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Preface

This volume in our special issue series arises out of discussions in the sub-committee
on small cetaceans of the IWC’s Scientific Committee since 1985 and particularly in
1987 (Rep. int. Whal. Commn 38:117-119), 1989 (Rep. int. Whal. Commn 40:144-8)
and 1991 (Rep. int. Whal. Commn 42: 180-2, 197-200). It makes a welcome addition
to our series and to the literature on pilot whales in the Northern Hemisphere,
especially the North Atlantic.

G.P. Donovan

Series Editor

16 November 1993

Cover Photograph

Short-finned pilot whale, Globicephala macrorhynchus, off the coast of Tenerife,
Canary Islands, Spain.

Photo courtesy of J.R. and S.L. Heimlich-Boran, DELPHIS, Cambridge, UK.
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Introduction

At its 1991 meeting, the IWC Scientific Committee, through its sub-committee on
small cetaceans, undertook a major review of the status of stocks of small cetaceans
that are subjected to significant directed and incidental takes (1992, Rep. int. Whal.
Commn 42: 178-228). The review included takes of Globicephala macrorhynchus, the
short-finned pilot whale, in Japanese waters (ibid. pp. 180-2) and takes of G. melas’,
the long-finned pilot whale, in Faroese waters (ibid. pp. 197-200). While the
Committee reported that ‘there is no detectable evidence that the stock size of pilot
whales appearing in the Faroese area has been affected by the drive fishery’ (ibid. p.
198), it has expressed concern since 1986 over the status of the stocks of short-finned
pilot whales taken off Japan (ibid. p. 182).

The first (and larger) section of this volume mainly concerns papers arising out of a
field programme to examine catches of long-finned pilot whales taken in the Faroese
fishery. The opening paper to the volume provides a general introduction to the field
studies carried out between July 1986 and July 1988. A further twelve papers discuss
the analyses of the resultant data, including external characteristics (Bloch et al.) age
and growth parameters (Bloch et al., Lockyer), genetic studies and social organisation
(Amos et al., Andersen), reproductive biology (Martin and Rothery, Desportes et
al.), feeding and energetics (Desportes and Mouritsen, Lockyer), pollution (Borrell
and Aguilar, Aguilar ef al., Caurant ef al.) and parasitology (Raga and Balbuena).

At this point it is worth acknowledging the debt that many of these studies owe to the
pioneering work of David Sergeant. His paper on the biology of the long-finned pilot
whale based on information obtained from the Newfoundland fishery, published in
1962, remains a classic of its kind. Some twenty years later work of similar stature was
being published for the short-finned pilot whale by Toshio Kasuya, based on samples
collected from Japanese fisheries.

It is interesting to note that despite the more rigorous and sophisticated practical and
analytical techniques available to the international team at the Faroes, many of the
analyses confirm the results obtained by Sergeant.

The Faroese studies have provided some fascinating new information about the
biology of the pilot whale, particularly in terms of its social organisation and
reproductive biology. They also underline the need for co-operative studies across
disciplines. Interpretation of many of the results would have been far less thorough if
information on the age and reproductive status of almost all animals had not been

I Following Jones et al. (1986, Revised checklist of North American mammals north of Mexico, Occ. Pap.
Mus. Texas Tech. Univ. 107, 1-22), we use the latin namc Globicephala melas. Prior to 1990, the IWC had
used the name Globicephala melaena.
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known. However, much remains to be done if we are to begin to fully understand the
biology of pilot whales. A striking feature of many of the studies is thaF our
understanding and ability to interpret the results would be greatly enhanced if our
knowledge of the stock identity of the animals taken in the fishery was greater. This
applies not only to the work arising out of the field sampling but also to attempts to
look at the historical trends in catches (Hoydal and Lastein, Zachariassen) and relate
these to the first direct estimates of current population size (Buckland et al.) and other
information on distribution (Payne er al.) and fishery interactions (Fairfield ez al.).

The final three papers in the volume concern the short-finned pilot whale in thg North
Pacific, two of them continuing Kasuya’s major series of papers on exploitation and
biology in Japanese waters, consolidating and expanding on earlier work.

We would like to thank the following scientists who acted as reviewers of papers in the
volume: A. Aguayo-L, A. Aguilar, W. Amos, C.S. Baker, H.W. Braham, S.T.
Buckland, I. Christensen, A. Collet, J.G. Cooke, D.I. Gibson, P.S. Hammond, R.
Hoelzel, T. Kasuya, S.D. Kraus, F. Larsen, C. Lockyer, H. Marsh, A.R. Martin,
M.K. Marx, W.F. Perrin, P. Palsbgll, R.R. Reeves, P.J.H. Reijnders, D.E.
Sergeant, T.D. Smith, G. Vikingsson, G.T. Waring.

Special thanks should also go to Helen Coulson, who keeps track of the manuscripts
and who types in and prepares many of the revised manuscripts; Stella Duff who
oversees the proof reading; Julie Creek who helps Helen with the manuscripts and
typesets all the tables; Helen Richardson, who helped with the proof reading and
artwork; and the staff of Black Bear Press.

G.P. Donovan

C.H. Lockyer

A.R. Martin

Cambridge, November 1993
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An Introduction to Studies of the Ecology and
Status of the Long-finned Pilot Whale
(Globicephala melas) off the
Faroe Islands, 1986 — 1988

D. Bloch!, G. Desportes!, R. Mouritsen?, S. Skaaning! and E. Stefansson'!

ABSTRACT

The long-finned pilot whale. Globicephala melas Traill, is harvested off the Faroc Islands (in
the northeastern Atlantic) for local subsistence purposes. From July 1986 to July 1988, an
intcrnational team cxamined 40 of a total of 43 schools of pilot whales landed in the islands
(3.470 whales of the 3,617 whales landed). The purpose of the project was to examinc the
status of the cxploited population and aspects of its life history. including feeding, ccological
cnergetics. pollutant loads, parasitology and population genetics. This paper summarises the
project, the laboratorics involved and the relevant methodology. It also examines some basic
information (scx and length distributions) about the schools and compares this with
information available throughout the history of the fishery. The landed schools were mostly
monospecific, but mixed schools with bottlenose dolphins (Tursiops truncatus) and Atlantic
white-sided dolphins (Lagenorhynchus acutus) sometimes occurred. During the study
period, 16 of the 21 authorised whaling bays were used. On 12 occasions, particular districts
were closed temporarily for periods from between 0.5 and 3.5 months. The average school
size was 81.7 6.6 individuals (mcan *SE). This is smaller than the average size over the
total period 1709-1990 (149.3 *3.5). but it does correspond with some periods within that
time. No clear seasonality in school size was detected. The overall sex ratio was 1.58 £0.05
(females to males) and no correlation with school size or month was apparent. The average
school consisted of 46% immatures of both sexes, 12% pregnant females, 24% lactating
females. and a maximum 12% adult males. The final 6% of whales consisted of adult females,
either resting or senescent, or simultaneously pregnant and lactating.

KEYWORDS: PILOT WHALES-LONG-FINNED: NORTH ATLANTIC; WHALING
MODERN:; AGE/LENGTH DISTRIBUTIONS; REPRODUCTION: BEHAVIOUR-
SOCIAL:; SEX RATIO: BOTTLENOSE DOLPHIN; WHITE-SIDED DOLPHIN.

INTRODUCTION

The long-finned pilot whale, Globicephala melas Traill, is harvested in the eastern North
Atlantic by Faroe Islanders in a traditional subsistence hunt. The hunt is believed to date
back more than 1,100 years (Thorsteinsson, 1986) and the regulated division of the catch
provides the longest series of continuous records known to exist for the catch of any wild
animal. Written statistics, found in tax accounts, date back to 1584, the only gap being
from 1640 to 1709 (Bjork, 1956). An examination of these revealed long-term
(approximately 120 years) cycles in the frequency of catches (Joensen and Zachariassen,
1982; Hoydal, 1986; 1987; Bloch et al., 1990b; Zachariassen, 1993).

When seen in the vicinity of the islands, entire schools are driven to authorised whaling
bays by small fishing boats and are slaughtered there. This is carried out under the
guidance of ‘grind-foremen’ (four men elected for five years in each whaling bay by the
village councils) who act with the authority of the chief district officer. Although detailed

U Museum of Natural History, Futalag 40, FR-100 Torshavn, Faroe Islands

2 Fisheries Laboratory, FR-100 Torshavn, Faroe Islands

3 In addition, unsuccessful attempts were madc to develop electronic reading with the help of BICO, the
Danish Department of Olympus Microscopes.
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regulations exist, to date no quotas have been set for the fishery. However, whalmg
districts are closed by government order when the needs of the particular community are
met. The meat and blubber are used for human consumption and shared free among the
local inhabitants, and no factory processing or export occurs.

The year-round drive fishery presents a unique opportunity to obtain important data on
the ecology of the long-finned pilot whale in these waters, particularly as whole sphools
containing animals of both sexes, at different ages and stages of sexual maturity are
available for sampling. In fact, Faroese pilot whaling has provided material for various
biological observations and studies for a long time (Svabo, 1783; Lyngbye, 1817; Irminger,
1846; Hgst, 1875; Miiller, 1882; 1883: Williamson, 1947; Harrison, 1949; Ryggi, 1960;
Joensen, 1962: Moore et al., 1978; Joensen and Zachariassen, 1982; Desportes, 1985;
Sergeant, 1986; Hoydal, 1987; Bloch, 1992), but no thorough study of the exploited
population or the impact of the fishery on the population(s) has previously been
undertaken.

In the summer of 1984, during a sampling period of two months, the first two authors
established the framework for a large scale research project. In 1986, under the auspices of
the IWC and UNEP, the Faroese Government initiated a comprehensive survey of the
exploited population(s) and between July 1986 and July 1988, an international scientific
team examined almost all landed schools (40 out of 43). This international research
programme was intended to provide information essential to understanding the
distributional, behavioural, social and ecological dynamics of the exploited stock or stocks
(Desportes, 1988; 1990; Desportes et al., 1993a). Future management policies for the
fishery will be based on the results of this research.

The study was complemented in June-August 1987, and again in June-August 1989,
with Faroese participation in the international North Atlantic Sightings Surveys for which
the pilot whale was one of the target species (Joyce et al., 1990; Buckland et al., 1993).

This paper provides an introduction to the project and the laboratories involved and
describes the initial sampling and laboratory procedures used. It describes the
geographical and seasonal distribution of the catches and the size, sex ratio and
composition of the schools. It also presents some of the primary data characterising the
schools and compares this with the historical data available. Detailed accounts of the
various projects are presented in a series of papers in this volume (Amos et al., 1993;
Andersen, 1993; Bloch er al., 1993a; b; Borrell and Aguilar, 1993; Caurant et al., 1993;
Desportes and Mouritsen, 1993; Desportes et al., 1993b; Hoydal and Lastein, 1993;
Lockyer, 1993; Martin and Rothery, 1993; Raga and Balbuena, 1993; Zachariassen,
1993).

The Faroese word for both a school of pilot whales and the activity of pilot whaling in
general, is grind (pronounced with a short 'i" as in ‘window"). It is used in both senses
throughout this paper. In the results and analyses presented here, the results are expressed
as mean *standard error and the term ‘significant’ is used solely in the statistical sense of
differences significant at the 5% level.

MATERIALS

In the two-year period of sampling, 47 notifications of grinds were recorded, of which 43
were followed by landings. A total of 3,617 pilot whales were caught, of which 3,470 (40
grinds) were examined. Bloch et al. (1990a) provide a detailed description of the grind and
in particular the 43 occurring between July 1986 and July 1988. A list of these grinds is
given in Table 1.
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Table 1

List of the pilot whale schools, including the sex ratio, landed in the Faroe Islands in the period July 1986 -
July 1988. No samples were collected from the drives marked ‘#’ and the schools marked with ‘*’ indicate

that only a part of a larger school was beached.

