a isthe survival probability for animals of sex s and age
a during year y;

Oya IS the (logit-transformed) survival probability for
animals of sex sand age a during year y in the absence
of catastrophic events;

U3 isthe mean of the distribution for of ,;

p is the tempora correlation in the environmental
anomalies in survival rate;

05 isthe standard deviation of the survival anomalies,

g, isarandom variate generated from N(0;12);

U, is a factor to account for (temporally independent)
‘catastrophic’ reductions in survival rate:

_ Uluu ifgy < Piow
! (1 - Ulaw plaw)/(l - plaw) otherwise (A2)

Uiowis the fraction by which survival is reduced if a
‘catastrophic’ event takes place;

Piow iSthe probability of a‘catastrophic’ event taking place;
and

g, isarandom variate generated from U[0,1].

The values for the ugs and o3s are chosen so that the
expected survival rate and the coefficient of variation of
survival rate equal pre-specified values — E(S5) and CV(S)
respectively. Thisinvolves choosing values for u3 and o3 to
satisfy the following system of equations:

) [ _ ]_PZ _ 52
ES) = _[ I Ll S T
“ 1+ef 1/27[0

Cr(sy)

@ 2
7( [l)
1 J'[ e J \ll—P e 2 o)’ B dg - E(S:)?

TEESD) Iivet) 2z} (A“3)

The formulation for U, is selected so that the expected value
of Uy equals 1.

Appendix B

DETERMINING THE BIRTH RATE PROBABILITY

The expected probability during year y that a mature female
that has not given birth for at least x years gives birth, E(f,)
is given by:

E(f,) = fo(1 + A(1 — (Py*/PXL)9) (B.1)

where:

fo isthe birth rate at the average pre-exploitation level;
A isthe ‘resilience’ parameter;

z isthe ‘degree of compensation’ parameter;

PL* isthe number of 1+ animals at the start of year y; and
P, isthe (average) number of 1+ animalsin an unexploited

state.
The value of fg is given by:
B /Nm
Jo= (B.2)
-M(y-2)
Nm ZB*VJ
e
where:

B_. is the (average) number of births (calves) in an
unexploited state;
X isthe minimum calving interval;

M istheinstantaneous rate of natural mortality on mature
animals; and

NI, is the (average) number of mature animals in an
unexploited state.

The realised value for the probability during year y of a
mature female that has not given birth for at least x years
giving birth is generated using the equation:

fy= Gy =My PGy s+ nyor (B9

where;
Uy isselected (G. Givens, pers. comm.) so that:

2 D) V
ll—p . Z(U)Wﬂ)d

E(f)_ j.]+eq \/EO'I— q (B4)

-0

o isameasure of the environmental variation in births;
p  isthe temporal correlation in birth rate; and
ny isarandom variate generated from N(0;1?).
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Appendix C

SOLVING FOR A GIVEN MSYR

MSYR can be defined by the equation:

dC
< =0
AF | _vsyr €1

where C(F) is the catch (expected catch for a stochastic
model) as a function of the intended exploitation rate F.

A numerical approach for computing A given MSYR is
therefore to search (using, for example, a bisection method)
for the value of A such that

C(MSYR + AF) — C(MSYR — AF) = 0.

This is a straightforward calculation for deterministic
modelsfor which thefunction C(F) iswell defined (e.g. Punt
(1996; 1999)). Unfortunately, this is not the case for
stochastic models. For such models, it is necessary to define
C(F) asthe average of the catch when the exploitation rateis
fixed at F. In this paper, C(F) for a single replicate is
obtained by projecting from the average pre-exploitation
level for 800 years fixing the exploitation rate to F. The
average catch over the last 400 years of the 800-year
projection period is then taken to be C(F) for that replicate.
The choice of 400 yearsfor the‘burnin’ period was selected
based on projections for the base-case assumptions under a
range of values for the intended exploitation rate, F.

Appendix D

THE PBR APPROACH

The strike limit for year y, Q,, is defined according to the
equation:

Fr is the ‘recovery factor’ — assumed to be 0.5 for the
analyses of this paper;

Rrax IS the maximum theoretical net productivity rate
(assumed to be 0.04 — the default value for

Qy = Fr 0.5 Ryax Niin(y) (D.) cetaceans — Wade, 1998); and
Nmin(y) is a ‘minimum population size' (the lower 201%
confidence limit) based on the most recent estimate
where; of abundance.
Appendix E

THE ‘MAXIMUM-LIKELIHOOD’ SLA

The population dynamics model and likelihood function that
form the basis for this SLA are;

Ny.1 = Ny + 1.4184 MSYR N(1 — (Ny/K)Z) Yoy s (E1)
‘n( N ,/N(}bx 2
L:Hexp _1 Ubs'Zn( . - ) 0 2
2(CVY +{CVu(y-y")105* | (E2)

y<y*

where:

N, is the number of (1+) animals (of both sexes) at the
start of yeary;

K is the pre-exploitation number of 1+ animals;

MSYR isthe MSY rate parameter;

C, is the catch (both sexes) during year y;

is the year for which a strike limit is required;
No® s the estimate of 1+ abundance for year y;

® This population dynamics model is a modification of a discrete
logistic model with the maximum rate of increase parameterised in
terms of MSYR.

CW" s the observed coefficient of variation for N9s;
and
CVayq isthe‘additional’ coefficient of variation — defined

as the CV added to that for surveys conducted ten
years before the year for which a strike limit is
required.

The calculation of a strike limit for year y" involves first
caculatinga‘raw’ strikelimit for year y*, Q, and modifying
this to conform with constraints on inter-5-year-block
variability in strike limits. The ‘raw’ strike limit for year y*
is computed using the following algorithm.

(1) Find, for 50 values for MSYR spaced equally between O
and 0.05, the values for K that maximise Equation
(E.2).

(2) Assignweightsto each of the 50 combinations of MSYR
and K obtained a step (1) using the formula
exp(—likelihood) P(MSYR) where likelihood is the
negative log-likelihood and the prior is of the form:
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P(MSYR) =
Pax if MSYR <0.01
P+ %(MSYR -0.01) if0.01 < MSYR <0.03
1 if MSYR >0.03

(E.3)

where Py, is the maximum of the ‘prior’ for MSYR.

These 50 combinations of MSYR and K with their
corresponding weights (normalised to sumto 1) form the
‘posterior’ distribution for steps (3) and (4).

(3) Find the strike limit that satisfies the criterion that Q™
‘posterior’_percentile of Py-.o/K equals a pre-specified
value MSYL (the value for Py,,0/K is computed by
projecting the model 20 years into the future assuming
that catch is constant from year y* to year y* +20).

(4) Find the strike limit that satisfies the criterion that the
Q" posterior percentile of Pyi2o/Py  equals a
pre-specified value Z, gt

The constraints on inter-block variability in strike limits
are imposed using the formula:

P(MSYR) =
Pinax if MSYR <0.01
1-Fnax :
Poax T 505 (MSYR-0.01)  if 0.01 < MSYR <0.03
1 if MSYR20.03 ()
where:
Qy isthestrikelimit for year y* following modification

to constrain variability in strike limits; and
B1,B> arethe parametersthat determine the constraints on
inter-block variation in catch limits.

The values for the tuning parameters are taken to be
Pmax =5, CVagq=0.025, MSYL = 0.6, Z, it = 1.1, Q; =0.19,
Q,=0.19, p;=0.25, and B, =1.75.




J. CETACEAN RES MANAGE. 4(2):179-184, 2002 179

A blue whale (Balaenoptera musculus) feeding ground in a
southern Australian coastal upwelling zone

PETER C. GILL
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ABSTRACT

A localised aggregation of blue whales, which may be pygmy blue whales (B. m. brevicauda), occursin southern Australian coastal waters
(between 139°45’E-143°E) during summer and autumn (December-May), wherethey feed on coastal krill (Nyctiphanesaustralis), aspecies
which often forms surface swarms. While the abundance of blue whal es using this areais unknown, up to 32 blue whal es have been sighted
inindividual aerial surveys. Krill appear to aggregate in response to enhanced productivity resulting from the summer-autumn wind-forced
Bonney Coast upwelling along the continental shelf. During the upwelling’s quiescent (winter-spring) period, blue whales appear to be
absent from the region. Krill surface swarms have been associated with 48% of 261 blue whale sightings since 1998, with direct evidence
of feeding observed in 36% of al sightings. Mean blue whale group size was 1.55 (SD = 0.839), with all size classes represented including
calves. This seasonally predictable upwelling system is evidently a regular feeding ground for blue whales, and careful management of

human activities is required there.

KEYWORDS: BLUE WHALE; AUSTRALASIA; FEEDING GROUNDS; EUPHAUSIIDS;, OCEANOGRAPHY; HABITAT

INTRODUCTION

Blue whales (Balaenoptera musculus) in the Southern
Hemisphere were so severely hunted during the 20" century
(Clapham et al., 1999) that sightings are rare (Branch and
Butterworth, 2001). Under Australia’s Federal environment
legidation they are listed as a Criticaly Endangered
Threatened Species, and are the subject of a forthcoming
Recovery Plan (Commonwealth of Australia, 1999). Feeding
areas outside Antarctic waters are amost unknown. Most
available information about blue whale feeding ecology
comes from the Northern Hemisphere, where feeding
grounds have been identified in coastal upwelling zones off
the coast of southern California (Croll et al., 1998; 2000;
Fiedler et al., 1998), Bgja Cdlifornia (Reilly and Thayer,
1990; D. Gendron, pers. comm.), and in the Gulf of Saint
Lawrence, Canada (Simard et al., 1986; Sears et al., 1990).
Blue whales also feed in offshore upwelling areas in the
eastern tropical and eguatorial Pacific (Reilly and Thayer,
1990; Palacios, 1999). In all these areas, blue whales feed on
abundant (in patches) euphausiid prey.

Historicaly, blue whales have rarely been sighted in
Australian waters (Bannister et al., 1996). During December
1995, a dedicated Blue Whale Cruise (under the auspices of
the International Whaling Commission) was conducted
through southern Australian waters, from Fremantle,
Western Australia, to Hobart, Tasmania. During the cruise,
an aggregation of blue whales was found off Discovery Bay
near the Victoria=South Australia border (141°E). Many
were identified by experienced observers as pygmy blue
whales (B.m. brevicauda; see description in Ichihara, 1966).
Some feeding behaviour and defaecation was observed, and
euphausiids were collected from surface swarms for future
identification (Kato et al., 1996).

Historical datafor western Victoria show some strandings
and sightings records of blue whales since 1887 (Anon.,
1999). Furthermore, the cold-water summer-autumn Bonney
Coast upwelling has been known to exist in this area (e.g.
Schahinger, 1987), suggesting that the presence of feeding
blue whales might be related to this persistent and
predictable oceanographic event. The Bonney Coast
upwelling isarare feature along the southern mainland coast

of Ausrdia, which is generaly characterised as a
nutrient-poor region fed by the warm water of the Leeuwin
Current (e.g. Herzfeld, 1997). A yacht-based survey in
February 1998 established that blue whales were again
present in this region (author’s data). Blue whales were
found surface feeding in Discovery Bay and a longer-term
ecological study was initiated, focusing on the linkages
between blue whales and this upwelling habitat.

MATERIALS AND METHODS

Study area

The study initialy focused on Discovery Bay, but was later
expanded to cover the entire continental shelf from Robe,
South Australia (139°45’E), to Port Campbell, Victoria
(143°E), an area of approximately 12,000km? (Fig. 1). The
east-west limits of the feeding area have not yet been
conclusively delineated.

Survey methods

Aerial surveys

Surveys began in December 1998 and continued until May
2001. Most intensive coverage occurred during the
summer-autumn upwelling seasons, with some additional
coverage during winter and spring. Aerial surveys were
designed to provide a measure of seasona occurrence and
general distribution, relative to environmental features such
as the upwelling and bathymetry, and therefore were not
intended as a method of establishing absolute or relative
abundance of blue whales. Survey tracks covered much of
the continental shelf and to at least 5 n.miles (9.25km) to
seaward of it; flying further to seaward was precluded by
cost and safety considerations. Complete coverage of the
entire feeding area was not possible in any one flight, with
flight frequency and tracklines determined by funding
constraints, changing weather conditions, research needsand
perceived changes in whale distribution with time. Spatial
analysis of survey effort, whale distribution and biological
oceanography  will be addressed in subsequent
publications.
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Fig. 1. Study area and blue whale sightings from the present study between December 1998 and May 2001.

Partenavia aircraft with at least two dedicated observers
were flown at an atitude of 457m (1,500ft), at ca 140kts.
Surveys were conducted in ‘closing mode’ i.e. whales were
approached after being sighted from the trackline, to
establish exact position, confirm species identity and to
briefly observe behaviour. Environmental conditions,
presence of other species (krill surface swarms, other marine
mammals, seabird aggregations, fish schools), surface
fronts, aswell asfishing vessels, marine debris, oil spillsand
shipping were also recorded.

Boat-based studies

A yacht was used for short periods during February or March
each season, for techniques including observation and
videotaping of behaviour, net sampling of prey species,
photo-identification, tissue biopsy/sloughed skin collection,
faecal sampling, krill hydroacoustics, passive acoustic
monitoring and basic oceanographic sampling.

Volunteer sighting network

Rock lobster fishermen routinely observe whales while
searching for pot buoys. At the outset of the study, several
were provided with a sheet showing distinguishing features
of blue whales and some other whales which may occur
locdly (e.g. sei, humpback, southern right), and sightings
record sheets. They were questioned about their sightings,
including diagnostic features upon which identification was
based. Sightings which could not be confirmed by the author
as blue whales were discarded.

Incidental sightings

Experienced cetacean observers known to be transiting the
area were asked to report blue whale observations. In
addition, local charter boat operators reported some
sightings. Sightings were also made from land, when blue
whales were close enough to shore to be positively identified
by body shape and markings.

Remote sensing

AVHRR SST (sea surface temperature) and SeaWiFs (ocean
colour, or chlorophyll-a concentration) satellite data, and
synoptic analysis weather charts, were accessed daily when

available from August 1999 via the Internet (Fig. 2). These
were used to monitor dynamics of prevailing winds, surface
upwelling and associated primary productivity. For example,
Fig. 2(a) shows that on 5 January 2000, strong SE to SSE
winds were blowing along the coast. Although Figs 2(b) and
2(c) (originally colour images) lose detail and scale in the
black and white rendition, they still clearly show the
subsequent surface upwelling plume, as expressed in the
depressed SST (7 January 2000) and enhanced chlorophyll-a
concentrations (8 January 2000).

RESULTS

A total of 261 blue whale sightings involving 405 whales
(mean pod size=1.55, SD =0.839; range 1-7) was recorded
between 25 February 1998 and 28 April 2001.

Timing of occurrence of whales

Temporal occurrence of sightings from all aerial surveysis
shown in Fig. 3(b). When compared to distance flown during
aerial surveys (Fig. 3(a), this indicates a seasonad
presence/absence of bluewhales, and also indicatestrendsin
relative abundance during seasons, with more whales being
sighted in March and April than in other months.

During the 1998/99 season, blue whales werefirst sighted
on 8 December 1998 and last seen on 19 May 1999. It is
possible that blue whales were present outside these times,
but not recorded (this also applies to subsequent seasons).
Fifty-two sightings totalling 77 blue whales (including one
cow-calf pair) were made during the season. Blue whales
were seen during five aerial surveys, with amaximum of 12
whales seen in any one flight. About one-third of al
sightings were reported by lobster fishermen. No blue
whales were sighted during aerial surveys in late May, in
early August, early October or early November 1999, nor did
fishermen report any sightings between May-December
1999.

During the 1999/2000 season, the first sighting was on 15
December 1999 and the last on 26 April 2000. There were
120 sightings for the season, for atotal of 143 blue whales;
of these, 97 sightings occurred during 13 aerial surveys.
Aerial survey coverage was extended northwest and
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Fig. 2. (&) Typica ‘upwelling’ weather pattern producing strong
southeast winds in the upwelling area (in box), 5 January 2000; (b)
AVHRR image showing Bonney Coast upwelling, 7 January 2000;
(c) SeaWiFs chlorophyll-a concentration, Bonney Coast upwelling,
8 January 2000. The surface upwelling plume runs northwest from
the prominent cape at 141°30’'E, Cape Nelson. Images courtesy of
Bureau of Meteorology, CSIRO Marine Research, NASA and
Orbimage.

southeast along the shelf from the previous season, roughly
doubling the size of the survey area (see Fig. 3(a)). A
maximum of 32 whaleswas seen in any one flight. Cow-calf
pairs were sighted on three occasions. Only 5% of sightings
were reported by fishermen, reflecting a reduced level of
participation in the project by them. No blue whales were
sighted during aerial surveys in August, October and
November 2000, nor did fishermen report any sightings
between May-December 2000.