No Date Location Male Female Female/Male ratio
1 10 July 1986 Ggta 17 24 1.41
2 12 July Leynar 56 79 1.41
3 30 July Bgur * 19 35 1.84
4 11 September Sandur * 95 125 1.32
5 15 September Pravik 46 72 1.53
6 25 September Geta 11 18 1.64
7 27 September Vidvik 8 8 1.00
8 26 October Funningsfjgrour * 15 19 1.27
9 1 November Midvigur 69 105 1.52

10 11 November Fuglafjgrour 24 31 1.29
11 14 November Hvalvik 12 20 1.67
12 15 November Vestmanna 54 69 1.28
13 24 November Hvalvik 27 50 1.85
14 28 November Fuglafjgrour 31 40 1.29
15 6 December Gpta 29 56 1.93
16 23 December Toérshavn 53 65 1.23
17 22 January 1987 Hvannasund 64 88 1.38
18 23 January Vigur 50 106 2.12
19 31 January Leynar 9 17 1.89
20 7 February Hvalvik 28 52 1.86
21 23 March Leynar * 19 45 2.37
22 10 April Térshavn 72 118 1.64
23 21 April Fuglafjgrour 29 39 1.34
24 16 May Vagur 14 21 1.50
25 22 July Leynar 31 59 1.90
26 24 July Midvégur 45 57 1.27
27 28 July # Sandur
28 2 August Midvégur 19 28 1.47
29 19 August Vigur * 17 28 1.65
30 26 August # Hvannasund*
31 29 August Klaksvik * 4 9 2.25
32 18 September Viagur 5 10 2.00
33 8 October Torshavn 15 30 2.00
34 20 October Vagur 16 23 1.44
35 24 October Hvalvik 30 42 1.40
36 22 January 1988 # Funningsfjgrour
37 17 February Torshavn 24 35 1.46
38 13 March Midvégur 29 28 0.97
39 1 April # Hvalba
40 4 April Bour 45 66 1.47
41 29 April Hvannasund * 55 83 1.51
42 4 May Térshavn
43 10 June Leynar 26 40 1.54
Total 43 drives 3,052 whales 1,212 1,840 1.58+0.05(N=38)
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Most of the examined pods comprised solely pilot whales. However, on three€ occasions
they were mixed with other species (Bloch and Hoydal, 1989; 1990): once (grind no. 25)
with a single bottlenose dolphin (Tursiops truncatus) and twice (grind nos 20 (60 dolphms)
and 39 (544 dolphins)) with Atlantic white-sided dolphins (Lagenorhynchus acutus_). Itis
not uncommon in Faroese pilot whaling that one of these two species is found w1th1.n a
pilot whale school, or that white-sided dolphins beach just in front of pilot whales, butina
separate group. Pilot whales are known to often mix with other cetacean species (€.g.
Evans, 1980; Bloch and Lockyer, 1988).

METHODS

The team

The project was carried out under the leadership of D. Bloch of the Faroese Museum of
Natural History (FN). C. Lockyer of the Sea Mammal Research Unit (SMRU),
Cambridge, UK was the scientific adviser. G. Desportes (FN) coordinated the field work
and sampling, while practical matters were the responsibility of R. Mouritsen, seconded
for two years from the Faroese Fisheries Laboratory. The Faroese Government through
K. Hoydal. Director of Fisheries, facilitated the programme, particularly by taking care of
all the travel. sampling and accomodation expenses and providing technical and personal
assistance.

The continuous sampling which began on 1 July 1986 was carried out by the two resident
scientists, Bloch and Desportes, greatly aided by FN staff. Just over half of the schools (22
out of 40) were examined only by the resident team (scientist/s and four FN staff) who
maintained and ensured continuous sampling for the entire team. The non-resident
scientists who took a direct part in the summer field sampling are shown in Table 2, as are
scientists for whom samples were obtained.

The nature of the sampling (see below), made it necessary to have a large, experienced
team ready round-the-clock. Apart from the permanent team, other assistants were
involved, 59 from FN and 17 from other institutions.

Table 2

Details of the scientists involved in the examination of each school.
The number of the catch refers to Table 1.

Name Examined school no.: in total

D. Bloch 1-6. 8-17, 19-26, 28-30, 32-33, 37-38, 40-43: 35 schools
G. Desportes 1-14, 16-20, 24-26, 28-35, 37-38, 43: 33 schools
C. Lockyer 3,32: 2schools

F. Jean-Caurant 1-7: 7 schools

L. W. Andersen 1-4, 6, 25-26, 28-31: 11 schools

A.R. Martin 1-2, 8-9: 4 schools

W. Amos 3,5-7,25-26: 6 schools

J. Balbuena 25-26, 28-35: 10 schools

A.Raga 28-31: 4 schools

A Aguilar 28: 1 school

Time available for sampling

The research project was well received amongst the Faroese community and care was
taken to maintain this goodwill by carrying out sampling with minimal disturbance to the
killing operation and the meat distribution.
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Faroese pilot whaling is sporadic and opportunistic and it is impossible to forecast when
and vyhere a grind will take place. However, to obtain maximum scientific value, the
exarpmation of a school should begin during killing. Thus the sampling team had to
receive notification of a grind as early as possible in order to reach the whaling bay in good
time.(see Fig. 1). During the study period, therefore, one member of the resident team
was In constant radio contact with the Torshavn Fire Brigade, and chief district police

Fig. 1(a). Locations where schools
were found, and driving routes of
the catches in the Faroe Islands,
July 1986 - July 1988. The
currently authorised whaling bays
are shown on the map, as well as
the names used in the paper.
(School nos. and locations are
shown in Table 1).




6 BLOCH et al.: PILOT WHALE STUDY OFF THE FAROES

Fig. 1(b) Geographical and
frequency distribution of
the 43 schools caught
during the study period.

«| 500

«| 100

WHALES

10 km

officers, grind foremen, police and the public were asked to pass on the grind message
either directly or to the fire station as soon as they received it. This was done efficiently and
promptly and all the grinds were reached in reasonable time, so that even with travelling

times of up to three hours (and the availability of ferries) 20 of the grinds were reached in
time for blood samples to be collected.
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The main sampling

Before the main sampling began, all the whales were marked (or re-marked if blood
samples had been taken) with a consecutive number which became the ‘scientific number’
of the whale. A whale would later be identified in the archives and the database by this
number together with the date of the grind.

Tagging was carried out using a set of plastic waterproof labels, one of which was a
dymotag attached to the jaw, that was resistant to hot water (see ‘TEETH’ below). One
label remained on the animal throughout the sampling while the others were used to
identify individual samples. The set of tags was prepared in advance in the laboratory and
re-used from grind to grind.

SEX, LENGTH, OFFICIAL NUMBER, SKINN VALUE
Sex and total body length were recorded for each whale together with their numbers
(scientific and blood tags).

During a grind, local assessors give each whale an official number and evaluate the live
weight of the animal in skinn (for details see Bloch and Zachariassen, 1989). On average,
one skinn weighs 72kg, i.e. 38kg meat and 34kg blubber. The skinn is recorded in the long-
term series of catch statistics. It was recorded here in an attempt to enable long-term catch
statistics to be incorporated into modern statistics.

Table 3

Readers of teeth from the different schools of pilot whales. The
numbers of the catches refer to Table 1. * Represents only a sub-set.

L.W. Andersen, 4,6,7,21 C. Lockyer, 3-4, 6-7, 10-11, 17, 21
D. Bloch, 1-43 T. Kasuya, 3,4*,11,23
G. Desportes, 3,17* T. Waters, 3, 17

TEETH
Teeth were collected by sawing off or severing the tip of the lower mandible. The jaw was
then wrapped in a perforated plastic bag with its dymo number.

Several methods of tooth preparation were attempted (Lockyer et al., 1987)3. The one
chosen was similar to that of Kasuya and Matsui (1984). The teeth were extracted after
allowing the jaw to rot in a heated pressurised cabinet for about a fortnight. This method
does not damage the cementum or dentine as does the boiling of the teeth. Eight of the
best teeth were then defatted for several hours in a solution of one third chloroform and
two thirds 70% alcohol. Two of the teeth were then mounted on a wooden block with
epoxy resin and bisected longitudinally, using a diamond rotating saw.

Tooth processing was carried out at the FN and readings were made by several scientists
(Table 3).

EXTERNAI. CHARACTERS

Attention was paid to any special external marks such as wounds or bites (Plate 11),
lamprey marks (Plate 111), squid marks around the mouth (Plate IV), or the occurrence of
ectoparasites. For six grinds, the appearance of ‘fighting’ marks was systematically
recorded. The marks, as well as the teeth in situ, were counted and photographed. The
presence or absence of the postdorsal fin saddle and the postorbital blaze were
systematically recorded for two entire schools.
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point of a pilot whale is the dorsal fin and so the weighing device was placed through a hole
cut in the middle of the dorsal fin (Plate V).

A total of 32 whales, of both sexes and various sizes, from ten different months and 20
different grinds, was brought back to the laboratory for more detailed sampling. These
whales were weighed in pieces to the nearest 100g using either a lorry or a tripod, and the
balances mentioned above.

Total weight and weight in pieces were mainly used for comparing the traditional
assessment method with biological variables (Bloch and Zachariassen, 1989) and for
growth and energetic analyses.

GIRTH MEASUREMENTS AND BLUBBER THICKNESS

These measurements were usually taken in connection with the weighing of whole whales
and the tissue sampling (at least ten whales of different sizes for any target school). Girth
measurements were taken to the nearest cm from six different places on the whale, and
blubber thickness from seven places to the nearest mm. Details are given in Lockyer and
Waters (1987).

OTHER MEASUREMENTS

A number of morphological features were measured to the nearest cm (usually in

connection with girth measurements) and were systematically collected for 29 schools.

(i) half of the span of the fluke, and its length from where the fluke protrudes from the
backbone;

(ii) the maximum proximal and the length from the maxilla to the tip (only one flipper
from each whale was measured, because the landed whales always are turned over on
one side);

(iii) the caudal height of the dorsal fin, and its length from where it protrudes from the
backbone.

Furthermore, certain measurements (foremost part of the skull to eye, eye to anus and

anus to fluke notch) for all 59 whales from one grind were measured to the nearest cm in

order to study body growth and compare the assessment with biological variables (Bloch
and Zachariassen, 1989) and to compare with the Newfoundland long-finned pilot whales

(Bloch and Lastein, 1993).

GONADS AND THE REPRODUCTIVE TRACT

The reproductive status was recorded for each whale: for females as either immature,
lactating, pregnant and lactating, pregnant non-lactating or resting (i.e. not obviously
pregnant or lactating); for males as either immature or mature.

From all mature animals and usually all immature animals, both ovaries or at least one
testis (including the epididymis) were systematically sampled. Ovaries were usually
labelled as left or right.

The largest width of one mammary gland and the diameter of each uterine cornus were
measured to the nearest mm.

In each female with a corpus luteum, the foetus was carefully searched for. Where one
was found, it was sexed, measured and weighed in the field (the accuracy of these data
depended on the size of the foetus) when possible. Very small foetuses were brought back
to the laboratory for closer examination and sampling. Sex was determined by means of
macroscopic observation and/or histological examination and/or use of sex chromatin
bodies.

All reproductive tissues or organs were preserved in two successive baths of 10%
buffered formalin for further processing.
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PARASITES AND CYSTS

When cysts or pathological tissues were observed, these were sampled. Endoparasites
were systematically sampled from the summer of 1987. About 15 whales per grind were
surveyed. This involved a close examination of lungs, liver, sinuses, digestive tract,
kidneys, mammary glands and the general body cavity. The occurrence and abundance of
ectoparasite infestation was also investigated (Plate II).

SKELETON
After the cutting up of the whale carcasses, examination of the vertebral column of
selected whales was conducted. Bone samples were also collected from 35 whales.

PACKING

All'samples were placed in plastic bags as soon as they were collected; the ovaries and jaws
in perforated bags, the rest in normal plastic bags. A label removed from the scientific tags
on the neck of each whale was placed in every plastic bag.

The database

Table 4 summarises the numbers of samples and measurements taken by grind. The
Zoological Department of the Térshavn Natural History Museum coded all the basic data
onto a‘database (DBASE III PLUS) and the dataset was made available to all the
contributing parties.

RESULTS

Reliability of length measurements

All measurements were made following the standard of Norris (1961). The only exception
was the fluke, where, for convenience, only half the span and the length rather than the
width, were measured.

For some grinds only a part of a larger school was beached (marked by an * in Table 1),
and this may influence the length and sex distributions. Pooling data among schools
requires that they do not differ significantly from the average in length or sex distribution.
They did not do so for either the length (F=1.2; p>0.3) or the sex (F=0.6; p>0.2)
distributions, nor was any significant difference in body length found for the schools from
month to month (F=1.1; p>0.3).

Body length was measured to the nearest cm, from the foremost part of the skull to the
fluke notch, in a straight line parallel to the backbone. In order to examine consistency and
accuracy in measurements the total lengths of 50 whales were taken three times, and the
dorsal fin, one flipper and the fluke of 27 whales measured twice from one school on
Sandoy, on 28 September 1988 (i.e. outside the study period). The test included different
persons taking the same measurements or repeated readings by the same person. In some
cases a ‘systematic’ reading fault had occurred, e.g. the incorrect reading of 10 and
sometimes 50 or 100cm. For the latter two, the skinn values were of great assistance in
correcting the inaccuracies. If the 50/100cm incorrect readings are not included, the test
revealed that for total length 36% of the measurements varied =5cm, with 98% <10cm in
variation. All measurements varied =5% from the total length (Fig. 2).