181
1200 -
E 1000
2
?
S 800 -
°
2
% 600 -
[$)
C
g
@ 400 -
©
S
o 200 4
5 200
0""' L L
o o o o -~
g 8 8 8 8 § § 8 8 5 3
g &8 5§ § 8 8 5§ § 8 & S
8§23 833 3 83 32 3
S 5 & 5§ 5§ &5 & 5§ & & ©
4.00 -
K
8 3.00 -
[
>
=}
w
£
£ 2.0
o
hay
177]
<9
£ 1.00
B \ ‘
0-00 I Ll L III u, Ll L) |||I|l
o O O O @ *
& 38 8 3 8 3 8 8 8 5 3
0O = £ O o0 = c o o 2 c
o 98 o © 8 S5 o © 8 S
e 2 2 & 9 3 3 4 Q 3 3
S 5 & 5§ § 5 & &5 5 &5 ©

Fig. 3. (&) Timing of and total distances flown during aerial surveys; (b)
Numbers of blue whales sighted per 100km flown during aeria
surveys.

During the 2000/2001 season, the first sighting occurred
on 19 December 2000 and the last on 28 April 2001. A total
of 137 blue whales was sighted during the season, with 133
whales in 83 sightings during 13 aerial surveys. A cow-calf
pair was sighted on one occasion.

The highest counts of whales occurred during some of the
longest survey flights (see Figs 3(a), 3(b)). This may be
explained by the fact that longer flights were possible during
the period of most settled weather (March-April). This also
happensto be the period when krill surface swarms are most
abundant, possibly drawing greater numbers of blue whales
to the area.

Distribution of sightings

Distribution of sightings is shown in Fig. 1. All sightings
occurred on the continental shelf (<200m water depth)
between longitudes 139°18'E-143°03'E. Excluding this
study, 45 (80%) of 56 previous blue whale sightings in
Victorian waters lie within this area (Anon., 1999).

Evidence of feeding

Either feeding behaviour or defaecation were recorded in 94
(36% of total) sightings and whales were sighted within
~2km of krill surface swarms in 126 (48% of total)
sightings. However on many occasions, krill swarms were
sighted without blue whales in visible proximity. Obvious
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feeding behaviour included energetic surface lunges to
engulf prey (whales often rolled onto one side, with the
mouth wide open and the throat pleats distended) and similar
subsurface feeding, visible from the aircraft. More leisurely
‘skim’ feeding (swimming slowly through dense prey
surface swarms with the mouth agape) has also been
observed on several occasions (see e.g. Watkins and
Schevill, 1979, for discussion of mysticete feeding
methods). Whales observed with distended throat pleats and
baleen visible when sighted were assumed to have just fed.
During athree-hour yacht-based observation on 24 February
2000, sub-surface feeding by five blue whales, within a
radius of ca 2km, was inferred from frequent short-duration
(1-2min) fluke-up dives, with whales resurfacing near the
point of diving. Hydroacoustic backscatter levels measured
from a yacht were high in areas where blue whales were
presumed to be feeding at depth, compared to areas surveyed
where blue whales were not present. Strong backscatter
signals were observed at various depths between the surface
and the seafloor (90m) in an area where one blue whale was
feeding (T. Pauly and P. Gill, unpublished data).

Prey

Net sampling (70cm ring net, mesh size 500um) of surface
swarms on which blue whales were directly feeding
identified the whales' prey as N. australis. This is a neritic
species reaching ca 20mm, and is known from New Zealand
and southeast Australia (Blackburn, 1980). Surface swarms
have been observed during this study in al months from
October to May, and appear to be largest (some swarms
exceed 1,000m in length), densest and most abundant in
March and April. This species migrates vertically through
the water column (Blackburn, 1980; O'Brien, 1988) and is
likely to be consumed by the blue whales at greater depths
(e.g. Crall et al., 1998).

Upwelling and marine productivity

During late 1999, thefirst upwelling plume appeared in SST
imagery on 17 November, following strong southeasterly
winds associated with the passage of a high-pressure system
(see Fig. 2 for a similar event). Further upwelling pulses
followed the passage of subsequent high-pressure systems,
maintaining the upwelling surface plume of cold
nutrient-enriched water, which was detectable until 24 April
2000.

During late 2000, SST images showing surface upwelling
first appeared on 13 November and the upwelling plumewas
detectable until 9 April 2001. Surface temperatures within
the upwelling plume, as shown by AVHRR imagery, may be
as much as 5°C cooler than surrounding waters.
Chlorophyll-a concentrations (as shown by SeaWiFs
imagery) may be elevated up to >4 mg/m°, an order of
magnitude or more above those of surrounding waters (see
Fig. 2). Phytoplankton-rich upwelled waters are often visible
during aerial surveys, with visible oceanic fronts clearly
corresponding with those shown in satellite imagery. As
shown by SeaWiFs imagery (P. Gill, unpublished datd),
enriched waters appear to be present for some time after
active upwelling ceases, both between active upwelling
pulses and after the period of upwelling-favourable wind
forcing ceases.

DISCUSSION

Links between coasta upwellings, euphausiids and blue
whales are apparent at a range of sites, notably in North
America (Simard et al., 1986; Reilly and Thayer, 1990;

Searset al., 1990; Schoenherr, 1991; Croll et al., 1998; 2000;
Fiedler et al., 1998). It appears that similar links exist in the
Bonney Coast upwelling region of southern Australia
Large-area AVHRR SST images show that this seasonal
upwelling zone isthe most prominent in southern Australian
waters (CSIRO, 2001). It occurswhen high pressure cellsare
far enough south for their southeast wind component to be
roughly paralel to this northwest-trending coast, i.e.
between the months of November/December - March/April
(Lewis, 1981; Schahinger, 1987). This period coincideswith
the presence of blue whales in the region. During late
autumn, winter and spring the highs move north, prevailing
winds are onshore, the upwelling is quiescent, and blue
whales appear to be absent from the region.

N. australis is reported to have a production-to-biomass
ratio higher than any other euphausiid (Ritz and Hosie,
1982). It is associated with an upwelling plume in New
Zedland (Bradford and Chapman, 1988), and is consumed by
humpback whales in New Zealand and Tasmanian waters
(Dawhbin, 1956; Gill et al., 1998), while its congener N.
simplex is prey of blue whaes off Baa California (D.
Gendron, pers. comm.). The surface distribution of N.
australis in the present study, as determined from aeria
surveys, essentially mirrors the distribution of blue whales.
N. australis is abundant along the Bonney Coast upwelling
surface plume, and the watersimmediately to its east, where
sub-surface upwelling is thought to occur (P. Gill,
unpublished data). However, more extensive aerial surveys
are needed to establish its possible distribution (and that of
blue whales) outside this area. It commonly forms daytime
surface swarms, at various times of year (O'Brien, 1988), as
described for its congeners elsewhere (e.g. N. simplex, Baja
Cdifornia; Gendron, 1992). The surface swarming
behaviour of N. australis has greatly facilitated this study so
far by enabling the detection of swarms without the need for
logistically complex hydroacoustic or net sampling surveys.
However, future studies should use these methods to
investigate sub-surface distribution of krill swarms. The
ecology of N. australis in this area has yet to be properly
investigated, but assuming predictability of the upwelling
and its enhanced productivity during summer and autumn, it
is likely that the presence and abundance of N. australis
swarms is also seasonally predictable.

Given the direct evidence that blue whales feed regularly
on N. australis swarms, and the large number of blue whale
sightingsthat have been recorded since this study began, itis
likely that aslong as the weather patterns and oceanography
which drive the seasonal upwelling in this region remain
relatively stable (and human activities do not displace them),
blue whaleswill continueto feed in this area. Fin whales (B.
physalus; n=3 sightings) and sei whales (B. borealis, n=6
sightings), both rarely seen in Australian coastal waters,
have also been observed in the feeding area. The timing of
the blue whales' presence in this temperate area, which
coincides with the Antarctic baleen whale feeding season,
tends to support the hypothesis that these are pygmy blue
whales, which are thought to mostly inhabit waters north of
the Polar Front (Kato et al., 1995). However, their
sub-specific identity and provenance are not yet proven: so
far there are no photo-identification resights with other
areas, and visual, photogrammetric, genetic and acoustic
techniques to discriminate between blue whale sub-species
are still inconclusive (see Donovan et al., 1996; IWC, 2002,
pp.205-6; Ljungblad et al., 1997; 1998; McCauley et al.,
2001).

Management issues are posed by the presence of
significant oil and gas reserves in the feeding area, by a
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major shipping lane intersecting it, and potentially by
fisheries, and by whalewatching tourism (which is as yet
undeveloped). Given the conservation status of this species,
the scarcity of known feeding areasin either hemisphere and
itsrelative accessibility (off Australia s populous south-east
coast), this feeding area offers arare opportunity to increase
knowledge of blue whale biology and ecology and that of
their prey. It also provides management agencies with an
opportunity to devise and implement management initiatives
which will contribute towards the continued survival of blue
whales in this region.
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Errorsin age estimates of North Atlantic minke whales when
counting growth zones in bulla tympanica
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ABSTRACT

Age estimation of common minke whales (Balaenoptera acutorostrata) has always been difficult, and the accuracy of the current method
of counting growth layer groups (GLGs) in the periosteal zone of the tympanic bulla has been questioned. To evaluate this method, two
readers aged three sections from each of right and left bulla tympanica from 35 male and 57 female North Atlantic minke whales. A single
age estimate with variance was calculated for each whale using General Linear Mixed Model Poisson based regression, and this estimate
was compared with the number of ovulations and body length to evaluate the bias of the age determination method. The results showed
a poor fit between age and number of ovulations with R2=0.0014. Bias was estimated to be a 37% underestimate of ‘true’ age assuming
an ovulation rate of one per year and age at sexual maturity of eight years. Precision of the bulla age estimates was lower than those of
Antarctic minke whales aged using the earplug method. The high bias reduces the applicability of the bulla method in routine
age-determination with a management objective. Other age determination methods for the species should be improved or developed to
ensure proper monitoring of demography and life history for the North Atlantic minke whale.

KEYWORDS: COMMON MINKE WHALE; ATLANTIC OCEAN; AGE DETERMINATION; AGE AT SEXUAL MATURITY

INTRODUCTION

Precise, unbiased age estimates are important requirements
in managing different stocks of terrestrial and aguatic
organisms (Morris, 1972; Birney et al., 1975). Age is
especially important when one wishes to study the age
structure, life-history and catch-at-age history of the
population in question (Nuckle and Bergeron, 1983).
Determining the correct age of anindividual isoften difficult
and errors can lead to an incorrectly assigned age (Bowering
and Nedraas, 2001; Richards et al., 1992; Olsen and Skaug,
2002). The difference between the true age a and the
estimated age A is a measure of the bias of the age estimate,
while the variance of several independent age estimates of
the same individual is a measure of the precision of the
estimate. Poor precision and high bias can each lead to errors
in the demographic parameters required for study (Schnute
and Richards, 1995), and it is important that these are
investigated and quantified. The North Atlantic common
minke whale stock is currently exploited by Norwegian
whalers and Greenland Inuit hunters (IWC, 1999), and
estimating correct age has been a problem for along time. In
the Norwegian minke whale studies, less than 20% of the
animals could be aged using ear plugs (Christensen, 1992)
mainly because of difficulties with plug removal and
collection. Instead, whales from the Norwegian catch have
been aged by counting the annual growth layer groups
(GLGS) in the periosteal layer of the ear bone, bulla
tympanica (Christensen, 1981). Two early follow-up
analyses indicated that there was an error in ageing when
using the bulla method (Larsen and Kapel, 1983;
Sukhovskaya et al., 1985), but the error was not quantified
until Christensen (1995) found an 80% agreement (+ 1 year)
between three readers. However, a later study by Olsen
(1997) indicated that the bulla method underestimated the
‘true’ age. These disagreements necessitated the study of
errors in age estimates based on the bulla method with the
aim of quantifying both precision and bias of the method. A
project was started in 1999 with three aims: (1) evaluate the
bias of the method through a multi-reader experiment; (2)
estimate the precision of bulla ageing method through a
multi-reader experiment; (3) evaluate the reliability of the

bulla method when used in routine age estimation. The focus
of the present study ison bias (1) and use of the bullamethod
in routine age estimation (3). The question of precision (2)
has been dealt with in detail in Olsen and Skaug (2002).

Bias

The bias of a single age estimate is the difference between
estimated age A and true age a, and the idea method of
studying this is by conducting a study on known-age
animals. For practical reasons this is impossible for minke
whales, and one is | eft with two alternatives: (1) to compare
bulla age estimates with other independent estimates of age
(i.e. age estimates based on alternative methods); or (2) to
compare bulla age estimates with independent growth
parameters. No validated aternative ageing method
currently exists for North Atlantic minke whales, which
leaves comparing bulla age with different measures of
relative age i.e. number of ovarian scars (ovulations) and
length.

Fin whales (Balaenoptera physalus) and Antarctic minke
whales (Balaenoptera bonaerensis) have been shown to
have a regular ovulation rate throughout life (Laws, 158;
Ohsumi and Masaki, 1975), and from studies of pregnancy
rates (Christensen, 1975; Olsen, 1997) North Atlantic minke
whales seem to share this characteristic. After ovulation, the
ruptured follicle increases in size and becomes a corpus
luteum, which lasts through pregnancy and lactation, after
which it shrinksto asmaller size (minimum size isless than
1cm in North Atlantic minke whales) and is called a corpus
albicans which persists for life (Laws, 1958). Thus, the
ovaries of sexually mature minke whales have a permanent
record of the ovulation history of the individual. Comparing
the true age of minke whales with the number of ovulations
(found by counting corpus lutea and alibicansin the ovaries)
would yield a plot fitting within the area delimited by the
error bars in Fig. 1. The error bars delimit the range of
number of ovulationsfor awhale at agiven age based on the
ovulation rate. The upper limit is based on an ovulation rate
of two ovulations per year, while the lower is based on a
biennial ovulation rate, which are realistic upper and lower
limits for the species. The ‘X’s plotted in the middle are
based on an annual ovulation rate, which is the best current
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estimate for North Atlantic minke whales based on the high
(80-98%) annual pregnancy rates of mature females
(Jonsgérd, 1951; Christensen, 1975; Olsen, 1997). However,
a higher ovulation rate is not unlikely considering that in
general, mammals can have spontaneous abortions in early
pregnancy and new ovulation usualy follows (Laws,
1958).
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Fig. 1. Theoretical increase in the numbers of ovulations with age of
female minke whales given an annual ovulation rate, and areduction
in age at sexua maturity (ASM) from eight years for the 1980
year-class to four years for the 2000 year-class. The error bars
represent limits given an ovulation rate of 2*year—* (upper bar) and
0.5*year—! (lower bar). The first ovulation is indicated by the
hatched horizontal line. X = ovulations; + = ASM.

To model a possible density-dependent decline in age at
attainment of sexua maturity (ASM) the number of
ovulations plotted in Fig. 1 are corrected for a decrease in
ASM from eight yearsin 1980 to four years in 2000, where
knife-edge maturation for all year-classes is assumed. The
upper and lower limits of ASM were chosen deliberately and
deemed realistic as ASM was estimated to eight years (0.7
years, 95% confidence interval) by Olsen (1997), and
recently to 5.8 years (£3 years, 95% confidence interval) by
Olsen and Sunde (2002). Fig. 1 shows that regardless of
variable ovulation rate or a decline in ASM an increase in
ovulations with age could be expected if the age estimates
were accurate (unbiased).

Body length increases with age, and can be a useful
indicator of relative age when monitoring young
year-classes as these can be identified and annual growth
measured. However, mammals do not grow forever, and
generally reach a maximum body size soon after attainment
of sexual maturity (e.g. Brody, 1945). The sexes also have
different growth patterns and different maximum body
lengths. In this case female minke whales grow markedly
larger than the males. In addition, there are large individual
differences in physical growth. Physical growth can be
modelled by using one of several non-linear growth
equations. One of these is the von Bertalanffy equation
(Equation 1), which was used with success by George et al.
(1999) and Olsen and Sunde (2002) to model body length
versus age estimated using the aspartic acid racemisation
technique (Olsen and Sunde, 2002). To facilitate comparison
with these and other studies, this growth model was used in
the analysis.

Von Bertalanffy growth equation:
Length = Ly — Lyjay X €079 (1)

Limax is the maximum body length, k is the growth rate, and
to isthe age at length O.