Of the remaining measurements, the most accurate were those for dorsal fin height and
the flipper and fluke measurements. The length of the dorsal fin, not surprisingly, showed
the most variation as it is the least well defined on the body: 42% varied =5% with 77%
<10% of the dorsal fin length (Fig. 3).
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Only four of all the dorsal fin height, flipper and fluke measurements displayed a variation
of 25-30cm, which can easily be identified as wrong when compared with other whales of
similar size. Between 89-96% varied less than 4cm, or 52-85% of the measurements
varied =5% of the total length. A description and analysis of the external characters and
measurements is given in Bloch et al. (1993b).

Length distribution by sex
The range in observed lengths of males was 174-625cm with two peaks, the first at 353cm
and the second at 552cm, representing immature and mature males (Bloch er al., 1993a;
Desportes et al., 1993b); the mean length was 421cm +3.2cm (n=1,211). For females the
length range was 163-512cm, again with two peaks, the immatures at 299c¢m and the
matures at 432cm; the mean was 388cm +1.7cm (n=1.836). Similar length distributions
with two peaks for each sex have been found in previous studies from the North Atlantic
(Joensen, 1962; Moore et al., 1978; Sergeant, 1986; Martin et al., 1987; Kasuyaetal., 1988;
Bloch, 1992; Zachariassen, 1993). Further comparisons between the eastern and western
part of the North Atlantic have been made by Bloch er al. (1993a) and Bloch and Lastein
(1993).

Pooled length distributions by sex are shown in Fig. 4. It shows the expected pattern
with males reaching greater lengths than females (113cm in this sample). Data by
individual schools are given in Table 5 and Fig. 5.

[Text continues on p. 21]
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Fig. 4. The length to sex distribution of all sampled whales during the study period (n1=3.,047).
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List of the length distribution of the different pilot whale schools landed in the Faroe Islands
period July 1986 - July 1988

Table 5

21

in the

Males Females
No. Number Range Mean SE Range Mean SE
1 41 197-577 393 31.3 182-451 380 15.8
2 140 176-586 416 14.6 193-468 386 7.0
3 54 234-582 430 26.5 193-465 385 11.7
4 220 185-620 425 12.3 171-500 39 17.8
5 119 206-597 372 16.7 185-478 395 8.6
6 29 200-582 416 34.9 267-456 406 11.1
7 16 261-555 400 38.1 313-438 389 15.0
8 35 223-585 372 27.4 192-457 366 18.7
9 175 195-614 442 14.5 163-473 373 8.1
10 55 226-586 401 21.6 217-455 375 12.3
11 33 196-553 345 34.9 246-474 404 14.3
12 139 174-586 408 16.8 166-483 377 10.3
13 77 224-607 469 24.5 179-482 393 11.3
14 71 210-545 374 16.3 235-456 384 9.6
15 86 236-598 455 19.9 177-485 379 10.4
16 117 222-625 434 16.6 210-482 385 9.6
17 153 175-610 431 14.9 179-482 378 8.1
18 156 210-602 415 15.0 185-470 380 7.0
19 26 316-589 470 31.4 185-483 386 19.9
20 80 232-623 417 23.8 237-475 395 10.4
21 64 226-535 372 20.3 177-460 367 11.5
22 190 210-600 417 11.4 218-470 390 5.9
23 68 227-612 432 22.5 247-473 395 9.5
24 38 310-589 439 29.6 238-459 386 16.2
25 90 283-625 458 20.8 242-495 408 7.0
26 102 202-585 399 15.6 202-483 407 8.8
28 47 245-606 417 253 231-487 413 12.8
29 45 290-600 442 23.3 190-480 372 15.2
31 13 251-588 440 76.9 184-465 375 36.5
32 15 260-498 365 49.3 278-447 392 21.3
33 45 218-574 399 25.3 201-465 386 13.0
34 39 188-590 442 31.1 190-478 386 18.6
35 72 209-599 429 22.5 200-464 378 11.4
37 59 230-580 430 24.2 252-465 397 11.1
38 57 274-575 435 18.9 216-467 396 12.3
40 111 260-575 411 13.6 207-476 390 8.4
41 138 211-620 440 13.1 207-512 405 7.0
43 66 281-615 452 20.8 303-472 401 8.4
3,046 174-625 421 3.2 163-512 388 1.7

School size

The average grind size from 1709-1990 was 149.3 +3.5 whales per school (n=1,646; range
1-1,200 whales, see Table 6 and Zachariassen, 1993). During the study period, although
the number of schools was high, most were relatively small (mean 84.5 +8.3 whales;
n=43; range 13-220). If the full calendar years 1986-88 are considered, the picture
remains the same (mean 81.7 £6.6 whales, n=59). These values are similar to those
obtained for Newfoundland between 1949 and 1959 (85 whales, n=85 — Sergeant, 1962).
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School composition

In the ‘average’ school (Fig. 6; n=3,018 whales; n=38 grinds) there are 46% immatures,
12% pregnant females and 24% lactating females; a maximum of 12% are mature males
(male groups M II + M III, according to Desportes et al., 1993b). An examination of the
pooled data by month (Fig. 7) reveals clear differences in the period from March to
September, the first part including the peak conception period followed by peaks in
numbers pregnant and parturition. Details of the structure in the schools among the
mating section of the whales are treated by Desportes et al. (1993b) who conclude that
further studies are needed before, in particular, the role of mature males within the school
becomes clear.

Sex ratios

The sex ratio is significantly biased towards females (z=1,141; p<0.001; n=3,046),
comprising 60% females or a ratio of 1:1.58 +0.05 (n=38) of the total number of whales
with a range of 49-70% (or 0.97-2.37, see Table 1). These findings agree well with those
previously found for the Faroes (58% — Bloch, 1992; 60% —Joensen, 1962) and other areas
of the North Atlantic, including Iceland (68% - Sigurjénsson ez al., 1993), Orkney (55% —
de Kock, 1956), Great Britain (62% - Martin et al., 1987) and Newfoundland (65% -
Kasuya et al., 1988; Zachariassen, 1993).

The sex ratio in relation to age (Fig. 8) shows a significant positive slope (r=0.68;
t=5.75) caused by differences in observed maximum ages (46 years for males and 59 years
for females — Bloch er al., 1993a). Thus the sex ratio increases with age in favour of
females.

W
.

Female/Male ratio

(W)
1 RS EARE . '

1

0 T T v T T
0 10 20 30 40 50 60

Age (years)

Fig. 8. The ratio between females and males compared according to age (n=2.,418; r=0.68: 1=5.75).
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The sex ratio shows no correlation with either school size (Fig. 9; r=0.14) or month
(Fig. 10; r=0.15). Thus the peak reproductive season (April to July) does not influence the
overall sex ratio in the school (Desportes et al., 1993b) as might be expected in a social
structure where the sexually active males migrate between schools (Danielsdottir et al.,
1992; Andersen, 1993).

DISCUSSION

Factors affecting the geographical distribution of the sample

Available sampling sites

The Faroe Islands are divided into nine grind districts, with overlaps, i.e. areas which
receive shares from pilot whales beached in the authorised whaling bays (Joensen, 1976;
Joensen, 1981; Bloch et al., 1990a). In that way each member of every household gets a
‘home share’, even those who are temporarily away fishing. Not all Faroese bays provide
suitable topographic conditions for a grind (Svabo, 1783; Miiller, 1882) and experience
over the centuries has shown which ones offer the best chance for a ‘good’ grind. The first
written regulations appeared in 1832 and since then they have been revised several times
concurrent with changes in the community. At present, 22 bays have been authorised for
whaling (Executive Order no. 107, 21 November 1989) and the most recent whaling
regulations outline the responsible authorities, the procedure of the drive, beaching,
slaughtering, valuation and division of the catch, and penalties for breaches.

During the sampling period 1986-8, 16 out of 22 authorised whaling bays were used
between one and five times (Fig. 1-2). The five bays not used were Saksun, Nordskila,
Husavik, Trongisvdgur and Famjin. Saksun has only been used three times since records
began (Zachariassen, 1993) and was de-authorised on 21 November 1989. Nordskéla is
very close to Hvalvik, which was used four times (Table 1). Their relative use depends on
the whales — when they come from the north Nordskala is used and when they come from
the south Hvalvik is used. Hisavik was under consideration for grind no. 22 but sea
conditions were unsuitable. Only one grind took place in northern Suduroy and that was at
Hvalba, not Trongisvagur (no. 39). Famjin, which was also not used, is only used when
absolutely necessary because of the dangerous surf conditions.

Vestmanna was only used once (grind no. 12), after which it was closed. It was re-
authorised according to the new executive order from November 1989, after successful
improvements and extensions to the existing beach had been made. Similar improvements
have also been made to the beaches in Funningsfjgrour and Toérshavn.

Closed districts

Since 1982, whenever the supply of blubber and meat is considered adequate by the chief
district officer in agreement with the grind-foremen in the district, that district has been
closed by an executive order until the meat and blubber is consumed. During the sampling
period, the following districts were closed for periods ranging from 0.5 to 3.5 months (see
Fig. 1 for their location):

1986: Hvannasund, Klaksvik, Vidvik, Sandoy.
1987: Térshavn, Midvagur , Bgur, Leynar, Sandoy.
1988: Torshavn, Midvéagur | Bgur.

It is known that grinds were observed from the closed districts, but only a few were
reported, and no attempts were made to drive them.
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The closure of districts may of course affect the geographical and seasonal distr}ibutlon
of the catches. This can be illustrated by considering three examples, Migvagur . Toérshavn
and Leynar. The village of Midvdgur on Vagoy had the highest proportion of catches
between 1709 and 1990 (15.0% of all beached grinds; 17.9% of all whales). For thc? period
1929-90, which includes the latest peak occurrence and the two year study period, the
values were 9.7% of grinds and 10.7% of landed whales, giving an annual average catch of
1.08 grinds or 168.3 whales (Bloch et al., 1990b; Zachariassen, 1993). During }he study
period, Midvéagur had four grinds (401 whales). Although, the village had, in faqt, a
greater supply than average despite the periods of closure, it should be noted that grinds
were definitely observed from this district which under other circumstances might have
been taken.

The population of the capital, Térshavn, on the island of Streymoy, has grown
dramatically in recent years. This means that today, many more boats and pegple are able
to take part in a grind compared with many small villages. Boats from the capital are often
able to reach schools before village boats and thus can take the grind to Torshavn.
Therefore, despite being closed for two periods in the three years examined, Torshavn had
five grinds containing 568 whales (the average yearly figures for grinds and individual
animals for the period 1929-90 are 1.1 and 127.7).

The whaling bay Leynar, also on the island of Streymoy, was first used in 1909, but the
local topographical conditions seldom give this bay an advantage over Vestmanna, located
a little further north. However, during the study period, Vestmanna was closed most of
the time for improvements (see above), so Leynar was used more often than usual with
five grinds (381 whales), while the annual average over the 1929-90 period was 0.2 grinds
(15.2 whales).

These examples show that the distribution of grinds can change over time with the
closing of districts and changes in the community structure. Any detailed examination of
the long-term statistics should take account of such changes in local population structure.

Temporal distribution

During the study period there were a greater number of small schools and a wider monthly
spread than the overall average long-term series, 1709-1990 (Fig. 11); the peak months
over the whole period were July-September (Zachariassen, 1993). However, seasonal
distribution has also changed considerably throughout the long-term series. The 1709-
1990 period can be divided into five sub-periods, following the ca 120 year periodicity in
occurrence of pilot whales in Faroese waters. The periods with peaks in occurrences were
from about 1709-1750, 1800-1880 and 1935-present, separated by periods of low
occurrence between 1750-1800 and 1880-1935 (Zachariassen, 1993). The period 1750~
1800, one of the lowest in the occurrence of pilot whales, also had a monthly distribution
similar to the study period (Fig. 12), although it is not possible from the older material to
determine whether the period represented a rise or fall in the curve. The present period is
at the beginning of a descending period, close to the previous peak.

This periodicity in occurrence of pilot whales around the Faroe Islands appears to be
related to the occurrence of their favourite prey, the squid Todarodes sagitatus. Although
no squid were caught in the Faroes in 1986 or 1988, and only a small amount in 1987, they
were known to be out on the banks (Desportes and Mouritsen, 1993). As early as the late
19th century, Miiller (1882, p.4; 1883, p.21) mentioned the relationship between surface
water temperature, and squid and pilot whale abundance. This pattern is also known from
Newfoundland, where Rumage (1983) mentions that pilot whales feed on squid and that
the fewer the squid in the area, the smaller the schools of whales seen were.
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Fig. 11. Monthly distribution of pilot whale catches in the Faroes in the period 1986-1988 (n-4.818),
compared with all catches 1709-1990 (n=223,707).

B 1.catch =] 2.catch [_]3.catch
9 % 4.catch E 5.catch B 6.catch
(O- /
Y
(@]
38 7
©
L
; ] I
3 T T -
o - .
O nlL
N I
1
. I T]
1
T 4 "2 3 4 5 6 7 8 9 10 11 12

Month
* Fig. 12. Monthly distribution of pilot whale catches examined during the study period (1=3.635).



28 BLOCH er al.: PILOT WHALE STUDY OFF THE FAROES

Table 6

The average school size, number of schools and months used for the period 1709-1990, 1986-1985,
and from 1986-1988, separately and compared. Data from the period 1709-1990 are taken from
Zachariassen (1993), while the data from 1966-85 are from Hoydal and Lastein (1 993).

1709- 1966-

1990 1985 1986 1987 1988 1986-8
No. of whales 235,649 30,101 1,677 1,451 1,690 4,818
Average school size 149 128 84 76 84 82
No. of schools 1,646 235 20 19 20 59
Range 1-1,200 1-644 16-207 5-225 15-183 5-225
Annual no. of schools 5.9 11.8 20 19 20 20
Range 0-23 3-21 19-20
No. of months included 12 8 9 11 9.3
Range 0-12 3-10 8-11

Recent studies on the circulation of the water masses in the northern part of the
northeast Atlantic (Hansen, 1985; Hansen et al., 1988), the long-time series in surface
temperature (Hansen and Meincke, 1984) and anomalies caused by eddies of cold water
close to the Faroes (Hansen and Zachariassen, 1977; Hansen and Meincke, 1979) confirm
the correlation between the periodically long-term differences in water temperature
around the Faroe Islands, and the occurrence of the squid prey and the long-finned pilot
whale. A further, more detailed analysis of the long-term data may reveal more interesting
details of the occurrence of the whales around the Faroes (Hoydal and Lastein, 1993).

School size

Periods of low occurrence have been characterised by relatively few schools which have a
larger number of animals, whereas in the peak periods, the number of schools was greater
but the mean school size was smaller than the average (Table 6). The observed school sizes
and numbers for the study period fit well with this pattern.

Recorded school sizes of landed pilot whales in the Faroes can be compared with the
records of stranded pilot whales from other areas and with observed ‘offshore’
observations, in particular from the recent North Atlantic Sightings Surveys (e.g.
Buckland er al., 1993). In the North Atlantic, information exists for schools from
Newfoundland, Iceland, Ireland, Great Britain, The Netherlands, Spain and the
Mediterranean Sea (Fraser, 1946; 1953; de Kock. 1956; Husson and van Bree, 1972; 1976;
O’Riordan, 1975; Evans, 1980; van Bree and Smeenk, 1982; McBrearty, 1986: Smeenk,
1986; Klinowska, 1987; Martin et al., 1987; Nores and Peréz, 1988; Kastelein et al., 1990;
Sigurjonsson et al., 1993). Further afield, information from the South Atlantic is available
(e.g. Aguayo, 1975; Ross, 1984; Crespo et al., 1985; Goodall and Galeazzi, 1987). In all
areas, school sizes vary considerably, usually ranging from single individuals to no more
than 200, although occasional groups of up to 300 whales have been reported.

Comparisons of the different offshore observations show a range from single individuals
to more than 1,000 in both the North and South Atlantic (Fraser, 1934; Evans, 1980;
McBrearty, 1986; Sanpera and Jover, 1987; Gunnlaugsson et al., 1988; Kasamatsu et al.

1988; Larsen et al., 1989; Lens et al., 1989; Joyce et al., 1990; Sigurjonsson and
Gunnlaugsson, 1990; Lens, 1991).
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The available information shows that most of the schools landed in the Faroes are within
the observed school sizes from other parts of the North Atlantic. However, the known
problems with estimating the school sizes offshore (Joyce et al., 1990) may be reflected in
the observation that, out of all landed pilot whales from the period 1709-1990, 157 grinds
(9.5%) containing 29% of all landed whales, exceed the number of landed or observed
school sizes mentioned elsewhere. The drive of up to 1,200 whales landed on 9 October
1940 on Sandoy is the largest recorded Faroese grind (Zachariassen, 1993).

A detailed examination of the correlations between the occurrence of pilot whales and
the oceanographical conditions over time around the Faroes may help to elucidate the
reiationship between the numbers of schools and school sizes (Hoydal and Lastein, 1993).

CONCLUSION

A comparison of the data obtained from the grinds examined during the study period, with
the available data from the history of the fishery, suggests that the grinds fit in well with the
observed patterns over the long-term series and revealed no biases that would affect the
general nature of the conclusions that can be drawn from the study programme.
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Distribution and Abundance of Long-Finned Pilot
Whales in the North Atlantic, Estimated From
NASS-87 and NASS-89 Data
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ABSTRACT

During the summers of 1987 and 1989, large scale transect surveys were conducted
throughout the North Atlantic by several national agencies in Denmark (off Greenland),
Faroe Islands, Iceland, Norway and Spain (North Atlantic Sightings Surveys, NASS-87 and
NASS-89). This paper analyses the pilot whale (Globicephala melas) survey data collected by
three Icelandic and one Faroese survey vessel in 1987, and four Icelandic, one Faroese and
one Spanish vessel in 1989. Norwegian survey vessels operated north and cast of this area in
both years, but only five groups (three primary sightings) were observed in 1989 and none in
1987. Furthermore, no sightings were made in the area north and northeast of Iceland, thus
indicating that the joint surveys covered the northernmost areas of pilot whale distribution
east of 42°W. The area further to the west was not covered in either survey. The coastal
European waters between 42-52°N were covered by the Spanish vessel in 1989. Sightings
made in 1989 by the Icelandic vessels tended to be at the southernmost boundaries of the
survey area.

The present data were examined with respect to several potential stratification factors,
namely geographic block, Beaufort (i.e. wind speed), vessel and school size, but sample size
precluded stratification by all these factors simultaneously. The encounter rate was generally
lower in the 1987 survey than in 1989, but the difference was not statistically significant. The
total estimate for the 1989 survey, covering a wider area and further to the south than in 1987,
was 778,000 (CV=0.295). This is regarded as the best available estimate of the total stock of
long-finned pilot whales in the northeastern North Atlantic Ocean, although small numbers
occur outside the NASS survey areas. The paper discusses potential biases in the abundance
estimates, and the problems of estimating pilot whale abundance from sightings data.

KEYWORDS: PILOT WHALES—LONG-FINNED; NORTH ATLANTIC;
ASSESSMENT; DISTRIBUTION; SURVEY.

INTRODUCTION

Distribution of pilot whales

Mitchell (1975b) reviewed the status and distribution of the long-finned pilot whale
(Globicephala melas) in the North Atlantic. It is common from Northwest Africa (and the
Mediterranean) to Cape Hatteras and north to Greenland, Iceland and the Barents Sea.
Its close relative, the short-finned pilot whale (G. macrorhynchus) has a more southerly
distribution and is rarely seen north of Cape Hatteras in the west and north of Madeira, off
Northwest Africa, in the east. Brown’s (1961) summary of observations made from ocean
weather ships, merchant vessels and other ships, provides information on the oceanic
range of this species as far south as 45°N in the central area of the North Atlantic,
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suggesting their occurrence throughout the year in oceanic waters between 45° and 50°N
and probably in all longitudes from the Bay of Biscay to Newfoundland.

In the European part of the Northeast Atlantic, sightings reveal a distribution from the
western basin of the Mediterranean east of Gibraltar to Corsica (Miiller, 1882; McBrearty
et al., 1986) to Greenland (Kapel, 1975), with an inshore occurrence especially in late
summer and autumn months (Joensen and Zachariassen, 1982; Desportes, 1983; Bloch
et al., 1989a). Strandings have frequently occurred on the coasts of Ireland and Qreat
Britain (de Kock, 1956; Fraser, 1974; O’Riordan, 1975; Martin et al., 1987) with an
increasing number in this century (Sheldrick, 1976). Concentrations have been recorded
in the Bay of Biscay, the southwestern coasts of Britain and Ireland, and in the more
northern areas near the Hebrides, Shetland and the Faroe Islands (Evans, 1980; 1987,

McBrearty et al., 1986).

Abundance and status

Joensen and Zachariassen (1982) and Hoydal (1986; 1987) reviewed information on the
distribution and abundance of North Atlantic pilot whales with reference to the well
documented catch history from the Faroe Islands. Although the data did not permit
estimation of stock size, Hoydal concluded that there were no signs of overexploitation in
the stock exploited from the Faroes, despite average catches in the range 800-2,000 p.a.
over three centuries. In contrast, the industrial pilot whale drive-fishery off Newfoundland
after the Second World War appeared to cause drastic changes in local abundance before
it ceased in the late 1970s (Mercer, 1975).

Mitchell (1975a) suggested that since both these fisheries operated concurrently, but
only the Newfoundland fishery collapsed, this suggested some separation of stocks.
However, Sergeant (1986) noted that in the period 1948 to 1971 the catches at
Newfoundland somewhat resembled the catches at the Faroe Islands, and that catches off
the Faroes subsequently continued at a low level until 1976, after which they increased
steadily. He considered that this, along with a simultaneous increase in the frequency of
mass strandings in recent years in the western North Atlantic, indicated a trans-Atlantic
connection of this species. Evans (1987) gives data on a substantial increase in both
strandings and sightings of pilot whales in British and Irish waters since the 1950s, which
concurs with Hoydal’s (1986) observations of apparent increase in abundance reflected in
higher catches in recent years.

Surveys

Before 1987, the only systematic vessel surveys for cetaceans in the northeastern Atlantic
were carried out in limited areas and were of relatively short duration (Iceland, e.g.
Sigurjonsson, 1983; 1985; Martin et al., 1984; Norway, e.g. @ien and Christensen, 1985;
Spain, e.g. Aguilar er al., 1983; Sanpera et al., 1984; 1985; Sanpera and Jover, 1986).
Similarly, systematic aerial surveys covered only limited coastal areas (Iceland, e.g. Hiby
et al., 1984; Gunnlaugsson et al., 1988; West Greenland, e.g. Larsen, 1984; 1985; 1986). In
the Northwest Atlantic (the Newfoundland-Labrador area), a line-transect aerial survey
directed towards humpback (Megaptera novaeangliae), fin (Balaenoptera physalus) and
long-finned pilot whales was conducted in 1980 (Hay, 1982), and during 1978-82 cetacean
aerial surveys were conducted on the shelf waters of the northeastern United States and
shipboard surveys during 1980-88 (CeTAP, 1982; Payne et al., 1993). Many of these
surveys were not specifically designed to yield estimates of stock size and have suffered
from their sporadic nature both in time and space, covering only a fraction of the species’
summer ranges at a time.
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In 1987, several interested national laboratories met to organise a joint North Atlantic
Sightings Survey (NASS-87) to be implemented in June-August 1987 in the area bounded
by Spitzbergen and the Barents Sea in the north and the Spanish coast in the south, and
between West Greenland in the west and the Norwegian coast in the east (Anonymous,
1987a; b). A further survey (NASS-89) took place in the summer of 1989 (Anonymous,
1988; 1989a; b). This paper analyses the pilot whale data from both surveys collected by
the Icelandic and Faroese vessels, and that from the NASS-89 survey collected by the
Spanish vessel.

Although not included in the analyses of this paper, 11 pilot whale groups, comprising in
total 123 animals, were detected during the Spanish cruise for NASS-87. These occurred
between 44°N and 52°N, and between 11°W and 18°W, and were spread through most of
the survey area (Lens ef al., 1989). No pilot whales were detected during Norwegian
cruises for NASS-87 (Qritsland et al., 1989) and only five groups were observed in 1989
(Dien, pers. comm.). The Norwegian data are also not included in the analysis here.

The pilot whale sightings data from the Icelandic and Faroese cruises in 1987 were first
analysed by Bloch ez al. (1989b). The analyses of NASS-87 data presented here are more
extensive, are carried out using more conventional methods and yield revised abundance
estimates.

METHODS

Vessels and ship methodology
During June and July 1987, three Icelandic vessels surveyed Icelandic and adjacent waters
(Fig. 1). They were Arni Fridriksson (referred to here as AF), Skirnir (Sk) and
Keflvikingur (Ke). The Faroese vessel Hvitaklettur surveyed Faroese and adjacent waters
(Fig. 1) from June to August. In 1989, four Icelandic vessels surveyed Icelandic and
adjacent waters (Fig. 2) during July and August: Arni Fridriksson (AF), Bardinn, which
was the same vessel as Skirnir in 1987, so will be referred to as Sk here, Hvalur 8 (Hv8) and
Hvalur 9 (Hv9). A Faroese vessel, the Olavur Halgi, surveyed Faroese and adjacent
waters (Fig. 2) and a Spanish vessel surveyed part of the Bay of Biscay and waters to the
west (see Fig. 3).

The design and conduct of these surveys have been described in detail (Sigurjénsson
et al., 1989; 1991; Joyce et al., 1990 and Lens, 1991). It is not repeated here.