Fig. 2 plots minke whale body length with age based on
published estimates of length at birth (280cm, as presented
by Jonsgérd (1951)) and sex-specific maximum body length
(male=812, female=840), calculated from the 20% largest
males and females in the data (518 male and 1,264 female)
used by Olsen (1997).
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Fig. 2. Physical growth of male and female minke whales modelled by
the von Bertalanffy growth equation where Ly,ax Was calculated
from data in Olsen (1997). The parameter k (growth rate) was the
same as estimated by (Olsen and Sunde, In press), while t, was
chosen such that length at birth = 280cm (from Jonsgéard, 1951).

Precision

Precision, or random error, is a measure of how close
agreement there is between parallel age estimates of the
same whale. Precision is dependent on biological factors
determining the formation of GLGs in bullae, and on the
subjective choices made by the reader when analysing a
particular bulla. It is of interest to quantify the error as a
whole, and what part is caused by biological factorsand what
is caused by reader variability. Olsen and Skaug (2002)
developed a method to estimate the variance of multiple age
estimates and divided thisinto different components, to then
make an estimate of the age of an individual. The same
method is employed in the present study to estimate the age
and variability based on multiple readings of bulla GLGs.

MATERIALS AND METHODS

Right and left bullae were collected from 35 male and 57
female minke whales caught onboard two Norwegian
whaling vessels operating in the North Sea and Centra
Atlantic (ES and CA, IWC small management areas, see
IWC, 1994) in May-July 1999 and 2000 (Table 1). From 28
of these, only one bulla was collected as the other was
destroyed after the grenade on the harpoon detonated, or it
was inaccessible during flensing. The length distribution of
the sampled whales is shown in Fig. 3. At the laboratory the
bullae were cleaned and 0.2mm thick transverse segments
were cut from the media part of each bulla using a
dual-bladed circular saw. Three such segments were cut
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Table 1

Whale number, minimum and maximum age read, number of parallel age readings from a whale (), sex, number of ovulations (ov.), standard body
length, estimated age (based on GLMM regression) and standard deviation of the age estimate from reading left and right bulla from 92 minke whales
caught in the North Sea in 1999 and 2000. An * after ‘whale’ indicates that only one bulla was collected.

187

North Sea Central Atlantic
Whale Min. Max. n Sex Ov. L(cm) Est.age SD Est. Whale Min. Max. n Sex Ov. L(cm) Est.age SD Est.
1999 1999
F10 2 20 12 F 13 825 9.1 0.90 K1 5 23 11 F 12 857 8.5 0.87
F11 3 17 12 F 0 790 7.7 0.83 K10 6 13 12 F 5 845 10.0 0.95
F12 5 33 12 F 12 800 13.9 1.11 K11* 7 13 6 F 0 705 104 1.36
F14 8 18 12 M 0 835 11.5 1.01 K12 2 12 12 F 7 802 6.7 0.77
F15 4 19 12 M 0 845 10.0 0.94 K13 4 12 12 F 18 855 7.5 0.82
F16 5 18 12 M 0 811 10.6 0.97 K14 5 17 12 M 0 730 10.4 0.96
F17* 3 15 6 F 0 666 9.6 1.31 K15 9 19 6 F 4 858 11.3 1.42
F18* 3 19 6 F 0 660 13.7 1.56 K17 5 18 12 F 0 760 10.2 0.95
F19* 3 11 6 F 0 697 6.8 1.10 K2 7 16 12 F 9 840 10.2 0.95
F2* 3 15 6 F 1 760 8.1 1.21 K3 7 27 12 F 11 810 12.2 1.04
F20* 8 18 6 F 0 862 12.1 1.47 K4 9 14 12 F 15 885 11.1 0.99
F21* 6 18 6 M 0 785 10.9 1.40 K5 6 21 12 F 10 870 10.2 0.95
F22* 5 12 6 F 0 840 7.8 1.18 K6 8 13 12 F 3 776 9.4 091
F23* 3 12 6 M 0 733 7.8 1.18 K7 5 11 12 F 15 855 8.1 0.85
F24* 3 12 6 F 7 855 6.3 1.06 K8 4 11 12 F 10 801 7.2 0.80
F25 9 16 12 F 1 731 12.8 1.07 K9 0 14 12 F 11 868 8.1 0.85
F26 9 24 10 F 16 860 14.1 1.21 2000
F27* 3 14 5 M 0 728 6.8 1.18
F28 5 11 10 M 0 810 6.3 0.81 K1 4 16 12 M 0 747 8.8 0.89
F29 8 22 10 F 0 535 11.8 1.10 K13* 4 10 6 M 0 585 7.3 1.14
F3* 7 17 6 F 8 840 9.8 1.32 K14* 3 13 6 F 0 700 8.0 1.19
F30 2 9 10 M 0 745 52 0.73 K15* 7 14 6 F 0 765 8.3 1.22
F31 4 12 10 M 0 745 6.4 0.81 K16* 9 22 6 F 0 765 12.2 1.48
F4 6 22 12 F 5 820 12.7 1.07 K17* 13 21 6 F 0 770 16.7 1.72
F5 4 32 12 F 4 800 8.5 0.87 K18* 10 13 6 F 0 848 11.6 1.44
F6 3 2 12 M 0 810 7.3 0.81 K19* 7 11 6 F 0 670 9.0 1.26
F7 2 11 12 F 0 760 5.7 0.71 K2 6 16 12 M 0 770 10.6 0.97
F8 3 15 12 F 5 745 9.0 0.89 K20* 7 23 6 F 0 740 13.9 1.57
F9 6 24 12 F 3 780 11.6 1.02 K22* 3 10 6 M 0 792 6.2 1.05
K18 4 11 12 M 0 769 6.8 0.78 K23* 4 13 6 F 0 770 8.5 1.23
K19 3 16 12 M 0 762 7.1 0.79 K24* 12 21 6 F 0 715 15.2 1.65
K20 4 20 12 M 0 730 8.7 0.88 K25* 7 12 6 F 0 810 9.1 1.28
K21 6 19 12 F 0 675 9.7 0.93 K26* 6 20 6 F 0 805 12.9 1.52
K22 6 25 12 F 0 725 12.8 1.07 K27* 5 11 6 M 0 720 7.3 0.39
K23 8 21 12 F 0 726 13.7 1.11 K3 5 13 12 M 0 712 7.2 0.80
K24 0 2 12 M 0 485 0.5 0.22 K4 5 18 12 M 0 793 9.9 0.94
K25 7 29 12 M 0 840 14.0 1.12 K5 5 17 12 F 1 725 10.9 0.98
K26 7 17 12 M 0 740 10.8 0.98 K6 6 14 12 F 12 820 10.3 0.96
K27 9 26 12 F 6 760 13.1 1.08 K7 6 13 12 M 0 735 8.8 0.89
K28 5 32 12 F 10 835 12.2 1.04 K8 5 12 12 M 0 820 6.7 0.77
K29 8 19 12 M 0 832 114 1.01
K30 7 14 12 F 4 822 9.9 0.94
K31 5 20 12 M 0 820 10.8 0.98
K33 4 14 12 M 0 700 7.8 0.84
K34 4 14 12 F 6 788 9.0 0.89
K35 4 22 12 M 0 845 9.6 0.93
2000
K10 6 18 12 F 12 835 10.2 0.95
K11 4 13 12 M 0 690 8.3 0.86
K12 8 22 12 M 0 810 12.1 1.04
K28 3 13 12 M 0 810 9.1 1.14
K29 0 5 12 F 0 540 1.7 0.90
K30* 7 11 6 M 0 815 8.5 1.23
K31* 6 10 6 F 0 880 7.8 1.18
K9 5 15 12 M 0 780 8.1 0.85

from each bulla, all within 1cm of each other. The three
segments were mounted on one microscope-dide. All slides
were randomly given new numbers to prevent the readers
from recognising the dlides between readings. Two readers
aged each bulla segment independently, where each reader
first read the first section of all bulla. The dides were then
put away for 5-7 days, the slides were renumbered, and the
readers proceeded to read the second and then the third
segment with renumbering and rest in-between.

Previous studies have not indicated any morphological
difference between the North Sea and Central Atlantic
(Christensen et al., 1990) and the data were therefore pooled
from both areas. Using a modified Poisson model and
GLMM regression (Olsen and Skaug, 2002) a single age
estimate was made for each whale based on all readingsfrom
the particular animal. The model was aso used to estimate
the standard deviation of this estimate. The model estimated
ages were compared with the body length and ovulations.
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Fig. 3. Histograms of body length (cm) of mae and female minke

whales sampled in the North Sea and Central Atlantic in 1999 and
2000.

When analysing age versus ovulations a linear regression
linewasfitted tothe plot to evaluateif therewasacorrelation
and if therewas alinear increase of one ovulation per year of
age as might be expected. For the age versuslength analysis,
the samplewas split into male and femal e sub-samples (since
each sex shows adifferent growth pattern), avon Bertalanffy
growth equation was fitted to the plot and Lyax, k, and to
were estimated.

RESULTS

The length distribution of the sampleis shownin Fig. 3, and
as expected shows that females achieve longer maximum
body lengths than the males. Samples from the smaller
length groups (< 650cm) were few, with only five females
and two males. Thisis not representative of the population,
but an artefact due to the size-selective catching by the
whalers who have a set catch limit and wish to maximise the
amount of meat. The sex ratio for the whole sample set was
38% males and 62% females. However splitting the sample
by region revealed that in the North Sea, the sex ratio was
46% males and 54% females, whilst in the Central Atlantic
it was 26% males and 74% females. The different sex ratios
are probably not an artefact of the hunting, but rather aresult
of the sex-segregated migration of the species (Jonsgérd,
1951).

Even with 28 whales missing one bulla completely, al
whalesin the sample were given at least six independent age
estimates (three by each reader). For six whales, one of the
readers was unsure about the estimate of a particular bulla
segment and therefore did not age that particular segment.

Age estimates of single bulla segments ranged from 0-33
years respectively (Table 1), and the largest difference
between minimum and maximum age estimates for an
individual whale was 28 years (whae F5/1999). The
standard deviation of the modelled age estimates ranged

from 0.2-1.7, trandating into 95% confidence intervals of
the age estimates from + (0.1-1.4) years. Plotting the
coefficient of variation (CV) versus age (Fig. 4) showed a
slight decrease in CV with age, except for the two youngest
animals who had a markedly higher CV than the rest of the
sample. As expected the whales with a missing bulla had a
higher CV than the others.
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Fig. 4. Estimated age vs coefficient of variation of bulla age estimates
from 57 female and 35 male minke whales. For 28 whales either the
left or right bulla was missing, and this reduced the sample size for
these whales by half, indicated in the plot by the points with higher
CV than whales with similar age.

In the analysis of bias, no correlation was found between
the estimated age and number of ovulations (Fig. 5,
R?=0.001) because the number of ovulations at a given
estimated age ranged from 0 to ~15. This was contrary to
expectations of a linear increase in number of ovulations
after sexual maturity (see Fig. 1) and can only be explained
by the bulla age underestimating true age. The
underestimation was al so apparent from the plot of residuals
shown in Fig. 6 indicating a mean underestimation of 37%
given ASM of eight yearsand 12% given ASM of four years.
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Fig. 5. Observed relationship between age and number of ovulations
from 92 minke whales sampled in the North Seaand Central Atlantic
in 1999 and 2000. A linear regression lineisfitted to the whaleswith
oneor more ovulations (filled triangles) with regression equation and
R2value is shown in the plot. The dashed line indicates the
theoretical expected relationship given an annual ovulation rate and
knifes-edge maturation at eight years. One immature whale estimate
to one year of age is not shown.
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Fig. 6. Mean percentage residuals of the age estimates of individual whales when compared with the theoretical age estimated given annual ovulation
rate and knifes-edge maturation at eight years (circles), or four years (triangles).

Using either assumed ASM indicated a progressive
underestimation of age, with the youngest age classes being
overestimated while the older being underestimates.

When plotting body length versus age (Fig. 7 and Fig. 8)
it was found that the male sample seemed to fit the von
Bertalanffy growth equation better than females. From Fig.
8 it can be seen that one whale is apparently an outlier
(F29/1999), but removing this from the analysis did not
notably improve or change the fit of the von Bertalanffy
growth model. The curves were widely different for both
sexes, which was apparent both from visual inspection and
from comparing the model parameters (Table 2). These
revealed that the males would grow to a larger size than
females, but this was a result of different fit due to the lack
of small animalsand varying ages estimated for agive length
class. Most whalesin the sample were full-grown, or closeto
it, indicating little increase in size with age. Thus, the von
Bertalanffy curves were driven by the few small and young
animals in the samples introducing large differences
between the sexes in model fit. In fact, the dataset
encompassed only four animals less than 600cm long, and
only one male and female was estimated to be less than five
years of age.
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Fig. 7. Body length vs estimated age for 35 male, North Atlantic minke
whales caught in 1999 and 2000. A von Bertal anffy growth equation
with 95% confidence intervals is fitted to the data.
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Fig. 8. Body length vs estimated age for 57 female, North Atlantic
minke whales caught in 1999 and 2000. A von Bertalanffy growth
equation with 95% confidence intervals is fitted to the data.

Table 2

Parameter estimates for the fitted von Bertalanfty growth equations in Figs
6 and 8. Lyax is an estimate of mean maximum body length, k governs the
growth rate while t, is a theoretical estimate of age at 0 length.

Sex LMAX k to
Males 827 0.22 -3.6
Females 785 1.81 1.0
DISCUSSION

An age determination method can only be useful in
management if it yieldsfairly precise and unbiased estimates
of true age without the need for resorting to accessory
information to estimate age. In addition, the method must be
applicable for both sexes and to most of the age-spectrum in
the population. This investigation was devised with these
considerations in mind, with all bulla age readings being
blind readings, and attempting to use as representative a
dataset as was possible to obtain. Few small whales
(< 600cm body length) were included and any further study
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should attempt to sample more small whales. However, the
sampled whales included females who had had 0-18
ovulations, corresponding to ages <7-25 years given an
ASM of ~8 years (Olsen, 1997).

The precision estimated for the GLMM model age
estimates ranged from £ (0.1-1.4) years (95% confidence
interval), which was consistent with Christensen (1995) who
found 80% agreement within £1 year for three readers.
Coefficients of variations decreased with increasing age
(Fig. 4), and ranged from 5-14% for whales with ages >5
years based on 12 parallel readings. The sample included
two animals with an estimated age of <2 years (K24/1999
and K29/2000). The ages of the other whales were estimated
to be >5 years, making the two smallest outliers in the
GLMM regression analysis, resulting in very high CVs for
these two whales. The GLMM model suffered from a
non-homogenous dataset, lacking equal dispersal of age
estimates of the sampled whales. Even so, the mean CVsin
the present study were larger than those found by (Kato et
al., 1991b) from two parallel readings of Antarctic minke
whale earplugs, and indicate that the bulla method is less
precise than the earplug method. The results here were based
on 6-12 paralel readings, and Olsen and Skaug (2002)
indicated that 2-8 parallel readings were necessary to reach
+2 years precision. Conducting this many parallel readings
on all whales sampled from the Norwegian catch would
require amuch larger effort than is currently employed.

Even though the precision was reasonable, the analysis of
bias did not follow the expectations illustrated in Fig. 1. In
Fig. 5 the expected increase in ovulations with age was not
found. With a R? of 0.0014 and whales as young as seven
years having 18 ovarian scars, Fig. 5 indicated that the age
estimates were underestimates of the true age. The plot of
ovulations versus age in Fig. 1 is simplistic, ignoring
age-specific ovulation rates. However, with no indication of
change in ovulation rate of North Atlantic minke whales, the
model is not unredlistic, but more research should be
conducted on evaluating age-specific ovulation rates for the
species. Fig. 1 shows that even with a density-dependent
shiftin ASM and ovulation rates varying from 0.5-2 per year
an increase in the numbers of ovulations with increasing age
would be expected if the age estimates were unbiased. Fig. 5
showed no such relationship, which leaves the conclusion
that bullaage estimates are not representative of thetrue age,
and are severely biased. The steady downward trend in the
residuals (Fig. 6) further strengthens this conclusion, and
high positive residuals for the youngest animals show that
these were the most problematic to age. None of the
modelled ages exceeded 15 years, which is low compared
with Antarctic minke whales who have been shown to live
for more than 30 years (Kato et al., 19914). Studies by
Christensen (1981) and Olsen and Sunde (2002) aso
indicated that North Atlantic minke whales could live for
more than 30 years, and that ages exceeding 15 years were
common. This shows that it becomes progressively more
difficult to detect the outermost GLGs of older animals.
However, excluding animalswith amodelled age > 10 years
would have little effect on the bias observed in Fig. 5, asFig.
6 indicates a steady downward trend in bias through all
age-classes. Some of the variability found in Fig. 5 may be
dueto variationsin ovulation rate within the population, and
individual differences in ASM. However, even with large
variability in ovulation rate and ASM as explored in Fig. 1
some correlation between age and ovulations should be
expected. Assuming that the model of one ovulation per year
and ASM of eight yearsis correct, the residualsindicated an
average underestimation of 37%, but ranging from an

overestimation of 28% to an underestimation of 72%.
However, without any known-age whales it isimpossible to
determine the exact magnitude of the bias.

Previousresultson sexual dimorphismin length published
by Christensen (1975), Jonsgard (1951), Larsen and Kapel
(1982), Larsen and Kapel (1983), and Fig. 3 al show that
females grow to larger sizes than males. When the von
Bertalanffy growth model failed to achieve the same results
(Fig. 7, Fig. 8) it was due to the clumped distribution of the
data, the large variability in estimated age for agiven length
and the lack small animals which are crucial in fitting avon
Bertalanffy curve correctly. Thelarge differencein thek and
to parameters between the sexes (Table 2) also indicated that
fitting the growth model was not successful. Even though
there is sexua dimorphism in maximum body length, the
length at birth and growth rate between the sexes should be
very similar, and at least not as divergent as indicated from
these analyses (Table 2).

The analysis of biasin this paper was based on an indirect
approach since known-age animals or a validated ageing
method for this species are missing. Therefore, the number
of ovulations and body length were used as controls. These
two parameters can themselves be subject to error, for
instance the number of ovulations was determined from one
examination of the ovaries by one reader. Few
inconsistencies in their interpretation were expected, but a
parallel ovary-examination study should be undertaken to
verify this. Body length on the other hand has |ess potential
error, but since the whales were measured at sea with head
and tail sticking outside each side of the boat this might add
some random error to the length measurements.

Reader variability was to a large extent the cause of the
low precision (Olsen and Skaug, 2002), but the high biasis
probably due to a combination of reader and biological
effects. These biological effects are most probably the
inconsistent nature of bulla GLG formation in the periosteal
layer. The underestimation bias identified in the present
analysis show that readable GLGs are not always formed in
bulla every year. Adding to this basic uncertainty of GLG
formation, the bulla GLGs observed were not continuous
through a whole bulla section, but rather found at the peaks
on small ridges or in cracks of the bulla. It is difficult to
follow a single GLG through a single bulla segment, and
amost impossible to find the same GLG in a segment cut
only afew centimetres to either side of the first segment. In
addition, many bulla GLGs are often very faint, thin and
difficult to detect, while others are broad and clear. In some
segments, a combination of thin and broad GL Gs have been
found making interpretation amost impossible. Bone
resorption in bulla occurs aong the mesostea -periosteal
interface (Christensen, 1981), and cannot explain the
variable GLG widths and faintness observed in the outer
parts of the periosteal layer. It does however explain why it
is often difficult to identify the neonatal line in bulla
segments. Adding to this confusion is the difficulty of
determining where the neonatal line is and where
post-parturition growth begins. These biological quirks
makes a large degree of the bulla age determination
procedure dependent on the subjective decisions of the
reader and explains the lower precision and high bias of the
bulla method compared to the earplug method.

From amanagement objective, the problem of precisionin
the bulla method is solvable through increasing the number
of parallel readings of bulla segments from the same animal.
However, the high bias will greatly limit any age-based
monitoring of the North Atlantic minke whale population.
The bhias will tend to compress and level out even
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determinable age-classes (Bradford, 1991), making it
impossible to monitor changes in age-dependent
demographic parameters. It seemsimpossible to circumvent
this bias in any way, and therefore other age determination
methods, such as the aspartic acid racemisation technique
(Olsen and Sunde, 2002) should be employed to age North
Atlantic minke whales.
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ABSTRACT

Teeth from 92 sperm whales were prepared by etching for age determination. The total number of growth layer groups (GLGs) in the
dentine of each tooth was determined from three to five reading sessions by a single reader. Four other readers, as part of a cross-reading
experiment, read a subset of these teeth (n=5). This study investigated: (1) intra- and (2) inter-reader precision in GLG counts; (3) possible
variation in growth structure deposition between different teeth within the same individual; (4) the use of photographsto identify and count
GL Gs and the effect of this technique on the precision of counts; and (5) mineralisation anomalies in tooth sections and the possible effects
these may have on GLG count precision. Intra- and inter-reader precision was determined using coefficients of variation (CV) and indices
of precision (D). Total numbers of GL Gs estimated from individual teeth ranged from 0.75-64 (X =32.8, n=92). Intra-reader mean CV was
10.6 and mean D was 4.8. Inter-reader mean CV ranged from 4.8-12.3 and mean D ranged from 2.8-7.1. Differencesin final counts between
readers appeared to be the result of differing interpretation of GLGs and this was the largest factor affecting the precision of GLG counts.
While GLG counts between teeth in the same individual varied, it is possible that this variation was due to within reader variation rather
than variation in the development of growth structures, but establishment of this cause is confounded by differential tooth wear. Use of
photographs increased the definition of growth structures, decreasing the variation between GLG counts within reading sessions. The
incidence of mineralisation anomalies and the closure of the pulp cavity increased with increasing GL G countsin individuals, but were not
consistent between teeth from the same individual. These factors, while potentially affecting the accuracy of GLG countsin relation to age
estimates, had little effect on the precision of GLG counts. The lack of an ability to validate age estimates in this species and the large
inter-reader variation seen in this study suggests that age estimates based on GLG counts in this species are subjective and can only be
regarded as relative. High-quality photographs of tooth sections should be used to verify GLG counts with other readers, resulting in
‘consensus counts’ generated by a number of readers, ensuring interpretation of the same structures and confidence in comparing GLG
counts produced in different studies.

KEYWORDS: AGE DETERMINATION; SPERM WHALE; AUSTRALASIA; SOUTHERN HEMISPHERE; STRANDINGS

INTRODUCTION

The determination of the age of animals is important in
establishing the life history traits of individuals and
populations. Integral to this is the development of an
accurate age determination technique and the minimisation
of any associated biases.

Growth layer groups (GL Gs) in the teeth of sperm whales
(Physeter macrocephalus) have been used to determine the
age of individuals since the 1950s (Nishiwaki et al., 1958;
Ohsumi et al., 1963; Gambell, 1977; Rice et al., 1986).
However, validation of the assumption that these GLGs are
annual depositions, as is the case in most other marine
mammals, has proven difficult. Validation techniques such
as the use of ‘known-age’ individuals (Hohn et al., 1989;
Hohn, 1990) and tetracycline marking experiments (Myrick
et al., 1984; 1988; Brodie et al., 1990) used in other species
have not been feasible in sperm whales because of their size
and the inability to keep captive individuals. Only limited
mark-recapture studies investigating the accumulation rate
of growth layers and studies calibrating seasonal changesin
the thickness of the most recently formed dentine layer have
been conducted on this species. These studies suggest that
GLGs are deposited annualy (Ohsumi et al., 1963; IWC,
1967; 1971; Best, 1969) and as aresult, studiesinvolving the
age determination of this species assume that each GLG
representsoneyear’ sgrowth (Ohsumi, 1971; 1977; Lockyer,
1980; Rice et al., 1986).

Another important concern associated with the aging of
individual animalsisthat of the precision of counts of GLGs
and, therefore age estimates (that is, the closeness of
repeated GLG counts for the same individual). If final age
estimates are the result of averaging the GLG counts from a
number of reading sessions, the precision of GLG counts
may have amajor effect on the accuracy (the nearness of the
final age estimate or GLG count to the actual age or number
of GLGs) of the final estimate. As age increases, the pulp
cavity in the tooth of a sperm whalefillsin as aresult of the
deposition of further layers of dentine and eventually closes.
Once the cavity is closed, the most recently deposited layers
become compacted and are subsequently hard to discern.
Mineralisation anomalies and dentinal resorption (Myrick,
1988; Lockyer, 1993) may aso confuse the distinctiveness
of GLGs, particularly in the recently deposited dentine of
older animals, which may aready be compromised by the
closure of the pulp cavity. A number of publications have
addressed variation in the accuracy of age determination
from cetacean teeth associated with the preparation and
reading techniques used (Anas, 1970; Hui, 1980; Hohn et al .,
1989; Hohn, 1990; Hohn and Fernandez, 1999). However,
very few have addressed the problem of variation in
precision (Donovan et al., 1982; Mikhaev, 1982; Reilly et
al., 1983).

Variation in the number of GLGs in different teeth from
the sameindividual may also be another source of biasin age
determinations. Nishiwaki et al. (1958) found that teeth from
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both the mandibular and maxillary jaw from the same
individual in sperm whales contained similar numbers of
growth layers. Conversely, the Workshop on Age
Determination of Odontocete Cetaceans and Sirenians found
that the number of GL Gsvaried between different teeth from
one individual (Perrin and Myrick, 1980). However, the
dataset was not large enough to test this statistically and it
was recommended that the number of GLGs in complete
series of teeth from both the mandibular and maxillary jaw of
a number of individuals of varying ages be assessed.
Bottlenose dolphins (Tursiops truncatus) were found to
contain different numbers of GLGs in different teeth from
the same individual (Hui, 1980), possibly because teeth in
the anterior of the jaw ceased depositing dentine after 10 to
12 GLGs and posterior teeth ceased deposition of dentine at
any time after 15 GLGs. However, both Myrick (1988) and
Lockyer (1993) found that different teeth from the same
individuals in spinner (Stenella longirostris), pantropical
spotted (Senella attenuata), common (Delphinus delphis)
and bottlenose dolphins and long-finned pilot whales
(Globicephala melas) showed similar growth patterns
yielding similar age estimates (counts in G. melas differed
by 0 to 4 GLGs).

Three mass strandings of sperm whales on the west and
northwest coasts of Tasmania, Australia in 1998 provided
material with which these problems could be investigated.
This paper presents the results of investigations into
variations in age estimates (1) within and (2) between
readers; (3) between different reading methods; (4) between
different teeth derived from the same individual; and (5) in
relation to tooth morphology.

MATERIALS AND METHODS

Preparation of teeth

Near-compl ete or mid-sections of lower jawswith teeth were
collected from 92 sperm whales involved in three mass
strandings on the north and west coasts of Tasmaniain 1998
(STR1: Ocean Beach, Strahan, n=56; STR2: Greens Pt
Beach, Marrawah, n=29; STR3: Black River Beach,
Stanley, n=7). Other aspects of these strandings are reported
in Evans et al. (2002). The least worn and straightest first or
anterior-most mandibular tooth from each individual was
sectioned aong the bucco-lingua plane, and one
half-section polished and then etched in 15% formic acid
until clear, easily discernible dentinal layers or growth layer
groups (GLGs) were produced. Teeth from calves were
thin-sectioned, stained and mounted on microscope dides.
Details of these methods are given in Evans and Robertson
(2001).

Age determination
The total number of GLGs in each of the 92 tooth sections
was determined three times per session in three (n=3), four
(n=7) or five (n=82) sessions by asingle reader (KE). The
number of reading sessions was determined by the
variability of GLG counts. For those teeth for which counts
were not repeatable or at least two of the three counts were
not close (within £ 2GLGs), counts were repeated an
additional one or two times. Time intervals between the
sessions varied from seven to 92 days. Each reading was
made without reference to previous readings or additional
information on individuals (e.g. size, sex) and teeth were
read in random order during each session.

Growth layer groups were interpreted as those identified
in the report of the Workshop on Age Determination of
Odontocete Cetaceans and Sirenians (Perrin and Myrick,

1980) as ‘a repeating or semi-repeating pattern of adjacent
groups of incremental growth layers within the dentine
which is defined as a countable unit involving achange from
aridge to groove' in the case of etched teeth and ‘intensely
stained to lightly stained’ in the case of thin-sectioned,
stained teeth. For those specimensin which the neonatal line
could be identified (many of the teeth had worn tips and
therefore were missing the enamel, neonatal line and thefirst
few GLGs), this was not included in the total number of
GLGs.

Thefinal age estimate for each individual was determined
as either the most repeated GL G count (all session estimates
pooled) or where there was no repeatability of counts
(n=28) the mean of al counts. It was assumed that skill in
reading GLGs and estimating age increased with reader
experience. To determine whether this had an effect on
counts, atwo-way ANOVA (with session number and tooth
section as independent variables) was conducted on GLG
counts to determine whether counts differed significantly
between sessions.

Assessment of intra-reader variation

For each tooth the standard deviation was cal culated from all
counts (the three counts from each of the three, four or five
sessions all pooled). Following Chang (1982) and Relilly et
al. (1983), the coefficient of variation (the standard deviation
as a fraction of the mean expressed as a percentage:
SDx100/X) and an index of precision (the percent error
contributed by each observation to the average age class:
D=CV/{ n) were calculated. The CV and D were plotted
against GLG counts to determine if there was any effect of
the number of GLGs (and therefore age) on the precision of
counts.

Assessment of inter-reader variation

A sub-sample containing five of the original 92 tooth
sections and an associated photograph of each were supplied
to four additional readers for comparative GLG
determination. All readers had previous experience in
counting GL Gs from sperm whale teeth. No information on
the animal or the stranding from which it was derived was
supplied to the readers. Readers were supplied with a
standard data form and were requested to estimate the
number of GL Gsdirectly from each tooth at least three times
with a minimum of five to seven days between reading
sessions and without reference to previous readings. Each
reader was also requested to mark on the associated
photograph of each tooth what they had interpreted and
counted as GLGs, in an effort to establish areas in which
variation, if it existed, occurred.

Individual reader CV and D were cal cul ated for each tooth
to quantify individual reader precision. Actua counts from
individual teeth were compared between readers using a
two-way ANOVA (with reader and tooth section as
independent variables). Where this test revealed that there
were significant differencesin GLG counts between readers,
the relevant photographs on which each reader had mapped
their interpretation of GLGs were studied and any
differences in the definition of GLGs noted.

Assessment of countsfrom different teeth from the same
animal

For seven whales, an additional 13 teeth were prepared for
age estimation (providing a total of seven teeth from each
side of the jaw and a total of 14 for each animal). These
animalswere selected randomly from a subset of the original
that contained animals from which more than seven teeth on
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each side of the jaw had been collected. The teeth selected
were dependent on the number of teeth collected from the
jaw. Where more than seven teeth from either jaw were
collected, teeth were selected evenly along the length of the
jaw. In al cases teeth from matching positions on both sides
of thejaw were used. The number of GLGsin each tooth was
estimated using the methods detailed above without
reference to other teeth from each individual. GLG counts
derived from teeth on the | eft and right sides of the jaw in an
individual were compared for differences using a paired
t-test.

To determine whether the numbers of GLGs in the 14
teeth of an individual were significantly different, an
ANOVA with a Tukey HSD pairwise comparison was used.
For each tooth the standard deviation, CV and D were
calculated from all counts. To determine whether the number
of GLGsdid in fact vary between teeth in each animal, it was
necessary to separate that variation associated with the
reader from true differences in the number of GL Gs present
in each tooth. D values for each tooth from an animal were
plotted with the mean D calculated from the assessment of
within-reader variation (the mean overal D). Where D
values for each tooth were lower than the mean overal D,
any variation in GLG counts were regarded as true variation
in the number of GLGs. Where D valuesfor each tooth were
the same or higher than the mean overall D, variationin GLG
counts were regarded as a factor of reader variation. A
one-way t-test was used to test for the presence of such
differences.

Assessment of direct tooth counts vs photo counts

All teeth prepared (for both estimates of age of individualsin
each stranding and for comparative counts of different teeth
from the same individual) were digitally photographed
(n=171). The number of GLGs in each tooth section was
determined from these images. A paired t-test was used to
compare GL G counts derived from photos against final GLG
counts derived from direct readings. To determine if there
was any difference in the precision of counts between this
method and that from counts taken directly from teeth, a
sub-sample of 50 randomly selected tooth images were read
afurther two times (for atotal of three readings). Both CV
and D were caculated for each method and then
compared.

Tooth morphology

The number of pulp stones, the presence of mineralisation
interferences (occlusions), and the state of the pulp cavity
(whether it was open or closed) were determined for each
tooth section. Anomalies were classified according to
Lockyer (1993). The CV and D calculated during age
determination were log-regressed against the state of the
tooth cavity and against the presence of pulp stones and
regressed against the number of pulp stones to determine
whether tooth morphology factors effected CV and D.