Data and analyses

Only primary sightings! of pilot whales were analysed. The recorded sighting angles and
distances to pilot whale schools were smeared and transformed to perpendicular distance
intervals using smearing method (2) of Buckland and Anganuzzi (1988). The hazard-rate
model (Buckland, 1985; 1987) was fitted to the smeared perpendicular distances,
truncated at 0.65 n.miles.

Scheol size

Where available, analyses were carried out using the ‘best’ estimates of school size. For all
vessels in 1987, high, low and best estimates of school size were usually recorded. For
these data, if a best estimate was not recorded, the mean of the low and high estimate was
used. If there was no best or high estimate, the low estimate was used. In 1989, the Faroese

1 Sightings made when a vessel is searching ‘on effort’, i.e. when searching is the primary activity. Sightings
made while other activities are being carried out (e.g. sailing towards a sighting to confirm its species
identity or school size) are termed ‘secondary’ sightings.
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Fig. 1. Blocks in which there was Icelandic and/or Faroese effort in 1987. Faroese blocks are delineated by
broken lines. Icelandic block 7 overlapped slightly with Faroese block 17. Sightings of pilot whales are
indicated by crosses.

vessel again recorded high, low and best estimates. However, the Icelandic vessels
recorded either a best estimate or a low and a high estimate. In this case, the best estimate
was used if available; otherwise the low estimate was used. Analyses were also carried out
after replacing the low estimate by the mean of the low and high estimates, to assess the
impact on the final abundance estimate. For the Spanish data, the best estimate for each
school was analysed.

Stratification

Data from the Icelandic NASS-89 cruises were analysed to determine an appropriate
methodology for estimating pilot whale abundance. Sample sizes were too small for the
NASS-87 survey and for the Faroese and Spanish NASS-89 cruises to allow adequate
assessment of different stratification options from those data alone.

Several potential stratification factors were identified: geographic block, Beaufort (i.e.
wind speed), vessel and school size. Ideally stratification should be by all of these factors,
but sample size considerations preclude this, so stratification was initially carried out for
each candidate factor in turn. To assess the effect of Beaufort, the average school size,
encounter rate and effective search half-widths were estimated for each Beaufort (0-6) in
turn, ignoring other possible stratification factors. Given the small sample sizes, this was
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repeated, grouping together data from Beauforts 0-2 and 3-6. Standard errors (SE) were
calculated for each estimate and z-tests carried out to assess whether there were significant
differences in estimates at different Beauforts. The SE for mean school size was calculated
as sample standard deviation (SD) divided by the square root of the sample size. For
encounter rate, the rate per day was calculated, and the sample variance of these rates,
weighted by daily effort was used following the empirical method described by Bur_nham
et al. (1980). The SE for the effective search half-width was obtained using likelihood
methods, via the information matrix. A similar analysis was carried out for each
stratification factor. As these factors are confounded with each other and the above
approach ignores interactions between them, analyses were supplemented by .knov.vledge
of likely effects of the different factors on the three components of estimation to
determine an appropriate stratification (see below).

Abundance within strata
Within a stratum the abundance N was estimated by (Burnham et al., 1980)

N = _”LO)‘S_'_’LL, (1)
2L
with
PSR var(n) var{f(0)} var(s)
var(N)_Nz.[ —— OIE t— ] )
where

n = number of sightings after truncation,

f(0) = estimated probability density of perpendicular distances, evaluated at zero,
§ = mean group size,

L = distance covered by the vessel while on effort,

A = size of the area containing the population of N animals.

The encounter rate is then defined as n/L and the effective search half-width is 1/f(0).

Where abundance estimates were combined across strata for which a common value of
f(0) was assumed, the variance of the combined estimate was calculated allowing for the
covariance between the individual estimates. If instead the individual abundance
estimates were assumed to be independent, variances would be underestimated.

When the coefficient of variation (CV) of an abundance estimate N is large, a poor,
possibly negative, lower confidence limit can be obtained if the estimate is assumed to be
normally distributed. Here, N was assumed to have a log normal distribution and a 95%
confidence interval was estimated using the method of Burnham et al. (1987, p.212):

(NIC , N . C) 3)
where
C = exp [1.96. V{var(log, N)}] (4)

var (log,N) = log, [1 + '\Eﬁ(zﬁ] .

and

Treatment of aggregations
Pilot whales often occur in large, loose aggregations of subgroups. For all cruises but one,
the whole aggregation was treated as a single sighting. In 1987, vessel Ke recorded data by
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subgroup, making it possible to estimate abundance treating aggregations two ways: first
by taking subgroups as schools, and second by taking the aggregation as the school,
located at the recorded position of the first subgroup detected. By taking the ratio of the
estimate from the first method to that from the second, a correction factor was obtained.
An SE and confidence interval for the correction factor were found by segregating the
sightings and effort data by day, block, Beaufort and cloud cover category, bootstrapping
from the resulting units, and applying the two estimation methods to each of 399 bootstrap
replicates. This yields 399 estimates of the correction factor; their SD is an estimate of the
SE of the correction factor, and the tenth smallest and tenth largest estimates provide a
95% ‘percentile’ confidence interval.

RESULTS

Distribution
The distribution of sightings is given in Figs 1-3.

Abundance
The effects of Beaufort on parameter estimates are summarised in Table 1. The effective
search half-width did not vary significantly with Beaufort category. Indeed, the estimated
width was greater at higher Beaufort, the reverse of what might be expected and thus it
seems reasonable to assume that the effective search half-width is independent of sea state
for these data. There was some evidence that encounter rate varied with Beaufort, but the
results were inconsistent, with low encounter rates at Beauforts 0 and 5, and high
encounter rates at Beauforts 2 and 3. This probably occurred because the geographic areas
with high densities of pilot whales were predominantly surveyed during Beauforts 2 and 3
while Beauforts 0 and 5 were recorded mostly in areas of low density. There was no
indication of variation in mean school size with Beaufort. Thus, data were pooled across
Beaufort for all subsequent analyses.

Parameter estimates are shown by block in Table 2. Sample sizes were too small to allow
stratification of effective search half-width by block. There was strong evidence of
differences in encounter rates among geographic blocks. Small sample size does not rule

Table 1

Number of sightings (after truncation but before smearing), effective search half-width, encounter

rate and mean school size by sea state, Icelandic pilot whale data, NASS-89. Standard errors in

parentheses. Values in the same column with different superscript letters differ significantly

(»<0.05). Thus the encounter rates at Beauforts 2 and 3 were significantly higher than those at
Beauforts 0 and 5, but no other differences in this table were significant.

Number of Effective search Encounter rate Mean school
Beaufort sightings, n half-width (nm) (schools/100nm) size, S

0 1 0.31 (0. 39) b 7.0( -

1 12 0.140 (0 114) 1.10 (0. 71)b 243 (8. 0)

2 34 0.113 (0. 062) 1.95 (0. 56)b 29.4 (6. 4)

3 28 0.207 (0. 072) 1.59 (0.35) b 19.9 (2. 7)

4 10 0.268 (0.136) 0.72 (0. 40) 32.6 (9. 9)

5 1 - 0.08 (0. 13) ub 100.0 ( -

6 4 - 0.62 (0. 46) 24.0 (6. 3)
0-2 47 0.113 (0. 053) 1.48 (0. 36) 27.7 (5. 1)
3.6 43 0.221 (0. 063) 0.84 (0. 14) 25.1 (3. 5)
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Table 2

Number of sightings (after truncation but before smearing), encounter rate and mean school size

by area, pilot whale data, NASS-89. Standard errors in parentheses. Values in the same column

with different superscript letters differ significantly (p <0.05). Sample sizes were too small to
calculate effective search half-width by block.

Number of Encounter rate Mear} scllool
Nationality Block sightings, n (schools/100nm) size, §

ab a

Icelandic 36 16 1.50 (0.35) 23.1( 3.9)
40 10 1.32 (0.49)™° 17.0 ( 3.8):

50 25 2.24(0.55)° 31.8( 8.1)

60 3 0.33 (0.20)" 833 (32.8)

70 7 0.81 (0.30), 19.0 ( 4.3)°

88 9 0.80 (0.40)* 21.7( 5.7)

93 2 0.53 (0.28) 50( 0.0)

94 9 1.18 (0.41)" 279 (102’

95 9 0.76 (0.28) 228 ( 6.6)

Faroese 10 11 0.70 (0.28) 13.5( 5.1)
Spanish 21 15 0.92 (0.28); 17.7( 6.2)"
22 4 0.22 (0.09) 10.0 ( 3.5)

out valid estimation of encounter rate and mean school size by block and so we stratified
by block for those two parameters. This yields more reliable abundance estimates by block
than does an unstratified analysis in which the total abundance estimate is proportioned by
block area, although precision may be poor for individual block estimates.
Stratification by block also effectively stratifies the data by vessel, because most blocks
were surveyed largely or entirely by a single vessel. As the effective search half-width was
not stratified by block, it was necessary to determine whether it should be stratified by
vessel. Table 3 shows that there were no significant differences between Icelandic vessels,
although the effective search half-width for vessel Hv9 was just a quarter of that for vessel
Sk. When the effective search half-width was stratified by vessel, an estimate of 538,000
(CV=0.339) was obtained for the area surveyed by Icelandic vessels in 1989. With no
stratification the estimate was 611,000 (CV=0.354). A chi-squared test for differences in
the observed perpendicular distance distribution between vessels also proved non-
significant, and thus data were pooled across vessel for subsequent estimation of effective
search half-width. However, the effective search half-width was stratified by nationality,
as different nations used different vessel types and survey methods. A plot of the fitted
detection curve for the pooled data from Icelandic vessels in 1989 is shown in Fig. 4a.
The distribution of school size was highly skewed (Table 4). Although large schools
influence the final abundance estimate appreciably, too few were detected to allow
satisfactory stratification. Parameter estimates are shown by school size in Table 5. School
size intervals of 1-10, 11-45 and >45 animals were selected. The first cutpoint was selected
because it split the number of schools of at most 45 animals into two groups of equal
sample size. The value of 45 was selected because it provided a sample size for ‘large
schools’ that was just sufficient to allow estimation of effective search half-width, and
because there was no natural break in recorded school sizes below this value. No
significant differences in the effective search half-width were found by school size. The
smallest estimated effective search half-width was for small schools, as might be expected.
However, estimated correlation between school size and (untruncated) perpendicular
distance of the school from the trackline was very close to zero (r=0.012; p >0.1) while the



REP. INT. WHAL. COMMN (SPECIAL ISSUE 14) 1993

41

=3 @ | ~] f (o)
[ - ;.
® ]
S < ng S - ;;}:r ~.
© @ N5
o ‘\ () ) -v-\ 7
2
12 (o.-— o ~ .
gﬂ \ ° T~ 7
\8 ;-4 = > o
o ] 6 -
© i ~o. - 19 g
0.1 02 03 04 05 06 01 02 03 0.4 05 0.6
N 4
v 3 d
i © ] o] & @
oll A
‘? - 3\\ ,O;- -=4
3‘947\ 111
g o \ @© \
Q \ o’ -
o V4 \
Q O . A\l (D \
g ‘13 (] ﬁ \
'8 Q:_ < 171 )
a° \ o \
8w | \
o ™ N :
< - 2 (o] ~ ~ . 1
L] hJ \J Y T l. = T v v r—l - l~ = " -]
0.1 02 03 04 05 0.6 01 02 03 04 05 06
Perpendicular distance (n.miles)
h (e)
un
N
‘-_ (a) Icelandic vessels, NASS-89
9 (b) Icelandic vessels, NASS-87
- (c) Spanish vessel, NASS-89
{114-~. (d) Faroese vessel, NASS-89
RIHE P (e) Faroese vessel, NASS-87
(w]
a
] A
N N
Nq
(= ‘\

01 02 03 04 05 06

Perpendicular distance (n.miles)

Fig. 4. Fits of the hazard rate model to the pooled perpendicular distance data.



42 BUCKLAND et al.: ABUNDANCE IN THE NORTH ATLANTIC

Table 3

Number of sightings (after truncation but before smearing), effective search half-width, encounter
rate and mean school size by vessel, pilot whale data, NASS-89. Standard errors in parentheses.
Values in the same column with different superscript letters differ significantly (p<0.05).

Number of Effective search Encounter rate Mean sc_l_lool

Vessel sightings, n half-width (nm) (schools/100nm) size, s

Sk 31 0.323 (0. 137) 1.38 (0. 33) 32.6 (7. 3)
AF 24 0.157 (0. 092) 0.81 (0. 21) 19.2 (4. 2)
Hv8 21 0.150 (0. 053) 1.32 (0. 44) 25.7 (3.4)a
Hv9 14 0.087 (0. 058) 0.97 (0. 27) 26.1 (7.6)
All Icelandic 90 0.163 (0. 047) 1.09 (0. 17)043 26.4 (3. 1)
Faroese 11 0.214 (0. 078) 0.70 (0. 28) 13.5 (5. 1)
Spanish 19 0.156 (0. 052) 0.55 (0. 15) 16.1 (5. 0)

Table 4

School sizes (after truncation but before smearing), Icelandic pilot whale data, NASS-89.