RESULTS

Assessment of intra-reader variation

GLG counts from sperm whales in this study ranged from
0.75to 64 GLGs (mean =32.8£13.2, n=92). There were no
significant differences among GLG counts estimated in the
five sessions (ANOVA, Fs0; = 0.9, P = 0.5). For those
estimates where there was no consensus of GLG counts
between sessions, 89.3% contained estimates that differed
by one GL G and 96.4% contained estimates that differed by
two GLGs.

The mean CV was 10.6+6.3 and mean D was 4.8. There
was no significant relationship between CV or D and the
number of GLGs (Regression, CV: r?=0.001, F; go=0.1,
P=0.7; D: r*=0.004, F, oo= 0.4, P=0.6; Fig. 1).
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Fig. 1. CV and D calculated from estimated number of GLGs in teeth
from sperm whales (n=92): (&) CV; (b) D.

Assessment of inter-reader variation

The difference in the number of GLGs estimated for each of
the five teeth ranged considerably between readers, from one
to 21 GLGs (means. 5.0-11.8 GLGs; Tables 1 and 2),
increasing with teeth from older animals (Fig. 2). GLG
counts were found to be significantly different between
readers (ANOVA, F;16=2.2 P=0.02). Mean CV ranged
from 4.8-12.3 and mean D ranged from 2.8-7.1 across
readers.
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Fig. 2. Average difference in the estimates of the number of GLGs
between five readers and the average age estimated for five sperm
whale teeth.
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Table 1

Estimated numbers of GLGs by five readers from three reading sessions of
five sperm whale teeth.

Number of estimated GLGs

Tooth  Reader 1 Reader 2 Reader 3 Reader 4 Reader 5

001 41 39 44 24 39 39 52 54 46 54 44 48 41 43 42
002 53 51 51 43 47 49 64 57 71 64 62 58 43 43 43
003 24 21 24 23 27 20 35 33 32 29 28 29 21 23 21
004 39 54 47 50 44 56 65 56 60 61 65 62 44 51 47
005 65 68 68 63 60 61 69 65 80 75 70 70 45 53 52

Table 2

Final estimates of GLG numbers for five sperm whale teeth by five readers
and mean standard deviation, mean CV and mean D.

Final estimate of the number of GLGs

Tooth Reader 1 Reader2 Reader3 Reader4  Reader5
001 41 39 51 49 42
002 52 46 64 61 43
003 24 23 33 29 21
004 45 50 60 63 47
005 65 61 71 70 52
Mean SD 32 4.6 5.0 2.7 2.0
Mean CV 7.6 12.3 8.4 4.9 4.8
Mean D 2.8 7.1 4.9 2.9 2.8

Assessment of counts from different teeth derived from
the same individual

No significant differences were found in the number of
GLGs, the CV or D between teeth in the left and right jaws
of any of theindividualsin the dataset. However, significant
differences were found between GLG counts from teeth in
different positions along the tooth row within an individual
in six of the seven animals (Tables 3 and 4). When D values
calculated from readings of each tooth in each individual
were compared with the mean overall D, significant
differences were found in only one individual (t-test,
t13=4.9, P<0.001; Fig. 3). GLG counts from different teeth
in this animal ranged from 18-33. GLG counts varied
increasingly with age (Fig. 4).

Table 3

Minimum, maximum and mean number of GLGs, mean SD, CV and D
estimated from multiple teeth (n=14) of seven sperm whales at STR2.

Whale number

1 4 8 16 21 25 27

Min. no. GLGs 19 17 28 18 20 25 39
Max. no. GLGs 52 25 43 37 32 43 64

Mean no. GLGs 30.9 206 342 27.8 253 334 448

Mean SD 3.5 2.9 4.0 3.6 3.7 4.0 3.6

Mean CV 119 134 112 133 146 130 84

Mean D 54 6.0 5.1 6.0 6.5 6.1 3.7
Table 4

Results of ANOVAs conducted on GLG counts from teeth (n=14) in the
jaws of seven sperm whales at STR2.

Whale number

1 4 8 16 21 25 27
df 13 13 13 13 13 13 13
F-ratio 19.6 1.7 3.0 9.6 2.1 10.8 7.6
P <0.001 0.09 0.002 <0.001 0.03 <0.001 <0.001
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Fig. 4. Maximum difference in age estimates from the mean of age
estimates derived from sets of 14 teeth prepared and examined in
seven sperm whales.

Assessment of direct tooth counts vs. photo counts

GLG counts derived from photographs were only available
for four of thefivereaders. Counts derived from photographs
of individual teeth were significantly higher (x=36.1+10.7
GLGs) than those derived from direct examination
(x=32.9+9.5) of teeth (t-test, t;70=9.8, P<0.001). The
mean difference in GLG counts between these two methods
was 3.2 GLGs.

The mean CV of the subset of photographs that were read
several times was 8.0+£3.9 and the mean D was 4.6+£2.3,
while the mean CV derived from direct counts of these teeth
was 11.8+5.7 and the mean D 5.4+2.6.

Tooth morphology

The mean number of GLGs in teeth with pulp stones was
36.2+11.5 (range: 5-64 GLGs, h=67) and mean number of
pulp stones present was 6.4+9.7 (range: 0-53, n=92). Both
the presence and number of pulp stones in tooth sections
were significantly related to the number of GL Gs (Presence:
log-regression, t,=3.6, P<0.001; Number: regression,
r?=0.04, Fy go=4.4, P=0.04; Fig. 53). In those individuals
where multiple teeth were examined, neither the presence
nor the numbers of pulp stones were constant throughout
different teeth (Fig. 6). The maximum range in pulp stone
number between teeth in an individual was 0-32. There was
no significant relationship between either CV or D and pulp
stone presence or number (Figs 5b and 5c).

The incidence of a closed pulp cavity is related to
increasing age. GL G counts from animals in which the tooth
examined had an open pulp cavity were significantly lower
(26.4+10.4) than those of animals in which the tooth
examined had a closed (45.5+8.0) pulp cavity (t-test,
t3p=-8.4, P<0.001). In six of the seven individuals where
multiple teeth were examined, the state of the pulp cavity
was not consistent aong the tooth row; instead each
contained a mixture of teeth with open cavities and closed



J. CETACEAN RES MANAGE. 4(2):193-201, 2002 197

[72]
2
e
7]
=
3
Q.
k]
S (a)
ped
80
Age (no. of GLGs)
Cu® (b)
Lo
&
Q Lod
30 40 50 60

No. of pulp stones

30 40 50 60
No. of pulp stones
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cavities (e.g. Fig. 6). The number of teeth in the tooth row
with closed pulp cavities increased with the number of
GLGs. CV and D werenot significantly related to the closure
of the pulp cavity in tooth sections (log-regression, CV:
t;=0.004, P=0.1; D: t;=0.01, P=0.1).

The mean number of GLGsin teeth containing occlusions
was 41.0+8.6 (range: 30-61, n=11). Occlusions were not
common throughout teeth from the same individual. Of two
individuals where multiple teeth were examined and
occlusions were present, one of 14 teeth contained an
occlusion in one and four out of 14 teeth contained an
occlusion in the other.

DISCUSSION

Assessment of intra- and inter-reader variation

Average CV and D calculated for intra-reader variation are
similar to those presented in Reilly et al. (1983) for
pantropical spotted dolphins and suggest that GLG counts
from this dataset were relatively precise. Unlike in other

(@ L1

(b) L11

Fig. 6. Differencesin mineralisation anomalies and state of pulp cavity
between two teeth from STR2(25): (a) L1; (b) L11.

studies (Doubleday and Bowen, 1980; Reilly et al., 1983;
Bjargeet al., 1995), this degree of precision did not decrease
with increasing animal age. GLG counts did not appear to
vary across reading sessions either, with no significant
differences between session estimates. This suggests, at least
inthis study, that the precision of GLG countswasrelatively
constant throughout the age determination exercise.

However, GLG counts and average CV and D varied
substantially between readers (by up to 21 GLGs) and this
variation increased with increasing GLG number, although
again, valuesfor CV (4.8-12.3) and D (2.8-7.1) were similar
to or lower than those calculated in other studies. Mean D
values in Reilly et al. (1983) ranged between 2.8 and 6.6,
while those in Chang (1982) ranged from 3.4-9.8. This
variation has been found to increase with increasing
specimen age in a number of other cetacean species (Reilly
et al., 1983; Bjegrge et al., 1995; Hohn and Fernandez, 1999)
and is due to a decreasing ability to interpret growth
structures in older animals. The deposition of growth layers
becomes more highly compacted as the pulp cavity areafills
in and its size decreases, making it harder to discern
individual GLGs from one another.

None of the readings from direct examination of teeth
coincided between readers, although in all at least two of the
readings varied by less than three GLG. IWC (1969)
reported that the average deviations from the mean of the age
estimate ranged from +4.5 to —3.1 for 11 readers examining
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the same teeth, although estimatesfor eight of the 11 readers
were £1 GLG. Donovan et al. (1982) reported a significant
difference (using Friedman's test) between the ‘best’
estimates of six readers when reading 50 etched teeth but no
significant difference was found when four of the six readers
(from the same “school’ of reading) were compared. When
the age edstimates of the remaining two readers were
compared to the others, the average deviations from the
mean were +1.42 and —1.76%. Mikhalev (1982) added the age
estimates of two further readers experienced in reading
sperm whal e teeth to the results of Donovan et al. (1982) and
observed further variation. However, he aso noted that the
average difference between the ‘extreme’ readers was only
3.2 GLGs; the maximum was 10 GL Gs (in two teeth). These
resultsall reveal adegree of subjectivity in the interpretation
of growth layers in teeth. The implications of this
subjectivity, particularly relevant  for  inter-study
comparisons, depend on the use to which the age dataare put
and the way in which the ‘best’ estimateis arrived a. In this
regard, the question of how to dea with worn teeth is
important.

Examination of the associated photographs for the
cross-reading experiment also highlighted this subjectivity,
demonstrating that differences in GLG counts were due to
differences in the interpretation of GLGs (i.e. what were
regarded as accessory layers by one reader were regarded as
GLGs by another; Fig. 7). This has substantial implications
when comparing age estimates between studies. Attemptsto
standardise the definition and interpretation of GLGs in age
determination studies were made during the International
Whaling Commission’s Workshop on Age Determination in
Cetaceans and Sirenians. While the report of this workshop
was published (Perrin and Myrick, 1980) and a number of

(a) Reader 1. Estimated number of GLGs: 57.

g

Fig. 7a. Growth layer groups in a tooth from SPW2(25) as interpreted
by three readers.

1 For comparisons with present study, the mean CV for all readers was
7.55 and mean D was 1.26; for the four readers from the same school
the values were 4.97 and 0.83, respectively (Donovan, pers. comm.).

papers (Nishiwaki et al., 1958; Ohsumi et al., 1963; Best,
1969; Scheffer and Myrick, 1980) have provided
photographs of sectioned teeth illustrating GL Gs (as defined
by the authors), no quantitative and objective method to
assist researchers in the laboratory has yet been published.
Definitions of GL Gsdepend, asaresult, on theinterpretation

(b) Reader 2. Estimated number of GLGs: 50.
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of theindividual or the laboratory at which age estimates are
being determined and are therefore qualitative and
subjective.

Assessment of counts from different teeth from the same
individual
GLG counts from different teeth from individual whales
differed significantly in six out of seven specimens.
However, of these, the mean D generated from each set of 14
teeth was not significantly different from the mean D of the
reader in al but one case, suggesting that variation in GLG
counts between teeth was less likely to be the result of
differences in the growth structures between teeth and may
have been associated with intracreader variation. The
variation in GLG counts from teeth in the individual for
which tooth D values differed significantly from the mean
reader D could aso be explained similarly. The mean D
value generated from this individual was 6.5, a value higher
than that of the overall mean reader D (4.81). However,
attributing these differences to variation in the precision of
GL G counts between teeth is confounded by the effects of
differential tooth wear. Hui (1980) found that anterior teeth
in bottlenose dol phins yielded lower numbers of GLGs than
posterior teeth. Rather than these teeth containing varying
growth structures, differential use and therefore differential
wearing of these teeth may have resulted in varying GLG
counts. If differential wear does have a significant impact on
the determination of GLG counts in different teeth from the
same individual, determining whether growth structure
variation does occur between teeth becomes difficult.
Reducing intra-reader variation and thereby increasing the
precision of GLG counts as well as devising some means by
which tooth wear could be quantified would assist in
establishing the source of this variation in GLG counts
between teeth from the same individua. A larger formal
internationally organised trial should be considered to
quantify such factorsand establish means by which these can
be calibrated across studies.

Assessment of direct tooth counts vs photo counts

Differences of up to 21 GLGs between readers have serious
implications for the validity of comparative studies,
particularly in thislong-lived species where there are no real
means of verifying ages (e.g. via known-age animals or
tetracycline experiments). However, the use of photographic
techniques in the determination of GLG counts may serveto
reduce this variation. Both the overall variation in estimates
relative to the mean (CV) and the error contributed by each
observation (D) decreased in GLG counts derived from the
multiple readings of photographs in comparison to those
derived from direct counts. The higher counts produced by
al readers using photographs may be the result of two
factors: (1) less confusion ininterpreting between GLGs and
accessory layers or (2) greater clarity of and contrast in
growth structures causing accessory layers to appear as
substantial a growth structure as GLGs. When counting
GLGs, the reader must make a decision as to whether a
growth structure is a GLG or an accessory layer. Readers
may either be cautious, only interpreting the most clear
structures as GLGs (and thereby perhaps underestimating
the true number of GLGS) or may interpret most growth
structures as GL Gs (possibly including the clearest and most
highly contrasted accessory layers as GLGs). This
interpretation ishighly subjective, but thefact that all readers
counts increased while the individual reader CV values

decreased when using photographs suggests that the
photographs resulted in the same effect on reader
interpretation of growth structures and overal increased
reader precision.

Hohn (1980) found that in comparing the use of polarised
light, microradiography and scanning electron microscopy
in age estimation techniques, scanning electron microscopy
provided images in which GLGs were easiest to read. This
was attributed to the higher contrast in topographic relief
between the layers of each GLG. Bow and Purdy (1966) also
found that the use of photographs of etched teeth increased
contrast and maximised shadow detail between growth layer
groups with the end result of decreasing errors in counts.
While only the effect of the use of high quality photographs
on GLG counts was studied here, other photographic
methods such as the use of 3-D stereographic techniques
should be considered in efforts to increase the clarity of and
the contrast between individual GLGs and between GLGs
and accessory layers, thereby increasing reader precision.

Tooth morphology

Mineralisation anomalies such as pulp stones and occlusion
events have been documented in cetaceans on numerous
occasions (Klevezal and Myrick, 1984; Myrick, 1988;
Lockyer, 1993; 1995), but no assessment has been made on
the effect of such anomalies on age estimation. Pulp stones
are discrete events within the dentine of tooth sections, in
most instances having little effect on the appearance of
GLGs. Large pulp stones can bend GLGs, or may obscure
that part of the GLG situated in the area of the pulp stone.
Regardless of pulp stone size, GL Gs can still beidentified in
the dentine of tooth sections. As a result, it would be
expected that such events would have little effect on the
precision (as found here) or the accuracy of GLG counts.
Occlusions however, may obscure GLGs by disrupting
laminaformation to the extent that they are no longer clearly
defined. This may not affect the precision of GLG counts,
since the same number of laminae actually defined within
and outside the minerdisation interference area can be
identified. However, such events have implications for the
accuracy of GLG counts, especialy in older animals in
which both the incidence and the number of mineralisation
anomalies are higher. Similarly, closure of the pulp cavity
and the subsequent compacting and obscuring of GLGs is
less likely to affect the precision of GLG counts (as found
here), but is likely to affect the accuracy of GLG counts.

Even for the same individual, the presence and extent of
mineralisation anomalies and the closure of the pulp cavity
in differing teeth can be highly variable. Pulp stonesformin
the pulp and may not necessarily be incorporated into the
dentine, or may spend varying amounts of time in the pulp
before deposition in the dentine (Lockyer, 1993). Asaresult,
varying numbers and positions of pulp stones in teeth from
the same individual, asin this study are likely to occur (Fig.
6). If possible, rather than collecting a particular tooth from
the jaw of an animal, several teeth should be collected and
age estimates determined from the tooth with the least wear,
the most highly defined growth layer groups, the minimum
extent of mineralisation anomalies and if possible with an
open pulp cavity (ensuring that GLGs have not become
obscured with the closure of the cavity).