Schoolsize  1-10 11-20 21-30 31-40 41-50 51-70 7190 91-120  121-150
Frequency 38 16 15 7 4 1 3 4 2

Table 5

Number of sightings (after truncation but before smearing), effective search half-width and
encounter rate by school size, Icelandic pilot whale data, NASS-89. Standard errors in
parentheses. Values in the same column with different superscript letters differ significantly

(p<0.05).
Number of Effective search Encounter rate
School size sightings, n half-width (nm) (schools/100nm)
1-10 38 0.143 (0. 043) 0.44 (0. 11)
11-45 38 0.272 (0. 108) 0.47 (0. 08)
>45 14 0.232 (0.158)* 0.18 (0. 04)

estimated correlation between log school size and perpendicular distance was in fact
negative (r = -0.045; p>0.1). Given no indication of a relationship between school size
and perpendicular distance, subsequent analyses were not stratified by school size.

Abundance estimates under the preferred analysis method are given in Tables 6-8.
Plots of the fitted detection curves for the pooled data from Icelandic vessels in 1987, for
Faroese 1987 and 1989 data, and for Spanish 1989 data are shown in Figs 4b-e.

The abundance estimate from the Icelandic NASS-89 data is high relative to the
estimate from NASS-87 data. This arises both because high abundance estimates were
obtained for the southern blocks, which were not covered in 1987, and because estimated
abundance was higher on average in 1989 for blocks covered in both surveys. The surveys
were carried out earlier in the summer in 1987 than in 1989, so it is possible that more
animals are present in the blocks covered in both surveys in late summer. Comparison of
Tables 3 and 9 shows that estimated effective search half-widths were narrower for 1989



REP. INT. WHAL. COMMN (SPECIAL ISSUE 14) 1993

Table 6
Abundance estimates by block, Icelandic pilot whale data, NASS-87 and NASS-89.

Number of Size of Abundance ~ 95% confidence

Year  Block  sightings,n  block (nmz) estimate, N CV(N) interval
1987 1 1 2542.1 136 1.079 (24, 763)
2 1 189263 271 0.594 (92, 796)
7 11 75215.1 4651 0.814 (1149, 18819)
36 6 441725 5753 0.707 (1651, 20051)
88 12 59848.0 11325 0.577 (3960, 32388)
93 15 21760.7 17339 0.608 (5774, 52066)
94 10 460924 14147 0.781 (3656, 54744)
95 1 69396.1 4240 0.778 (1101, 16326)
All 57 337953.2 57864 0.362 (29074, 115164)
1989 36 16 441725 47195 0.408 (21857, 101904)
40 10 107842.0 74503 0.522 (28484, 194869)
50 25 99750.0 217950 0.458 (92611, 512923)
60 3 131458.0 112138 0.777 (29157, 431288)
70 7 88571.0 42109 0.523 (16052, 110461)
88 9 59848.0 31889 0.633 (10215, 99549)
93 2 21760.7 1783 0.597 (604, 5260)
94 9 46092.4 46786 0.579 (16314, 134171)
95 9 69396.1 37026 0.550 (13528, 101340)
All 90 668890.7 611378 0.354 (312023,1197933)

Table 7
Abundance estimates by block, Faroese pilot whale data, NASS-87 and NASS-89.

Number of Size of Abundance " 95% confidence

Year  Block sightings,n  block (nmz) estimate, N CV(N) interval
1987 17 15 29599 55112 0.521 (21108, 143895)
37 1 69394 4275 0.880 (968, 18871)
47 3 73492 5392 0.732 (1495, 19453)
All 19 172485 64779 0.454 (27752, 151209)
1989 10 5 195560 26122 0.689 (7702, 88593)
20 6 40625 22887 0.898 (5068, 103357)
All 11 236185 49009 0.614 (16186, 148389)

Table 8
Abundance estimates by block, Spanish pilot whale data, NASS-89.

Number of Size of Abundancg - 95% confidence

Year Block sightings, n block (nmz) estimate, N CV(N) interval
1989 21 15 244390 128080 0.571 (45241, 362604)
22 4 170900 12235 0.633 (3924, 38148)

All 19 415290 140316 0.541 (52015, 378518)
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Table 9

Number of sightings (after truncation but before smearing), effective search half-width, encounter
rate and mean school size by vessel, pilot whale data, NASS-87. Standard errors in parentheses.
Values in the same column with different superscript letters differ significantly (p <0.05).

Number of Effective search Encounter rate Mean scllool
Vessel sightings, n half-width (nm) (schools/100nm) size, §
Sk 30 0.532 (0.097)° 0.96 (0.27): 31.3 (9.3)°
AF 3 - 0.25 (0'09)a 7.7 (2.6),
Ke 24 0.264 (0.130)° 0.70 (0.21) 13.9 (4.3)
All Icelandic 57 0.438 (0.094)" 0.74 (0.14)° 22.7 (5.3)‘;
Faroese 19 0.234 (0.023)p 0.41 (0.17) 102.0(22.6)

than 1987, leading to higher abundance estimates. Only vessel Sk detected sufficient pilot
whales in both surveys to allow estimation of effective search half-widths by vessel, and
these were high relative to other vessels. The estimated search width for vessel Sk was
higher in 1987 than in 1989, but the difference was not significant. For the Icelandic data,
mean school size was low in 1987 relative to 1989, except for vessel Sk. On average,
encounter rates for Icelandic vessels were lower in 1987 than in 1989. If Icelandic blocks
40, 50, 60 and 70 and both Spanish blocks are excluded from analyses, so that the 1989
estimate is broadly comparable with the total estimate from Icelandic and Faroese data,
the 1989 estimate is 191,000 animals (CV=0.330), compared with 123,000 animals
(CV=0.294) for 1987. These estimates do not differ significantly (p>0.1), so that the
observed large differences in abundance estimates for 1987 and 1989 might be explained
largely or wholly by the wider area included in the 1989 analyses. If abundance estimates
from Icelandic, Faroese and Spanish data are summed, excluding the estimate for Faroese
block 20, which is largely within Icelandic block 88, the total abundance for the entire area
surveyed during NASS-89 is estimated as 778,000 animals (CV=0.295).

DISCUSSION

General distribution

This is the first time a synoptic view of the entire area has been obtained. The geographical
distribution found during the surveys is well in accordance with earlier published
observations. For example Christensen (1977) reported a number of sightings off East
Greenland from May-August 1974 and a single sighting southwest of Iceland. During a
cruise in June-July 1981 at East Greenland and west of Iceland, Sigurjénsson (1983)
encountered no pilot whales off Greenland, but observed 16 groups at the edge of the
continental shelf and in deep waters west of Iceland. Martin et al. (1984) covering the
latter area in 1982, located 5 groups of pilot whales. Sigurjonsson (1985) reported two
sightings of pilot whales along the East Greenland coast in August 1993, but no animals
were observed in any of the deep and shallow water areas covered around Iceland.

In the waters southwest of Iceland sightings of significant numbers of animals were
made in both years. The clumped distribution in 1987 is due to unfavourable sightings
conditions. The area at the continental edge south of Iceland was the only one resulting in
sightings of pilot whales in extensive aerial surveys conducted in Icelandic coastal waters in
June-July 1986 (3 sightings of 60 animals) and 1987 (7 sightings of 103 animals),
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respectively (Gunnlaugsson et al., 1988; Donovan and Gunnlaugsson, 1989). Brown
(1961) and McBrearty et al. (1986) had reported a number of summer sightings of pilot
whales in deep waters farther south of Iceland, as was found in 1989.

The waters to the north, northeast and east of Iceland were covered under relatively
good sightings conditions and the absence of pilot whales is in agreement with earlier
surveys in these areas (Sigurjonsson, 1983; 1985; Martin et al., 1984; Gunnlaugsson et al.,
1988; Donovan and Gunnlaugsson, 1989). Christensen’s (1977) single sighting of 10
animals off Langanes, Northeast Iceland, in June 1974 is thus the only sighting so far of the
species that far north in these waters. His summary of catches by Norwegian whalers
(Christensen, 1975) shows a small number of takes east of Iceland and around Jan Mayen,
proving the presence, although in small numbers, of this species in these waters.

A considerable number of sightings were made to the southeast of Iceland in both years.
The only previously published sighting was a single group reported by Martin et al. (1984).
The area further to the southeast, i.e. southwest of the Faroe Islands, had in 1987 by far
the greatest occurrence of the species as one might expect given the ongoing fishery in
Faroese waters. The fewer sightings in the area in 1989 reflect the level of primary effort
and the cruise track. Evans (1980; 1987) reported sightings in the area between the Faroe
Islands and the coast of Scotland. The relatively few sightings made during this survey
west of Ireland and Great Britain are in conformity with Evans’ (1987) observations of
relatively low abundance in this area compared to the northernmost area of Scotland.

No pilot whales were seen in 1987 on the Norwegian survey vessels nor during the
Norwegian aerial survey, which covered the Norwegian Sea northeast of our study area,
the Norwegian coast and the Barents sea (Qritsland et al., 1989), while only five groups
were seen in 1989 (@ien, pers. comm.). This indicates that the species is scarce in the
northernmost regions of the northeast Atlantic as also indicated by Christensen’s (1977)
summary of observations made in the different parts of North Atlantic (no pilot whales
reported), although McBrearty ef al. (1986) reported two sightings off North Norway.

In 1987, eleven sightings of 123 animals were made on board the Spanish survey vessel
surveying south of 52°N, west of the British Isles and in the Bay of Biscay (Lens et al.,
1989), which is in accordance with earlier surveys by Spanish scientists (Aguilar et al.,
1983; Sanpera et al., 1984; 1985; Sanpera and Jover, 1986) and from stranding records on
the French coast. All were identified as long-finned pilot whales. The survey extended
further to the west in 1989 and pilot whales were encountered throughout the area.

Abundance estimate

We regard our estimate of 778,000 (CV=0.295) as the best available estimate of the total
stock of long-finned pilot whales in the northeastern Atlantic in summer. As explained in
the Results section, the estimates from NASS-87 are lower. Our analyses of Icelandic and
Faroese NASS-87 data yield a total estimate of 123,000 animals (CV=0.294). This is
comparable with an estimate of 104,000 animals (CV=0.3), derived from estimates of
72,000 (CV=0.4) from Faroese NASS-87 data and 31,900 (CV=0.3) from Icelandic
NASS-87 data given by Bloch er al. (1989b).

Estimates from the northwestern Atlantic are substantially lower than our estimate.
Hay (1982) estimated some 13,000 animals from an aerial survey of the Newfoundland
area whilst Payne er al. (1993), concluded that there were 10,000-12,000 off the
Northeastern coast of the USA. During the aerial survey off West Greenland in 1987, 460
pilot whales were sighted in 18 groups (Larsen et al., 1989), indicating substantial
occurrence of the species during the survey period. Although no pilot whales had been
observed in earlier aerial surveys (in 1983, 1984 and 1985) in the same area, subsequent
surveys have regularly encountered pilot whales. Their seasonal occurrence has also been
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reported by Christensen (1975; 1977) and Kapel (1975). However no population estimates
exist for the area.

Possible biases

There are several potential biases in the abundance estimates. For example, for many
schools detected by Icelandic vessels in 1989, no best estimate of school size was recorded.
We adopted the conservative approach, using the low estimate when no best estimate was
recorded. This gave an abundance estimate from Icelandic data of 611,000 animals (Table
6). If instead the mean of the low and high estimates is used, the corresponding estimate of
abundance is 691,000 animals (CV=0.353).

Another source of potential bias is the assumption that all pilot whales on the trackline
were detected (g(0)=1). Although pilot whales can dive for up to one hour, Mate (1989)
observed that a satellite-monitored radio tagged pilot whale averaged a dive time of 40
seconds. The distance travelled by a sightings vessel in 40 seconds is less than 300m, and
pilot whales usually travel in groups that are not entirely synchronised, so that sighting
cues occur more frequently than the surfacing rate of a single animal. Thus it seems likely
that most pilot whales near the trackline and with a similar surfacing rate to that observed
by Mate will be seen, and that g(0) for pilot whale groups will be close to unity. However,
pilot whales sometimes show synchronous deep diving behaviour, and in the absence of
adequate information on this behaviour, the possibility remains that a significant
proportion of animals near the trackline remains undetected.