GLG counts and as a result, age estimates in this species
are determined by an individual reader’s interpretation of
growth structures in tooth sections. Therefore, the largest
factor affecting the precision of age estimates of individual
animals is inter-reader variation in this interpretation. GLG
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counts generated by a single reader can only be regarded as
relative and comparable within a study, because any error
introduced by the reader can be assumed to be relatively
consistent across al estimates. However, large inter-reader
variation compromises the ability to compare GLG counts
and therefore age estimates between studies, especially when
no indication of the precision of those age estimatesis given.
While there are currently no accurate means of determining
the number of annual growth layersin this species, attempts
should be made to increase the precision of age estimates,
both within and between studies, and to devise more
objective means by which GLG counts and therefore age
estimates can be generated. The use of high quality
photographs or other photographic techniques enabling
clearer definition of GLGs should be investigated further as
they may assist by increasing both intra- and inter-reader
precision. Such photographic techniques could be used to
verify GLG counts with other readers, ensuring
interpretation of the same structures and facilitating
‘consensus counts' generated by a number of readers,
thereby increasing confidence in comparing age estimates
between studies. Further studies investigating possible
variability in growth structures between teeth from
individual s and those enabling the separation of the effects of
reader variability and the effects of differential wear in teeth
on this variability should be initiated. Greater collaboration
between investigators working on studies requiring age
estimation of this species should be encouraged and is
essential if standardisation of growth structure interpretation
is to be achieved.
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ABSTRACT

Retinoids, also known asvitamin A, are non-endogenous mol ecul es that are essential for anumber of physiological processesin mammals.
Imbalance of retinoids has been associated with reproductive impairment, embryonic mortality, growth retardation and bone deformities,
pathologiesin skin and the nervous system, and immune suppression. Mammal s cannot produce retinoids so their primary sourceisdietary.
They are absorbed by the small intestine and packaged as retinyl estersin chylomicrons, which enter the circulation and end up mostly in
theliver and fatty tissues. Plasmaretinoid levels are homeostatically regulated, so they remain constant despite variationsin dietary supply
or tissue stores. Therefore body depletion of retinoids cannot be reliably assessed through levelsin blood, and should be evaluated through
concentrationsin depot tissues. In marine mammals, the main storage sitesfor retinoids are liver and blubber. Although not auniversal rule,
the concentration of retinoids often increases with age in both sexes because of progressive build-up of retinyl esters. In addition, sex often
affects retinoid levels, but the nature and magnitude of this effect varies between species and populations. Taxonomic, life-style
(particularly dietary) and climatic differences may explain dissimilarities in the effect of age and sex on retinoid levels. For this reason,
retinoids can be used to distinguish populations or population components showing distinct dietary, behavioural, or other traits. Disease,
particularly when affecting organs of physiological importance or inducing malnutrition, may affect retinoid tissue levels, so care should
be taken when studying concentrations in stranded animals. Organochlorine compounds, particularly PCBs, dioxin (TCDDs) and DDTs,
increase mobilisation of retinoids from hepatic and extrahepatic storage sites into serum, accompanied by enhanced degradation and
elimination of retinoids through urine. In terrestrial mammals, this effect increases retinoid concentration. Conversely, in some species of
marine mammals plasma retinoid levels have been reported to decrease when exposure to organochlorines increases, although the
physiological mechanisms are unclear. However, given the homeostatic regulation of retinoidsin blood, variation in plasma.is expected to
be less than that in liver or blubber. Because retinoid tissue levels vary in marine mammals even at moderate exposure to organochlorines,
and original levels are restored when such exposure decreases or disappears, retinoids may be used as a biomarker of the impact of

pollutants on populations. Further research is needed to validate their use, particularly in cetaceans.
KEYWORDS: MARINE MAMMALS; RETINOL; ORGANOCHLORINES; BIOMARKERS

INTRODUCTION

Retinoids, also known asvitamin A, are afamily of essential
molecules involved in a number of physiological functions
in mammals. They are not produced endogenously and can
only be acquired from external sources (Blomhoff, 1994);
therefore, the capacity of the organism for regulation is
limited (Green and Green, 1994). From an environmental
perspective, retinoids have attracted attention because some
xenobiotic  compounds, particularly  organochlorine
compounds such as PCBs and dioxins, have been found to
cause their depletion in mammalian body tissues. This effect
may induce severe physiological dysfunction (e.g.
Thompson, 1976; Brouwer et al., 1989a; b; Jurek et al.,
1990; Hakansson et al., 1991a; b; 1992; Ikegami et al., 1991;
Chu et al., 1995; 1996; Kelley et al., 2000). As a result of
their physiological role and reactivity to certain chemicals,
retinoids have been proposed as a biomarker for exposure to
organochlorine and perhaps other pollutants (Peakall, 1992;
Jensen et al., 1995; Murk et al., 1998). Given that marine
mammals (particularly small predators such as seals,
dolphins and porpoises) are subject to extremely high levels
of organochlorine exposure, this type of pollution is a
potential threat to the conservation of populations (Aguilar et
al., 1999; O'Shea and Aguilar, 2001).

Although the liver and other tissues of some large whales
have long been recognised as a profitable source of retinoids
(see below), information on these compounds in marine
mammalsis limited. This paper reviews current information
on retinoid physiology, natura patterns of variation, and
effect of organochlorine exposure in marine mammals.
When no information is available, literature on terrestrial
mammals is referred to.

CHEMICAL STRUCTURE OF RETINOIDS

Retinoid is a general term referring to a group of closely
related compounds whose molecular structure consists of
four isoprenoid units joined in a head-to-tail manner. This
definition includes compounds such as retinol and retinol
derivatives, retina, retinyl palmitate and retinoic acid.

All-trans-retinol (vitamin A alcohol) isthe parent vitamin
A compound. It is a fat-soluble primary acohol of low
molecular weight (mw = 286). The aldehyde form, retinal, is
found in the retina of the eye, and retinoic acid, a metabolite
of vitamin A, is highly active in a number of physiological
processes (Wolf, 1984).

PHYSIOLOGY OF RETINOIDS

Although retinoids can be toxic in high concentrations and
the adverse effects of hypervitaminosis are documented in
both man and animals (Armstrong et al., 1994), in natural
conditions the most frequent disorders and pathological
effects are produced by low availability of the compound.
Retinoids play animportant rolein: vision (xerophthalmia
and night blindness are both symptoms of its deficiency); the
maintenance of the reproductive, endocrine and immune
systems; growth and foetal development; and the regulation
of the proliferation and differentiation of many cell types.
Thus, imbalance of retinoids has been associated with a
diversity of anomalies, including reproductive impairment,
embryonic mortality, growth retardation and bone
deformities, pathologiesin skin and the nervous system, and
immune suppression (Thompson, 1976; Peakall, 1992).
Many of these effects are mediated by the action of retinoic
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acid on gene expression (Blomhoff et al., 1991). In addition,
retinoids have a protective effect against the devel opment of
various cancers (Wolf, 1984).

For mammals, none of which can synthesise retinoids,
vitamin A is an essential nutrient. Dietary retinoids are
available from two sources: from plants in the form of
provitamin A precursor compounds, namely - (mainly), «-
and vy-carotene and cryptoxanthin; and from animal tissues
as long-chain retinyl esters.

Onceinthedigestive system, retinoids are absorbed by the
small intestine and packaged as retinyl esters in
chylomicrons, which enter the circulation and are taken
mostly by the liver. In this organ, chylomicrons are
metabolised and retinyl esters are processed for hepatic
storage or for secretion as retinol bound to retinol binding
protein or RBP (mw =21000) (Blomhoff, 1994; Green and
Green, 1994).

RBP delivers plasmaretinoids to target tissues throughout
the body (Soprano and Blaner, 1994). Over 95% of
RBP-retinal circulates in the blood as a 1:1 molar complex
with a second transport protein called transthyretin or TTR
(mw =54980), which a so transports thyroid hormones TT4
(Blomhoff, 1994; Green and Green, 1994). It has been
established that retinoids recycle among plasma, liver and
extrahepatic tissues, since the plasma retinoid turnover is
more than one order of magnitude greater than the utilisation
rate. The vehicle for retinoid recycling is RBP (Blomhoff et
al., 1992; Sommer and West, 1996).

Plasmaretinoid levels are constant despite great variation
in dietary supply or in liver and extrahepatic tissues stores.
Thus, it appears that plasma retinoid levels are
homeostatically regulated, ensuring that retinoids are
continuously available to vitamin A-dependent cells (Wolf,
1984). Asaconsequence, body depletion of retinoids cannot
be assessed through circulating levelsin blood, but should be
evaluated through concentrations in depot tissues such as
liver and fat. The excretion of retinoids in the urine does not
appear to be affected by the retinoid status of the animal
itself but by the amount of retinoids available through the
diet (Railaet al., 2000).

STORAGE OF RETINOIDSIN TISSUES

The comparative tissue distribution of retinoidsin mammals
has not been studied systematically. However, surveys
available for terrestrial species usually point to the liver as
the main storage site, with 50-80% of the body load
commonly present in this organ. Extrahepatic tissues such as
kidneys, adipose tissue, lung or testis, can aso play a
significant role in the storage and mobilisation of these
compounds (Blaner and Olson, 1994). However, there are
dissimilarities among species and/or taxonomic groups. For
example, in the Canidae and Mustelidae families, retinoid
concentrations in plasma are about 10-50 times higher than
in other mammalss; indeed, in many mammals such a high
level would reflect hypervitaminosis A (Schweigert et al.,
1990; 1991b). Kidney retinoid concentrationin canidsisalso
high and far exceeds those in the liver; such low hepatic
levels would normally be considered an indication of severe
vitamin A deficiency in other mammals (Underwood, 1984;
Schweigert and Buchholz, 1995). It should be pointed out
that the urine of canids contains both retinol and retinyl
esters (Schweigert et al., 1991a), while that of human and
rats only contains metabolic forms of retinoids, such as
retinoic acid (Schweigert and Buchholz, 1995). Therefore,
the high level of retinoids observed in the kidney of at least
the canids can be associated with this particular form of

excretion (Schweigert and Buchholz, 1995). As stated
above, generally interrestrial mammal's, the concentration of
retinoids in blood is kept constant homeostatically and it
decreases only when storage tissues are severely depleted
(Walf, 1984; Blomhoff et al., 1992).

Information on the distribution of retinoids in the body of
marine mammals is limited to a few studies that report the
concentration in selected tissues from the same individuals
(Table 1). There are some data on concentrations in isolated
tissues, but these cannot be compared between studies
because of substantial variation at individual, popul ation and
species levels (see below). The information available
suggeststhat, asisusual interrestrial mammals, retinoids are
extensively stored in the form of retinyl esters in the liver.
Indeed, it has long been known that the liver of cetaceansis
extremely rich in retinoids (Schmidt-Nielsen et al., 1934),
and the interest in obtaining this compound for commercial
production of vitamin A led a number of researchers during
the first half of the century to investigate its contents in the
tissues of large whales (e.g. Klem, 1935; Wetlesen, 1938;
Braekkan, 1948; Ishikawaet al., 1948; 1951; Kaneko, 1948;
Mori and Saiki, 1950; Tawara and Fukazawa, 1950a; b). A
similar richness in hepatic retinoids was later confirmed in
pinnipeds (Rodahl and Davies, 1949; Schweigert et al.,
1987; Ball et al., 1992; Schweigert and Buchholz, 1995;
Ké&kéla and Hyvérinen, 1997; Kékéla et al., 1997).

However, in marine mammals, blubber is also a
significant storage site of retinoids and the concentration of
retinoids in the blubber of at least some marine mammals
appears to be higher than in comparabl e fatty tissues of man
and other terrestrial mammals (Schweigert et al., 1987).
Thermoregulatory and lipid storage needs render fatty
tissues of marine mammals to be a substantial proportion of
body mass, usualy in the range 15-55% and, given the
lipophilic nature of retinoids, this alows for massive
accumulation of these compounds. The blubber/body mass
ratio in marine mammals is inversely scaled, so smaller
speciestend to have alarger contribution of fatty tissues, and
therefore larger relative retinoid stores, than larger species
(Ryg et al., 1990; 1993; Aguilar et al., 1999). In grey seals
(Halichoerus grypus), Schweigert et al. (1987) have
estimated that blubber accounts for about 40% of total body
reserves of retinoids. Borrell et al. (1999) found that blubber
is also a significant site for retinoid deposition in harbour
porpoises (Phocoena phocoena) from West Greenland.

Information on retinoid levels in tissues or body organs
other than liver and blubber is fragmentary. Mori and Saiki
(1950) reported concentrations in the intestine of sperm
whales (Physeter macrocephalus), lida et al. (1998) in
muscle of Antarctic minke whales (Balaenoptera
acutorostrata), Gregory et al. (1955) in the milk of blue
whales (B. musculus), and Rosas and Lehti (1996) in the
milk of Amazon river dolphins (Inia geoffrensis). However,
the sample size in these studies was extremely small, often
limited to a single individual, and they offer no reliable
insight into individual variation. Studies in harp seals
(Pagophilus groenlandicus), grey seals and common seas
(Phoca vitulina) indicate that other tissues such as kidneys,
lung, retina, pancreas and spleen also have minor shares of
the retinoid body content (Rodahl and Davies, 1949).

MAIN FACTORS AFFECTING VARIATION IN
TISSUE CONCENTRATIONS

As stated above, retinoids are regulated within individual
organisms. However biologica traits (e.g. sex, age, diet and
body condition, incidence of disease, occurrence of
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Table 1

Distribution of retinoids (mean £ SD) in plasma (pg/ml) and other tissues (ug/g tissue) of marine mammals. Only surveys reporting concentrations in
more than one tissue have been included (see text).

Age/Sex
Species Location n  (M/F) Liver Blubber Serum Kidney Lung  Reference
Harp seal Newfoundland 1  Adult 720 3.6 - 1.8 0.9 Rodahl and Davis, 1949
(Pagophilus
groenlandicus)
Grey seal Pembrokeshire 1 Juvenile 465 1.074 - 4.725 0.75  Rodahl and Davis, 1949
(Halichoerus grypus)
Grey seal Sable Island 12 AdultM 502.6+3149 33.7+109 0.26+0.057 - - Schweigert et al., 1987
(Halichoerus grypus)
Grey seal Sable Island 5 AdultF 2649+1184 624+3.7 0.41+0.085 - - Schweigert et al., 1987
(Halichoerus grypus)
Grey seal Sable Island 21 Juvenile 375.7+320.6 21.9+14.8 0.21+0.068 - - Schweigert et al., 1987
(Halichoerus grypus)
Grey seal Sable Island 6 AdultM 609 £ 395 45+10 0.2+0.1 8+3 - Schweigert and Buchholz,
(Halichoerus grypus) (all) 1995
Harbour seal Wash 1 Juvenile 27 Not - 0.27 0.18 Rodahl and Davis, 1949
(Phoca vitulina) detected
Ringed seal Baltic Sea 7-  Adult 1753+32.6 21.6+34 - - - Kakeld et al., 1997
(Pusa hispida) 9 (n=7) (n=9)
Ringed seal Lake Ladoga 4 Juvenile 36.1£7.6 3.1+05 - - - Kakeld et al., 1997
(Pusa hispida)

lactation) and anthropogenic influences (e.g. environmental
pollutants) have asubstantial effect on tissue levelsand body
content of retinoids.

Age

The influence of ageing on retinoids status in terrestrial
mammals has been widely studied. Many authors reported
anincreasein concentrationswith age: e.g. liver and blood of
rats (Blomhoff et al., 1988); plasma of Florida panthers,
Felis concolor oryi (Dunbar et al., 1999) and man (Malvy et
al., 1993; Stephenson and Gildengorin, 2000), and in the
kidney of dogs (Schweigert et al., 1998). However, other
surveys revealed either no trend in retinoid levels between
age classes, or even decreasing ones. For example, Garry et
al. (1987) found similar plasmaretinoid levelsin young and
old humans, and Savage et al. (1999) reported that age did
not affect plasma levels of retinoids in free-ranging African
elephants (Loxodonta africana). A decrease in serum
retinoids was observed by Succari et al. (1991) in humans
and by Shrestha et al. (1998) in female Nepalese elephants
(Elephas maximus).

Similarly, studies on pinnipeds and cetaceans (Table 2) do
not produce consistent results. While many populations
showed, both in the liver and in the blubber, an increasing
trend in retinoid concentrations with age, others revealed no
apparent trend or even a decreasing tendency with age. This
variation could not be explained by inter-specific,
inter-population or even inter-tissue differences. For
example, the studies on ringed seals (Pusa hispida) from
Lake Saimaa by Kékela et al. (1997) showed a significant
positive age-related trend in the blubber and a negative trend
intheliver, while those conducted on the same species by the
same research group and with an identical sample size
(n=12) in Spitsbergen showed the opposite result: a
negativetrend in the blubber and a positive trend in the liver,
although in this case the correlation was non-significant
(Table 2).