Perhaps more serious is the potential positive bias in estimates arising because of the
method of recording large, loose aggregations of pilot whales. The first detected subgroup
of such an aggregation, and hence the aggregation itself, will tend to be recorded closer to
the trackline than the centre of gravity of the aggregation (which may explain why no
correlation between school size and perpendicular distance was found) and mean school
size will be overestimated, since large aggregations, occupying a substantial area, are
more likely to be detected than small schools. We endorse strongly the recommendation
of Bloch er al. (1989b), that ‘as far as practical, every subgroup must be individually
recorded and group sizes assessed (preferably while in passing or delayed closing mode)
without any extrapolations.’ It does not matter that the whole aggregation is not counted,
provided most subgroups near the trackline are detected, and their sizes are estimated
with reasonable accuracy. Provided robust methods of variance estimation are used, to
take account of the strong clustering of subgroups, the analysis should be substantially less
biased than an analysis based on aggregations. Using the data from vessel Ke in 1987,
which were recorded in this way, a correction factor of 0.824 (CV=0.257; 95% confidence
interval [0.330, 1.191]) was obtained. Although the confidence interval includes unity (no
correction), it also extends as low as one third, corresponding to a reduction to one third of
the uncorrected abundance estimate. The correction factor is an alternative to the solution
adopted by Bloch ez al. (1989b), who reduced Faroese school size estimates exceeding 100
animals to exactly 100, and Icelandic estimates exceeding 150 animals to exactly 150, in an
attempt to reduce the bias caused by recording large schools too close to the trackline. At
present, the correction factor is not applied, as it is unclear whether a correction calculated
from data for vessel Ke in 1987 is appropriate for other vessels in either 1987 or 1989.

The counts of school size introduce another potential source of bias, especially when
vessels operate in passing mode, when underestimation might be anticipated (Blochetal.,
1989b). The decision whether to close with a sighting was made when animals were
detected, and larger schools were more likely to be closed with. Thus it is not possible to
associate effort with either mode, and mean school size during passing mode cannot be
estimated by the observed mean size in closing mode. In future surveys, it might be
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advisable to determine in advance whether effort is to be carried out in passing mode or
closing mode with respect to pilot whales, so that school size estimates from the two modes
can be compared. The possibility of using a helicopter to confirm estimates at least for a
proportion of schools might also be considered.

ACKNOWLEDGEMENTS

The authors are grateful to the many individuals that made the NASS-87 and NASS-89
surveys possible, in particular the many observers and cruise leaders onboard the Faroese,
Icelandic and Spanish survey vessels, who contributed so much to this study. We also
thank David Elston of SASS and Greg Donovan of the IWC for reviewing the paper, and
the referees for their constructive comments.

REFERENCES

Aguilar, A., Grau, E., Sanpera, C., Jover, L. and Donovan, G.P. 1983. Report of the ‘Ballena 1’ whale
marking and sighting cruise in the waters off western Spain. Rep. int. Whal. Commn 33:649-55.

Anonymous. 1987a. Report of the North Atlantic sighting survey planning meetings February 18-19 and
March 21-22 1987. Paper SC/39/0 14 presented to the IWC Scientific Committee, June 1987
(unpublished). 19pp.

Anonymous. 1987b. Report of the third planning meeting of the 1987 North Atlantic Sightings Survey.
Report prepared by the NASS-87 planning group, Bournemouth, June 1987. Mimeo, 5pp.

Anonymous. 1988. Report of the 1st planning meeting of NASS-89. Report prepared by NASS-89
Planning Group, October 1988. Mimeo, 3pp.

Anonymous. 1989a. Report of the 2nd Planning Meeting of the North Atlantic Sightings Survey (NASS-
89), Copenhagen, December 12-13 1988. Paper SC/41/0 2 prescnted to the IWC Scientific Committee,
May 1989 (unpublished). 11pp.

Anonymous. 1989b. Report of the 3rd Planning Meeting of the North Atlantic Sightings Survey (NASS-
89), San Diego 28 May-1 June 1989. Report prepared by NASS-89 Planning Group, June 1989 (Mimeo).

Bloch, D., Desportes, G. and Jean, P. 1989a. Pilot whaling in the Faroe Islands, July 1986-July 1988. North
Atl. Stud. 2(1-2):3644.

Bloch, D., Gunnlaugsson, T., Hoydal, K. and Sigurjénsson, J. 1989b. Distribution and abundance of pilot
whales (Globicephala melas) in the northeast Atlantic in June-August 1987 based on shipboard sightings
surveys. Paper SC/41/SM10 presented to the IWC Scientific Committee, May 1989 (unpublished). 16pp.

Brown, S.G. 1961. Observations of pilot whales (Globicephala) in the North Atlantic Ocean. Norsk
Hvalfangsttid. 50(6):225-54.

Buckland, S.T. 1985. Perpendicular distance models for line transect sampling. Biometrics 41:177-95.

Buckland, S.T. 1987. An assessment of the performance of line transect models for fitting IWC/IDCR
cruise data, 1978/79 to 1984/85. Rep. int. Whal. Commn 37:277-9.

Buckland, S.T. and Anganuzzi, A.A. 1988. Comparison of smearing methods in the analysis of minke
sightings data from IWC/IDCR Antarctic cruises. Rep. int. Whal. Commn 38:257-63.

Burnham, K.P., Anderson, D.R. and Laake, J.L. 1980. Estimation of density from line transect sampling
of biological populations. Wildl. Monogr. 72:1-202.

Burnham, K.P., Anderson, D.R., White, G.C., Brownie, C. and Pollock, K.H. 1987. American Fisheries
Society Monographs. No. 5. Design and Analysis Methods for Fish Survival Experiments Bused On
Release-Recapture. American Fisheries Society, Bethesda, Maryland. x+437pp.

CeTAP. 1982. A Characterization of Marine Mammals and Turtles in the Mid— And North Atlantic Areas of
the US Outer Continental Shelf. Cetacean and Turtle Assessment Program, University of Rhode Island.
450pp. Report to the US Bureau of Land Management, Washington DC, Contract no. AA551-CTB-48.

Christensen, 1. 1975. Preliminary report on the Norwegian fishery for small whales: expansion of
Norwegian whaling to Arctic and northwest Atlantic waters, and Norwegian investigations of the biology
of small whales. J. Fish. Res. Board Can. 32(77):1083-94.

Christensen, 1. 1977. Observations of whales in the North Atlantic. Rep. int. Whal. Commn 27:388-99.

Desportes, G. 1983. Repartition de Globicephala melaena au large des cotes frangaises ¢t relation avec le
regime alimentaire. Paper C.M. 1983/N:6 presented to the Marine Mammal Committee of 1CES,
Goteborg 1983 (unpublished) 4pp. [In French with English summary].

Donovan. G.P. and Gunnlaugsson, T. 1989. North Atlantic Sightings Survey 1987: report of the aerial
survey off Iceland. Rep. int. Whal. Commn 39:437-41.



48 BUCKLAND et al.: ABUNDANCE IN THE NORTH ATLANTIC

Evans, P.G.H. 1980. Cetaceans in British Waters. Mammal Rev. 10(1):1-52. )

Evans, P.G.H. 1987. Status changes of the long-finned pilot whale (Globicephala melaena) in Britl_sh and
Irish waters. Paper SC/39/SM25 presented to the IWC Scientific Committee, June 1987 (unpublished).
13pp.

Fraser, F.C. 1974. Report on cetacea stranded on the British coasts from 1948 to 1966. Br. Mus. (Nat.
Hist.) Publ. 14:1-64.

Gunnlaugsson, T., Sigurjonsson, J. and Donovan, G.P. 1988. Aerial survey of cetaceans in the coastal
waters off Iceland, June-July 1986. Rep. int. Whal. Commn 38:489-500.

Hay, K. 1982. Aerial line-transect estimates of abundance of humpback, fin, and long-finned pilot whales
in the Newfoundland-Labrador area. Rep. int. Whal. Commn 32:475-86.

Hiby, A.R., Martin, A.R. and Fairfield, F. 1984. IDCR cruise/aerial survey in the North Atlantic 1982:
Aerial survey report. Rep. int. Whal. Commn 34:633-44.

Hoydal, K. 1986. Data on the long-finned pilot whale, Globicephala melaena, in Faroe waters, and an
attempt to use the 274 years time series of catches to assess the state of the stock. Paper SC/38/SM7
presented to the IWC Scientific Committee, May 1986 (unpublished). 16pp.

Hoydal, K. 1987. At meta grindastévnin. Fiskirannsoknir 4:90-100.

Joensen, J.S. and Zachariassen, P. 1982. Grindatgl 15841640 og 1709-1978. Fréaskaparrit 30:71-102. [In
Faroese].

Joyce, G.G., Desportes, G. and Bloch, D. 1990. The Faroese NASS-89 Sightings Cruise. Paper SC/42/0 11
presented to the Scientific Committee, June 1990 (unpublished). 10pp.

Kapel, F.O. 1975. Preliminary notes on the occurrence and exploitation of smaller Cetacea of Greenland.
J. Fish. Res. Board Can. 32(7):1079-82.

de Kock, L.L. 1956. The pilot whale stranding on the Orkney Island of Westeray, 1955. Scotr. Nat.
68(2):63-70.

Larsen, F. 1984. Preliminary report of a survey for large cetaceans off West Greenland, 1983. Paper SC/36/
O 8 presented to the IWC Scientific Committee, May 1984 (unpublished). 13pp.

Larsen, F. 1985. Preliminary results of an aerial survey off West Greenland, 1984. Paper SC/37/0 19
presented to the IWC Scientific Committee, June 1985 (unpublished). 11pp.

Larsen, F. 1986. Preliminary results of an aerial survey off West Greenland, 1985. Paper SC/38/0 12
presented to the IWC Scientific Committee, May 1986 (unpublished). 11pp.

Larsen, F., Martin, A.R. and Nielsen, P.B. 1989. North Atlantic Sightings Survey 1987: report of the West
Greenland aerial survey. Rep. int. Whal. Commn 39:443-6.

Lens, S. 1991. North Atlantic Sightings Survey 1989: Report of the Spanish Cruise. Rep. int. Whal. Commn
41:539-43.

Lens, S., Quiroga, H. and Gil de Sola, L. 1989. Report of the cruise undertaken by Spain as part of the
North Atlantic sightings survey, 1987. Rep. int. Whal. Commn 39:423-5,

Martin, A.R., Hembree, D., Waters, T.D. and Sigurjonsson, J. 1984. IDCR cruise/aerial survey in the
north eastern Atlantic 1982: cruise report. Rep. int. Whal. Commn 34:645-53.

Martin, A.R., Reynolds, P. and Richardson, M.G. 1987. Aspects of the biology of pilot whales
(Globicephala melaena) in recent mass strandings on the British coast. J. Zool. (Lond.) 211:11-23.
Mate, B. 1989. Satellite-monitored radio tracking as a method for studying cetacean movements and

behaviour. Rep. int. Whal. Commn 39:389-91.

McBrearty, D.A., Message, M.A. and King, G.A. 1986. Observations on small cetaceans in the north-east
Atlantic Ocean and the Mediterrancan Sea: 1978-1982. pp. 225-49. In: M.M. Bryden and R. Harrison
(eds.) Research on Dolphins. Clarendon Press, Oxford.

Mercer, M.C. 1975. Modified Leslie-DeLury population models of the long-finned pilot whale
(Globicephala melaena) and annual production of the short-finned squid (Illex illecebrosus) based upon
their interaction at Newfoundland. J. Fish. Res. Board Can. 32(7):1145-54.

Mitchell, E. 1975a. IUCN Monograph. No. 3. Porpoise, Dolphin and Small Whale Fisheries of the World:
Status and Problems. International Union for Conservation of Nature and Natural Resources, Morges,
Switzerland. 129pp.

Mitchell, E. 1975b. Report of thc Mecting on Smaller Cctaceans, Montreal April 1-11, 1974. J. Fish. Res.
Board Can. 32(7):889-983.

Miiller, H.C. 1882. Whale fishing in the Faroc Isles. Fish and Fisheries. Prize Essays of the International
Fisheries Exhibition, Edinburgh: 1-16.

Qien, N. and Christensen, 1. 1985. A sighting survey for minke whales in the Barents Sea in 1984 (with a
preliminary report of the 1985 survey). Paper SC/37/Mi3 presented to the IWC Scientific Committee.,
June 1985 (unpublished). 18pp.

O’Riordan, C.E. 1975. Long-finned pilot whales, Globicephala melaena, driven ashore in Ireland, 1800-
1973. J. Fish. Res. Board Can. 32(7):1101-3.



REP. INT. WHAL. COMMN (SPECIAL ISSUE 14) 1993 49

Oritsland, T., @ien, N., Calambokidis, J., Christensen, 1., Cubbage, J.C., Hartvedt, S., Jensen, P.M.,
Joyce, G.G., Tellnes, K. and Troutman, B.L. 1989. Norwegian whale sightings surveys in the North
Atlantic, 1987. Rep. int. Whal. Commn 39:411-5.