However, although ageneral, consistent pattern cannot be
deduced from the information available, an increasing trend
was the most common finding. This relationship appears to
be the result of a decrease in the circulatory clearance of
retinoids and other liposol uble compoundswith age, coupled
with an excess intake of retinoids via diet, which leads to a

Table 2

Age trends in retinoid concentrations observed in tissues of marine mammals. * = only females;

#* = significative p<0.05; « = statistics not performed; A\ = positive trend; W = negative trend.
Species Location n Liver Blubber Reference
Australian fur seal Australia 24* ANEE Southcott et al. 1974
(Arctocephalus forsteri)
Grey seals Sable Island 65 N e Schweigert et al. 1987
(Halichoerus grypus)
Hooded seals Newfoundland 60 e Rodahl and Davis, 1949
(Cystophora cristata)
Harp seal Newfoundland 145 "« Rodahl and Davis, 1949
(Pagophilus groenlandicus)
Ringed seals Lake Saimaa 12 W ANF* Kékeld et al. 1997
(Pusa hispida)
Ringed seals Spitsbergen 12 () v Kékeld et al. 1997
(Pusa hispida)
Ringed seals Baltic Sea 9 Vv " Kékeld et al. 1997
(Pusa hispida)
Harbour porpoise Greenland 100 () Borrell et al., 1999

(Phocoena phocoena)
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build-up of retinyl ester concentrations with age (Maiani et
al., 1989; Krasinski et al., 1990). Although it isnot clear why
some species or populations do not show this general trend,
taxonomic, life-style (particularly dietary) and climatic
differences may be responsible.

Sex

Information on sex-related variation in retinoids is even
more sparse and less consistent than that for age. In
terrestrial mammals, no gender-related differences were
observed in circulating concentrations of retinoids in black
rhinoceros, Diceros hicornis (Ghebremeskel et al., 1988),
serum levels in free-ranging African elephants (Savage et
al., 1999) or liver and serum concentration in humans (Raica
et al., 1972; Succari et al., 1991). Conversely, circulating
retinoid levels were reported to be higher in female Florida
panthers (Dunbar et al., 1999) but lower in femalesin some
human populations (Krasinski et al., 1989; Stephenson and
Gildengorin, 2000). These inter-specific differences may be
produced by dissimilarities in types of diet and source of
retinoids.

In marine mammals, studies on pinnipeds have often
suggested sex-related differences although these varied
among tissues and species (Fig. 1). Levels of retinoids were
found to be higher in the blubber of adult female grey seals
(Schweigert et al., 1987) and in the liver of adult female
Australian fur seals (Arctocephalus forsteri) (Southcott et
al., 1974) than in the corresponding tissues of adult males.
However, other surveys have shown the reverse trends.
Thus, Rodahl and Davies (1949) found higher
concentrations in the liver of male hooded and harp seals
than in those of females, and Schweigert et al. (1987) found
a similar difference in the liver of grey seals. In cetaceans,
the only available survey refers to harbour porpoises, in
which no significant differences were found between the
blubber retinoid concentrations of maes and females
(Borrell et al., 1999).

It has been suggested that mothers transfer retinoids to
their calves during lactation (Simms and Ross, 2000), which
would explain the lower levelsin the liver of adult females
(Schweigert et al., 1987). Milk is a source of essential
nutrients, including retinoids. Although studies are limited,
marine mammals appear to have relatively higher levels of
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retinoids in their milk than terrestrial mammals. However,
this appears to be due to the high lipid content of the milk in
pinnipeds and cetaceans because, when concentrations are
expressed as quantity per unit lipid, levels are of the same
order of magnitude or even lower than in terrestria
mammals (Schweigert and Stobo, 1994; Debier et al., 1999).
Irrespective of this, during lactation, females of both
cetaceans and pinnipeds mobilise alarge proportion of their
blubber reserves, including the blubber-associated retinoid
stores. This explains why during lactation, unlike humans,
marine mammals may have high levels of circulatory
retinoids coupled with lowered stores of retinoids in the
blubber and probably other tissues (Schweigert et al., 1987).
However, no explanation has been put forward to explain the
higher concentrations of males reported in some studies.

Similarly to the age-related variation, it is likely that
taxonomic, dietary and life-style dissimilarities between
sexes are responsible for sex-related variations.
Reproductive activity may be particularly significant in adult
individuals because it often involves changes in hormone
levels, behavioural traits and diet (see below).

Diet and nutritive condition

Since retinoids are incorporated via food, diet affects tissue
levels. However, it is unknown, even in man and laboratory
animals, whether body stores of retinoids change as a
function of long-term intake of these compounds (Ascherio
et al., 1992; Booth et al., 1997; Scrofano et al., 1998). As
mentioned above, retinoids in blood are homeostatically
controlled when liver stores are sufficient and therefore they
only respond to extreme situations, for which reason diet has
not been observed to have an effect on them (Blaner and
Olson, 1994).

In marine mammals, information on the influence of diet
on retinoid status is limited to the study by Kékela et al.
(1997), who reported differencesin liver and blubber levels
between freshwater and marine ringed seals and attributed
them to food quality. Differencesin diet, aswell as climatic
or photoperiod dissimilarities may explain variations in
retinoid levels between allopatrid populations of the same
species. However, such differences may also occur between
different components within a single population. For
example, variation in diet associated with age, sex or
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Fig. 1. Sex related variation in retinoid levels (ug/g) in liver and blubber of different marine mammal species. Key: HP = Harbour porpoise; GS= Grey
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reproductive condition has been reported for many cetaceans
and pinnipeds (Seaman et al., 1982; Perez and Mooney,
1986; Stewart and Murie, 1986; Bernard and Hohn, 1989;
Recchia and Read, 1989; Rodhouse et al., 1992; Smith and
Read, 1992; Clarke et al., 1993). Retinoids thus have the
potential to be used to distinguish populations or population
components with distinct dietary, behavioural or other traits,
provided that the natural sources of variation are properly
controlled.

The effect of nutritive condition on retinoid levels is
difficult to assess. Neither Rodahl and Davies (1949) or
Borrell et al. (1999), found any significant effect of
condition on the retinoids present in the liver and blubber of
hooded and harp seals, or in the blubber of harbour
porpoises, respectively. Neverthel ess, this conclusion should
be treated with caution. The sample examined by Borrell et
al. (1999) was mainly composed of healthy individuals.
While in these conditions, retinoid tissue distribution may
remain unaltered. It may require situations of food shortage,
massive fat mobilisation (e.g. during migration in large
bal een whales or during intensive lactation in some phocids),
or starvation caused by disease or other condition, for
retinoids to be significantly mobilised, redistributed or
excreted. This may be particularly relevant for stranded
cetaceans, often found in poor nutritive condition.

The tissue vitamin concentration reflects the essential
amounts of these substances necessary for enzymatic and
metabolic pathways, coupled with any excess picked up
from the environment. The establishment of baseline values
of retinoid concentrationsisarequisite for the understanding
of the chronic effects of toxicity and deficiency (Gelatt et al .,
1999).

Disease

Disease, particularly when it affects organs of physiological
importance or induces malnutrition, may affect tissue levels
of retinoids. However, the information available on this is
restricted to humans. Patients suffering from acute or
chronic diseases of the liver such as hepatitis, cirrhosis and
hepatic tumours have markedly reduced serum levels of
RBP, TTR and retinol. Those affected by significant renal
disease also show disorders in RBP and retinoid transport,
since the kidneys are amagjor site for RBP catabolism; thus,
levels of retinoids increase when excretion is reduced as a
conseguence of renal tubular damage or reduced glomerular
filtration rate of retinol RBP (Goodman, 1984). In addition,
sub-normal serum concentrations of RBP and retinoids have
been found in patients with a variety of cancers, but it is not
clear whether thisis aresult of protein or energy denutrition
(Soprano and Blaner, 1994).

No information is available on disease and retinoids in
marine mammals. Given that disease may affect retinoid
tissue levels, data from stranded animalsin which diseaseis
suspected should not be included in surveys of retinoid
status.

EFFECT OF ORGANOCHLORINE POLLUTANTS
ON RETINOIDS

Organochlorine compounds can alter retinoid metabolism.
However, the biochemical pathway and intensity of thetoxic
effect appears to vary among species (Hakansson et al.,
1991a; Zile, 1992). In general, exposure to PCBs, dioxin
(TCDDs) and DDTsleadsto depletion of retinoid reservesin
mammalian tissue due to increased mobilisation of retinoids
from storage sites, especialy the liver, and a subsequent
increase in their degradation rate (Kelley et al., 2000).

In terrestrial mammals (e.g. rats, otters, minks) feeding on
a diet containing toxic organochlorine compounds, the
retinol and retinyl ester concentrations in several body
organs (liver, depot fat, intestine, lungs and adrenals) have
been found to be lower in sample groups exposed to
organochlorines than in non-polluted groups. (Brunstrom et
al., 1991; Hakansson et al., 1992; Zile, 1992; Chu et al.,
1996; 1998; Murk et al., 1998; K&ké&a et al., 1999; Nilsson
et al., 2000; Rolland, 2000; Simpson et al., 2000). In
contrast, the concentration of retinoids in kidney and, to a
lesser extent, in serum, generally increased (Brouwer et al.,
1989a; Jurek et al., 1990; Hakansson et al., 1991g; b; Van
Birgelen et al., 1994a; b; Chu et al., 1995; Nilsson et al.,
2000). This indicates that organochlorines increase
mobilisation of retinoids from hepatic and extrahepatic
storage sites into serum, accompanied by enhanced
degradation and renal elimination of retinoids through urine
(Kelley et al., 1998; 2000). Studies on coplanar PCBs and
TCDDs have shown that the toxic effect of these compounds
is positively correlated with their ability to bind the Ah
(arylhydrocarbon) receptor, causing the induction of
cytochromes P-450 1A1 and 1A2 (Pelissier et al., 1992;
Brouwer, 1995). Thus, it appears that the mixed-function
oxidases containing the cytochrome P450s are particularly
active in metabolising retinoic acid (Roberts et al., 1979;
Ikegami et al., 1991). Moreover, Roberts et al. (1992)
reported that many rabbit liver cytochrome P-450 isoforms
including 2A4, 1A2, 2E1, 2E2, 2C3, 2G1 can catalyse the
4-hydroxylation of both retinol and retinaldehyde. These
findings indicate that the decrease in hepatic retinoids
storage is related to the induction of cytochrome P-450 and
retinoid metabolisation. In laboratory animals exposed to
individual PCB congeners, the order of potency in causing
reductionsin the hepatic contents of retinoids was: PCB 126
> PCB 77 > PCB 153. This order of potency was found to
be positively correlated with the ability of each congener to
induce cytochrome P450 and with its toxicity measured as
weight loss and thymic involution (Chen et al., 1992;
Hakansson et al.,, 1994). In addition, exposure to
organochlorines also inhibits the intestinal absorption of
ingested vitamin A, thus exacerbating the imbalance
produced by the previous effects (Bank et al., 1989).

However, the retinoid depletive effect of these toxic
organochlorines can not simply be extrapolated to all
organochlorineformsor derivatives. For example, long-term
(1 year) experiments conducted with mink fed with
methylsulfonyl-PCBs, which are not very AhR-active, did
not reveal any effect on retinoid concentrations in tissues
(Lund et al., 1999).

Given the evolutionary basis of the physiological
processes involved, most of these effects can probably be
extended to marine mammals. However, the specific
pathways or dynamics may be somewhat different. Thus,
most of the studies so far undertaken in three species of
pinnipeds and the polar bear (Table 3) have shown a
decrease in plasma retinoids when PCB or other
organochlorine (OCs) loads increased (Brouwer et al.,
1989b; De Swart et al., 1994; Jensen et al., 1995; Beckmen
etal., 1997; Skaareet al., 2001). Theseresults originate from
studies in both captive and wild populations. In experiments
with captive seals, retinoid concentrations returned to
norma when animals were fed with slightly contaminated
fish (Brouwer et al., 1989b). Unfortunately, only plasmawas
analysed, so the mechanisms of this decrease were unclear.
Given the homeostatic regulation of retinoids in blood,
variation in plasma is expected to be lower than in other
tissues such asliver or blubber. The only exception (Table 3)
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Table 3

Details of studies reporting observed effects of organochlorine pollutants on plasma retinol levels (1) or plasma retinoid levels (2) in marine mammals,
including the polar bear.

Species Location n Pollutant Study type Effect on concentration References
Harbour seal - 24 Organochlorines Experimental (1) Decrease Brouwer et al.,1989
(Phoca vitulina)
Harbour seal - 22 Organochlorines Experimental (2) Decrease De Swart et al., 1994
(Phoca vitulina)
Northern elephant seal California 31 Organochlorines Wild (1) Decrease Beckmen et al., 1997
(Mirounga angustirostris)
Grey seal (pups) Norway 51 PCBs Wild (2) Decrease Jenssen et al., 1995
(Halichoerus grypus)
Harbour seal (pups) British Columbia/ 61 PCBs Wild (1) Decrease Simms et al., 2000
(Phoca vitulina) Washington State (between populations)
Harbour seal (pups) British Columbia/ 37 PCBs Wild (1) Increase Simms et al., 2000
(Phoca vitulina) Washington State (in non-nursing pups)
Polar bear Svalbard/ 79 PCBs Wild (2) Decrease Skaare et al., 2001
(Ursus maritimus) Russian Arctic
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ABSTRACT

Theodolites represent a non-invasive shore-based tool for obtaining data on cetacean movement patterns, habitat use and behavioural
disturbance. Despite the common use of theodolites asresearch tools, relatively few computer-based systems exist to assist researcherswith
collection of theodolite derived data and the analysis of such information. A recently developed computer program named ‘ Pythagoras',
provides an efficient and user-friendly tool for collecting, managing and subsequent analysis of data obtained with theodolites. Pythagoras
provides location of user-defined fix types (e.g. whales, dolphins, boats, etc.) and has a dynamic interface, that can be customised to fit
site-specific research needs. Additional information (behaviour, group size and environmental conditions) can be stored with each
theodolite fix. Tracking data are immediately available in the form of a real-time graphic representation. All collected data are stored in
Microsoft Access and can be exported as Microsoft Excel, Arclnfo, Surfer, MATLAB, or delimited text file formats. An analysis moduleis
included to calculate linearity, reorientation rate and leg speed for each track, and distance and orientation between two or more tracklines.
Behavioural data are analysed for frequency, time intervals (i.e. blow interval), duration (i.e. surface time) and rate (number per minute)
of particular behaviours. Several other computer-based theodolite systems are reviewed here to evaluate their potential benefits and
limitations as a means of providing a basis for future developments.

KEYWORDS: TECHNIQUE; MOVEMENTS; DISTRIBUTION; MANAGEMENT; SURVEY-SHORE-BASED; BEHAVIOUR

INTRODUCTION

A theodolite is a surveyor’'s instrument that measures
horizontal and vertical angleswith high precision and can be
successfully used to determine the distance from the
observation site to an object. When placed on an elevated
shore-based vantage point, theodolites have been used as a
research tool to obtain data on cetacean movement patterns,
behaviour, distribution and habitat use (e.g. Wirsig, 1978;
Bejder, 1997; Ward, 1999; Yin, 1999; Brown, 2000).
Theodolite derived data are collected in a completely
non-invasive manner, as described by Wirsig et al. (1991).
Both cetaceans and other objects, for instance boats, can be
tracked, and interactions between them can be continualy
and accurately monitored. This aspect makes a theodolite a
useful tool for conservation and management research,
especially in regard to monitoring potential human-related
impacts on marine mammals.

Although thistechnique has been used for almost 30 years
and despite theincreasein digital theodolite use for cetacean
studies, relatively few computer-based theodolite programs
exist to assist researchers in collecting, managing and
analysing theodolite data. One of the first theodolite
programs for cetacean research was developed by Wolitzky
to assist Wirsig (1978) in analysing the associated data on
dusky dolphins (Lagenorhynchus obscurus) off Argentina.
Cipriano (1990) created a program called ‘ T-Trak’ as a tool
to help analyse data collected with a theodolite for dusky
dolphins off New Zealand. In the early 1990s, a Macintosh
program named ‘ Aardvark’ was developed by Harold Mills
to study humpback whales (Megaptera novaeangliae) off
Hawaii. A recent program called ‘ Cyclops’ was also created
to study humpback whales off Australia (Kniest et al.,
2000).

A computer-based system benefits theodolite studies in
many ways. For instance, angles can be recorded accurately
and efficiently. In addition, real-time cal culations of distance
to the object and its geographic location can be performed,

and trackline(s) can be visually displayed, allowing for rapid
corrections of possible tracking errors. Moreover, once data
are collected, a computer-based system reduces the time
needed for further management and analysis.

This paper describes the fundamental components of a
recent computer-based theodolite program, Pythagoras, and
compares this system to other available theodolite
programs.

DESCRIPTION

General

The program Pythagoras was designed to communicate with
adigital theodolite and provide a dynamic and user-friendly
interface. The system collects, manages and analyses
theodolite data and calculates distance, bearing and
geographic location information in rea-time (Gailey and
Ortega-Ortiz, 2000). Pythagoras was written in Microsoft
Visual Basic with Microsoft Access as the database structure
and management component of the program. The program
stores specified theodolite station information, such as the
observation platform height, geographical position and
reference azimuth for multiple theodolite stations. A
dynamic interface allows users to define ‘fix type' objects,
such as dolphins, whales and boats, and the behaviours
associated with each defined object aswell as environmental
and other data not related to the fix itself (i.e. group size).
Options for foca group or individua behavioural data
collection (Martin and Bateson, 1993) are incorporated to
provide detailed records of behavioural events of object(s)
being tracked. Tide height can affect the accuracy of the
distance estimations, and therefore is an important
environmental variable to be considered. Tide height data
can be imported a priori or post hoc to utilise predicted or
real tide height values, respectively. Geographic information
on the researcher’'s study area can be imported with
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geographic information system (GIS) digital vector line
maps, such as Arclnfo ungenerated format, Surfer, Maplnfo
and MATLAB.

Data collection

Pythagoras uses the connected theodolite's horizontal and
vertical angle readings, and the selected object type to
perform calculations of distance, bearing and location upon
each newly recorded entry. The recording of the theodolite's
angles is subsequently referred to as a ‘fix’. The distance
calculation performed for each fixed object incorporates the
station’ s geographic position (latitude, longitude), theodolite
angle readings, observer’s height above sea level and tide
height. A modified version of the distance approximation
proposed by L erczak and Hobbs (1998) was used to cal culate
sighting distances from angular readings (in radians) of
shore-based marine mammal surveys, which corrects for the
curvature of the earth (Fig. 1).

horizon —>

Marine
mammal

Centre of

zenith
the earth

observer

Sea level

Fig. 1. Schematic showing distances and angles for distance
measurementsin which the angular drop from the zenith to an object
at the sea surface (@ or theodolite vertical angle reading) is
measured. o is the central arc angle from the horizon to the
observation site; S is the angle from the object being fixed to the
observation site; and d is the central arc angle from the object being
fixed to the observation site. Rgis the radius of the Earth. The
parameter h is the observation site height above sea level. Dyis the
line-of-sight distance to the object and D is the distance to the object
aong the surface of the surface of the Earth (modified from Lerczak
and Hobbs, 1998).

p=r-o
Qf%RE+M*w%ﬂ)—JU%+hf-wqﬂf—(”mk+f)

& =arcsin (sin (ﬂ)%]
E

central arc angle from horizon to station;

angle from object being fixed to station;

central arc from object being fixed to station;
vertical angle estimated with the theodolite (from
zenith to object being fixed);

theodolite eyepiece height above sea level;

radius of the Earth (6.371x10° m);

Do = line-of-sight distance to object being fixed;

D = distanceto object being fixed along the surface of the
earth/ocean.

Once the distance to the object along the surface of the ocean
(D) is known, the grest circle equation is used to determine
geographic position of the fixed object.

g o™
I

t=n-p

Lat, =
cos(7)-sin(D/60/1852)-cos( Latg )+
[ sm (Laty) cos(D/60/1852)J ]

!

Lony =

cos”

[ cos(D/60/1852)~sin(Laty)-sin(Lat,.) |
+ Long
cos(Laty )-cos(Lat;)

where:

D = distance in meters between the two points along the
surface of the Earth;

T = bearing from station to object;

n = azimuth or horizontal angle estimated with the
theodolite;

p = reference azimuth (bearing from station to reference
point);

Lats = latitude of the station;

Long = longitude of the station;

Lat- = latitude of the fixed object;

Lon: = longitude of the fixed object.

The great circumference equation is also used to determine
distance between two geographic points along the surface of
the Earth when the geographic coordinates (latitude and
longitude) of both points are known.

D=
(sin(Latl)-sin(Lat2 ))+
60-cos™ (cos(Lat,)-cos(Latz))~ -1852
cos(Lon, — Lon,)

_,| sin(Laty)- [sin(Latl )- cos(D/60)J
sin(D/60)- cos(Lat,)

@ =cos

where:

D = distancein meters between the two points along the
surface of the Earth;

(0} bearing from point 1 to point 2;

Lat; = latitude of point 1;

Lon; = longitude of point 1;

Lat, = latitude of point 2;

Lon, = longitude of point 2.

The agorithms were tested using the examples provided by
Lerczak and Hobbs (1998) and during subsequent field tests.
An example of thereal-time distance output isgivenin Table
1.

Group dispersion data are collected with a series of four
‘fixes' (i.e. right-left, front-back). The area of a group is
estimated in the shape of a quadrilateral. Although the area
occupied by cetacean groups is often other than a
quadrilateral, estimating it with only four fixes saves
valuable time in the field. This is an important aspect as
theodolite fixes used to estimate group dispersion should be
taken in the shortest possible time, especially for groups that
move quickly.

Data management

Data collected by Pythagoras are stored in a Microsoft
Access database. Each data type (i.e. fix, environmental,
focal behaviour, etc.) contains separate tables with relevant
data stored in columns within each table. These data are
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Table 1

Pythagoras’ output of objects fixed with a theodolite at a station (29°19'03.8"N, 94°45'04.8"W) with a station height of 43.189m, eyepiece height of
0.77m and reference azimuth of 79.88°.

Date Time Fix type Group Behaviour Declination Horizontal Latitude Longitude Distance (m) Bearing
3 June 2000 13:11:28 Vessel 3 Moving 91°40'50" 40°22'20" 29.31090N 94.73791W 1504.33 120.25
3 June 2000 13:13:00 Vessel 3 Moving 91°46'50" 51°4020" 29.30925N 94.74036W 1419.17 131.55
3 June 2000 13:14:07 Vessel 3 Moving 91°50'20" 54°16'40" 29.30959N 94.74065W 1373.81 131.16
3 June 2000  13:15:10 Vessel 3 Moving 91°45'30" 61°24'50" 29.30763N 94.74205W 1437.25 141.29
3 June 2000 13:16:08 Vessel 3 Moving 91°45'40" 63°23'10" 29.30737N 94.74246W 1434.96 143.27
3 June 2000 13:17:16 Vessel 3 Moving 91°43'30" 67°23'40" 29.30663N 94.74315W 1465.25 147.27
3 June 2000 13:18:46 Vessel 3 Moving 91°46'00" 70°34'50" 29.30652N 94.74404W 1430.41 150.46
3 June 2000  13:20:06 Vessel 3 Moving 92°18'00" 74°11'50" 29.30885N 94.74637TW 1096.83 154.08
3 June 2000  13:20:51 Vessel 3 Moving 93°20'40" 73°15'10" 29.31168N 94.74781W 753.00 153.13
3 June 2000 13:21:42 Vessel 3 Moving 95°52'40" 71°30'20" 29.31435N 94.74921W 427.14 151.39
3 June 2000 13:22:56 Vessel 3 Moving 98°07'40" 59°57'00" 29.3156IN 94.74927W 307.85 139.83
3 June 2000 13:23:13 Vessel 3 Moving 98°17'40" 63°07'10" 29.31556N 94.74945W 301.58 143.00

visually displayed to the user with Excel-like spreadsheets.
Search and sort functions further structure and manage the
database and data partitioning functions separate records by
day, fix type and group. Fix data can berecal culated post hoc
with updated values in relation to distance and geographic
location. Data can be exported to various GIS and database
management type files. For further spatial anaysis and
graphical display, latitude and longitude trackline
information can be exported to GIS related files such as
Arcinfo, Maplnfo, Surfer and MATLAB. For additiona
statistical analysis, data can be saved as Microsoft Excel,
Microsoft Access, or delimited (ASCII) text files.

Analysis

An analysis module was developed to estimate trackline
distance and bearing both within and between tracks. For a
single trackline, the program calculates leg speed, linearity
and reorientation rate per trackline. Leg speed is estimated
by calculating the distance travelled between two sequential
pointswithin atrackline divided by thetimeinterval between
the two points. Linearity isthe deviation of atrackline from
that of a straight line and is calculated by dividing the net
geographic distance between the first and last fix of a
trackline by the cumulative distances along the track.
Linearity values range between 0 and 1, where a linearity
score close to one represents a straight trackline and a value
close to zero represents a track with little or no observed
directional movement (Batschelet, 1981). Reorientation
rates represent a magnitude of bearing changes along a
trackline. This rate is calculated as the summation of
absolute values of al bearing changes aong a trackline
divided by the entire duration of the trackline in minutes
(Smultea and Wiirsig, 1995).

Although leg speed, linearity and reorientation rates
provide valuable information regarding movement patterns,
each of these parameters are limited to information collected
within a trackline. Often, theodolite studies that evaluate
potential impacts of human-related activities on marine
mammals are interested in how animals orient themselvesin
respect to boats or other moving objects. Pythagoras has
distance and course estimation modules that determine
relationships between tracklines or between atracklineand a
fixed point. Comparing tracklines can be difficult due to
temporal dependency and thelogistic difficulty of fixing two
objects at the same time. Algorithms were developed that
calculate the distances between two or more tracklines

within a defined critical time of actua fixed data or
interpolated points. To temporally and spatially interpolate
trackline data, the calculated speed and bearing between
trackline points were used to estimate the geographic
position of the object at specified time intervals within a
trackline (Fig. 2). This assumes that objects travel at the
same speed and direction between the fixed data points.
Since this assumption is not always true for cetaceans, users
must specify a critical time-interval (CTI) for interpolation
between two consecutive fixes. If the time interval between
two consecutive fixes is longer than the critical time, no
interpolation will be performed. Defining a critical time
interval should take into account the object/species being
tracked, its behaviour and other factors that may affect
movement. Cipriano (1992) used a 130 sec CTI and Barr
(1997) a 240 sec CTI for dusky dolphin studies and Bejder
(1997) used 60 sec CTI for research on Hector’s dolphins
(Cephalorhynchus hectori).

Relative orientation is estimated with the scheme devised
by Bejder (1999) to interpret directional movements of one
object in relation to another. This allows for a quantifiable
description of approaches and avoidances between objects
and can be used to access potential impacts of anthropogenic
activity on marine mammals.

Pythagoras has a number of functions that alow for
analysis of behavioural data. For each behavioural event
recorded, the defined behaviour, fix type and associated
group information are linked by date and time. The program
analyses the frequency of behaviours, behavioural time
intervals (i.e. blow interval), time between two behavioural
eventsor duration of one event (i.e. thetime of ‘first surface’
to the time of ‘dive’ =surface time) and rate of a specified
behaviour (i.e. blows per minute).

Comparison of theodolite computer systems

To evaluate the benefit that various theodolite programs
contribute to cetacean research and to give a basis for future
developments, several different systems available for
cetacean theodolite tracking were compared. The programs
evaluated here are Wolitzky’s program (Wursig, 1978),
T-Trak (Cipriano, 1990), Aardvark, Cyclops (Kniest et al.,
2000) and Pythagoras (Gailey and Ortega-Ortiz, 2000). The
functionality of each program is presented in four basic
categories: (1) general system design; (2) datacollection; (3)
data management; and (4) analysis (Table 2).
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Start time dolphin track
#2

Time interva!

Start time boat track

End time boat track

#8

End time dolphin track

Fig. 2. Positions used to estimate distance between adol phin trackline and a boat trackline. Location is estimated by interpolating position at specified
time intervals. Numbers indicate the sequence of actual fixes. The angle ¢ indicates the relative orientation of reference trackline (dolphin) to

trackline selected for comparison (boat) at time interval one.

Table 2
Comparison of five different theodolite programs. An X indicates the programs ability to perform a function.
Function/feature Wolitzky’s Program T-Trak Aardvark Cyclops Pythagoras
General
Operating system HP Desk Calculator MS-Dos Mac Windows Windows
Program language Basic C Fortran Visual Basic
User manual X X X
Supported theodolites Topcon, Sokkia Leica, Sokkia, Nikon, Topcon Topcon, Sokkia
Coordinate system Cartesian Cartesian Cartesian or Lat./Long. UTM or Lat./Long. Lat./Long.
Program’s database Text Binary Microsoft Access
Data collection
Data collection program X X X
Environmental X X X
Non-fix data X X
Focal behaviour X X
Observer data X X
Group dispersion X X
Real-time display X X
GIS maps Raster Vector
Real-time calculations X X
Data management
Sorting X X
Searching X
Data partitioning X
Recalculation X X X
Post-hoc visualisations X X X
Import formats Text Text Excel, Access, Text
Export formats Text Text Excel, Access, Text, Arclnfo,
MATLAB, Maplnfo, Surfer
Analysis
Distance calculation X X X X X
Leg speed X X X X X
Linearity X X
Reorientation rate X X
Interpolated tracklines X X
Relative orientation X X
Behaviour X

The common component of al the programsis the ability
to use the required station parameters to convert theodolite
vertic and horizontal angles into Cartesian (x-y)
coordinates and/or geographic positions. Although such
information is the primary goal of using a theodolite as a
research tool, it demonstrates the main benefits of using
computer programs to perform calculations based on
multiple variables that are constantly changing. Of the five

programs, three (Aardvark, Cyclops and Pythagoras)
provide a means of collecting data from a
computer-connected theodolite in the field. This allows for
both accurate and rapid recording of the angles measured by
the instrument and increases the number of fixes per
trackline. By decreasing the time needed to record each fix,
theresolution of the dataisincreased, not only for the current
cetacean of interest, but also for the multitude of other
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objects (e.g. boats, swimmers, oil platforms, sources of
underwater noise, etc.) that might be relevant to a particular
study.

Cyclops and Pythagor as, the two most recently developed
programs, provide the ability of real-time calculations and
trackline display. Thisis mainly due to the improvement of
computer systems and the increased availability of datafrom
GIS databases. Displaying the fixed object position in
real-time allows for rapid detection and correction to errors
that may occur during a session.

All programs, with the exception of Wolitzky’s program,
manage datain some form or another. However, Pythagoras
alone dedicates a separate module designed specifically for
database management. Pythagoras also has the ability to
interact with Microsoft Access and Excel, two programs
commonly used for database management.

Aardvark and Pythagoras provide the most detailed
analysis routines of the five programs evaluated here. Both
programs can calcul ate leg speed, linearity and reorientation
rates within atrackline and distance and relative orientation
between two or more tracklines. Behavioural dataanalysisis
only available in Pythagoras.

DISCUSSION

Although theodolites are highly accurate in determining
geographic locations of fixed objects, errors can always
present a problem in caculations. Wirsig et al. (1991)
described asymmetrical errors caused by inaccurate
estimates of observation platform height. The estimated
error decreases with increasing elevation of the observation
height, and increases with increasing distance of the object
from the theodolite. Swell height produces errors due to the
change in height of an object being fixed at the crest or
trough of a swell. As abject distances increase with respect
to the station, refraction of light affects line of sight
estimation.

The analysis of movement patterns presented here can be
improved by incorporating algorithms to evaluate tracklines
in terms of correlated random walks (CRW) as suggested by
Turchin (1998). The use of CRW models can provide
estimates of diffusion rates of individuals and the system can
evaluate the appropriateness of CRW models with net
squared displacement plots (Turchin, 1998). Other analytical
considerations for future system developments should
include distance-to-shore, depth profile, and habitat use
analysis, which can increase the efficiency in analysing
theodolite data.

As computers increase in computational power,
increasingly sophisticate software programs are being
developed for cetacean research, and often target a specific
species, type of datato be collected and analytical approach.
Individual photographic identification, for instance, has been
aided by the development of computer-assisted recognition
systems (Hiby and Lovell, 1990; Mizroch et al., 1990;
Whitehead, 1990; Gailey, 2001). Similarly, population
estimates and anaysis of socia patterns have benefited
greatly from other programs (Menkens and Anderson, 1988;
Whitehead, 1999).

Relatively few such programs exist for theodolite-based
research. The system described here provides researchers
with a tool to efficiently collect, manage and analyse
theodolite-obtained cetacean movement and behaviour data
in the field. It also provides functions that can benefit
cetacean studies and allow easier integration of data to and
from other tools (e.g. database management, GIS, GPS).
With the increasing concern of human-related impact on

marine mammal populations, quick, efficient and accurate
processing of theodolite-based data may allow for rapid
assessment of potential impacts, and timely responses to
possible management issues.
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