Payne, P.M., Heinemann, D.W. and Waring, G.T. 1993. The distribution of pilot whales (Globicephala
spp.) in shelf/shelf-edge and slope waters of the northeastern United States, 1978-1988. (Paper
published in this volume.)

Sanpera, C. and Jover, L. 1986. Results of the ‘Ballena 4’ fin whale sighting cruise. Rep. int. Whal. Commn
36:253-5.

Sanpera, C., Aguilar, A., Grau, E. and Jover, L. 1984. Report of the ‘Ballena 2° whale marking and
sighting cruise in the Atlantic waters off Spain. Rep. int. Whal. Commn 34:663—-6.

Sanpera, C., Grau, E., Jover, L., Recasens, E., Aguilar, A. and Olmos, M. 1985. Report of the ‘Ballena 3’
fin whale marking and sightings cruises off Spain, 1983. Rep. int. Whal. Commn 35:495-7.

Sergeant, D.E. 1986. Possible connection of pilot whales (Globicephala melaena) populations at
Newfoundland and the Faroe Islands. Paper SC/38/SM9 presented to the IWC Scientific Committee,
June 1986 (unpublished). 6pp.

Sheldrick, M.C. 1976. Trends in the strandings of Cetacea on the British coasts 1913-72. Mammal Rev.
6(1):15-23.

Sigurjonsson, J. 1983. The cruise of the Ljosfariin the Denmark Strait (June-July 1981) and recent marking
and sightings off Iceland. Rep. int. Whal. Commn 33:667-82.

Sigurjénsson, J. 1985. Sightings survey in the Irminger Sea and off Iceland in 1983. Rep. int. Whal. Commn
35:499-503.

Sigurjonsson, J., Gunnlaugsson, T. and Payne, M. 1989. NASS-87: Shipboard sightings surveys in
Icelandic and adjacent waters June-July 1987. Rep. int. Whal. Commn 39:395-409.

Sigurjénsson, J., Gunnlaugsson, T., Ensor, P., Newcomer, M. and Vikingsson, G. 1991. North Atlantic
Sightings Survey 1989 (NASS-89): shipboard surveys in Icelandic and adjacent waters July-August 1989.
Rep. int. Whal. Commn 41:559-72.






The Distribution of Pilot Whales (Globicephala spp.)
in Shelf/Shelf-edge and Slope Waters of the
Northeastern United States, 1978-1988

P. Michael Payne! and Dennis W. Heinemann?

Marine Mammal and Seabird Studies, Manomet Bird Observatory, Box 936,
Manomet, Massachusetts 02345, USA

ABSTRACT

The spatial and temporal distribution of pilot whales (Globicephala spp.) in shelf/shclf-edge
and slope waters of the northeastern United States is described from 1,033 sightings collected
during standardized aerial and shipboard surveys (1978-88). Two species of Globicephala,
the long-finned (G. melas) and the short-finned pilot whale (G. macrorhynchus) occur in the
study area. The long-finned pilot whale is the most widespread and abundant. Seasonal
movements and distribution of G. melas coincide most closely with the abundance of the
long-finned squid (Loligo pealei) and Atlantic mackerel (Scomber scombrus). During late-
winter and spring the distribution of pilot whales generally follows the shelf-cdge/slope
region between the 100m and 2.000m contours. This corresponds to a general movement
northward and onto the shelf from deeper, slope waters. During late-summer and fall the
pilot whale sighting distribution is more widespread throughout the shelf.

Two distinct clusters of pilot whale sightings occur in shelf-edge/slope waters of the
northeastern United States, May-December. A northward cluster (likely G. melas) is
centred north of 40°0'N (in the Great South Channel-Georges Bank regions). The second
cluster of pilot whale sightings occurs in the Mid-Atlantic (south of 38°30'N) at this time, and
is considered to be G. macrorhiynchus.

KEYBOARDS: PILOT WHALE-LONG-FINNED; PILOT WHALE-SHORT-FINNED:;
NORTH ATLANTIC; SURVEY-AERIAL: SURVEY-SHIP: DISTRIBUTION;
FEEDING; SQUID; FISH

INTRODUCTION

Since 1978 there have been two large-scale surveys of cetaceans throughout the shelf
waters of the northeastern United States. The Cetacean and Seabird Assessment Program
was conducted by the Manomet Bird Observatory from May 1980 through December
1988. These shipboard surveys were designed to provide the National Marine Fisheries
Service/Northeast Fisheries Center (hereafter these surveys are referred to as NMFS/
NEFC surveys) with a near-continuous assessment of cetacean and seabird populations in
the shelf and shelf-edge waters (generally <200m). These data have been used to monitor
small-scale temporal changes in the distribution and relative abundance of these taxa
(Payne et al., 1984; 1986). In addition, direct comparison to fisheries data collected
concurrently with sighting data have been used to describe trophic interactions between
cetaceans and/or seabirds and potential prey (Payne et al., 1986; Smith et al., 1988).
Information on distribution and abundance has also been provided by the Cetacean and
Turtle Assessment Program (CETAP), sponsored by the Department of the Interior,
Bureau of Land Management. These shelf-wide aerial surveys were conducted from
November 1978 to January 1982. The major objectives of CETAP were to provide a
spatial overview of cetacean distribution (Hain eral., 1981; 1992; Winn, 1982; Kenney and
Winn, 1986), and to estimate the absolute abundance of cetaceans in the study area (Scott

I Current address: NOAA — National Marine Fisheries Service, Office of Protected Resources, 1335 East-
West Highway, Silver Spring, MD 20910, USA.
2 Current address: 324 Gardenia Ave., Camaricco, CA 93010, USA.
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etal., 1981; Winn, 1982; Kenney et al., 1985; Hain et al., 1992). The resultant data were to
be used by federal agencies making decisions about potential development of oil- and gas-
lease sale tracts (Edel er al., 1981); therefore special attention was paid to these areas
(Sgrensen et al., 1984).

The CETAP aerial surveys provided the first absolute estimates of cetacean abundance
in the shelf waters of the northeastern United States from line-transect surveys. A mean
density and variance estimate were computed for each cetacean species within seasonal
and regional samples for the entire study area. The collection of NMFS/NEFC shipboard
sighting data also followed line-transect procedures (¢.g. see Seber, 1973; Burnham et al.,
1980), but, thus far, the data have been used only to describe relative densities or
abundance of cetaceans in shelf and shelf-edge waters, rather than the absolute densities
that were generated by CETAP.

Despite differences in platform and survey objectives, both programs have provided
parallel information on the distribution of cetaceans in shelf waters of the northeastern
United States. Each survey has identified several regions within the study area as high-
density habitats used by the entire cetacean community (Payne et al., 1984; Hain et al.,
1985; Kenney and Winn, 1986: Selzer and Payne, 1988; Kenney, 1990). In this paper, we
use the combined dataset to describe the spatial and temporal distribution of pilot whales
(Globicephala melas and G. macrorhynchus) within shelf and shelf-edge/slope waters of
the northeastern United States.

Because the apparent ranges of the two species overlap in shelf/shelf-edge and slope
waters of the northeastern United States between 35°0'N (Cape Hatteras) and 38°0'N-
39°0’N, and difficulties in separating these two species in the field, both species have been
considered together in recent distributional and abundance analyses (Winn, 1982; Powers
and Payne, 1983; Payne er al., 1984; Hain et al., 1985; Kenney and Winn, 1987). We also
consider their distributions together, although they are probably seasonally disjunct in the
shelf waters of the northeastern United States. This is considered further in the Discussion
section.

METHODS

Study area

The NMFS/NEFC study area consisted of all continental shelf and shelf-edge waters
between Cape Hatteras and Nova Scotia, Canada less than 910m (212,686 km2), although
most of the surveys were conducted in waters <183m. The CETAP surveys also
encompassed the entire US outer continental shelf seaward to the 1,820m isobath (278,350
km?). Therefore, the NMFS/NEFC study area was comparable, but sli ghtly smaller in size
to the CETAP study area due primarily to less intensive coverage along the shelf-edge.
For this paper, the study area has been partitioned into four regions (Fig. 1), the Guif of
Maine, Georges Bank, Southern New England and the Mid-Atlantic (following Payne
et al., 1984; 1986). The characteristic oceanographic features of these regions are
described below.

The seaward edge of the entire study area is formed by the continental shelf-edge which
is cut by several submarine canyons (Fig. 1). Shelf and slope waters meet in a narrow
region of sharp temperature and salinity gradients at the shelf-edge/slope front. The front
generally intersects the bottom near the 50m contour (Sherman et al., 1988).

Gulf of Maine (GOM)
The GOM is bounded on the northwest by the USA coastline, and on the northeast by the
Bay of Fundy and Nova Scotia. The character of the Gulf of Maine is influenced by
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Southern New England (SNE) and mid-Atlantic (M-A) regions

The SNE and M-A regions are characterized by a gently sloping shelf from the coast to the
shelf-edge. The shelf is broad at the GSC, but narrows toward the southwest to Cape
Hatteras. The Hudson Canyon, an important submarine feature, cuts across the SNE
shelf. The M-A region also includes the mouths of the Delaware and Chesapeake Bays
(Fig. 1). Two principal water masses are found in these regions: relatively cool, low-
salinity shelf water, which extends 50-70km seaward of the continental shelf-edge; and
slope water, which is found seaward of shelf water throughout the region (Sherman et al.,

1988).

Collection of sighting data

Shipboard survey effort-NMFS/NEFC

A long-term series of stratified-random, bottom trawl surveys were begun by NMFS/
NEFC in 1963 (Grosslein, 1969; Azarovitz, 1981). In 1976, NMFS/NEFC established the
Marine Monitoring Assessment and Prediction Program (MARMAP) to provide annual
and seasonal monitoring of the distribution, biomass and population structure of principal
biota, and the physical environment on a broad geographical scale (Sherman, 1980). A
basic part of the NMFS/NEFC strategy was to develop a multispecies-ecological approach
to fisheries management (Grosslein ez al., 1980; Sissenwine et al., 1982) by providing a
broad-scale monitoring of the ecosystem against which predictive models could be
evaluated. In 1980, NMFS/NEFC began placing a dedicated observer on board the
surveys to monitor the distribution and abundance of cetaceans and seabirds.

The NMFS/NEFC surveys were designed so that one observer could collect sighting
data on several taxa, principally cetaceans and seabirds (the data collection procedures are
described in Powers et al., 1980; Payne et al., 1984; 1986; Selzer and Payne, 1988; Smith et
al., 1988). Observers were placed on NMFS/NEFC research vessels, principally the R/V
Albatross IV and R/V Delaware 11, on a non-interference basis and, generally, could not
alter the trackline of the vessel during the survey. Observations were recorded by the
observer while the ship was moving on a straight course and at a uniform speed along the
predetermined trackline between NMFS sampling stations.

The study area was spatially stratified by NMFS/NEFC into individual strata (see
Grosslein, 1969), based principally on latitude and depth. The NMFS/NEFC surveys
quantified sighting effort as the number of transects surveyed within a strata or sub-region
and specified time-interval. The NMFS/NEFC sampling stations were randomly placed
within each stratum (roughly in proportion to the size of each stratum, Grosslein, 1969)
prior to each survey. Initially, therefore, the amount of time spent obtaining cetacean and
seabird sighting data within strata was also considered proportional to the size of each
stratum. However, Payne et al. (1990) found that NMFS/NEFC sampling effort per strata
area generally decreased with an increase in the size of the stratum. The larger strata were
undersampled in these surveys. Since these data are biased by uneven effort allocation
relative to strata size, they do not provide a basis for the estimation of absolute pilot whale
abundance.

Dedicated aerial survey effort-CETAP

Throughout the three-year CETAP study, a number of sampling schemes and time
intervals for data collection and analyses were employed, and each year a number of
refinements and changes were incorporated into the database management (Edel e al. .
1981; Scott et al., 1981 Scott and Gilbert, 1982; Winn, 1982). During 1979, dedicated.
random-transect aerial surveys were conducted during each of eight time periods
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throughout the year (Edel et al., 1981). During 1980 and 1981, four dedicated surveys
were flown each year, usually one per season (Winn, 1982).

The CETAP sampling area was partitioned into blocks of comparable size, then
stratified (based principally on depth) into three sub-regions (nearshore, 0-36.6m; shelf,
36.6-91.4m; slope, >91.4m). The CETAP surveys combined the SNE waters with the M-
A region, otherwise the methods of regional stratification between the CETAP aerial
surveys and the NMFS/NEFC surveys were comparable.

Only the data collected during the dedicated aerial surveys were used by CETAP in
estimating absolute abundance. Although data were also collected by CETAP during
other surveys (see below) and used to describe patterns of distribution, they could not be
corrected for level of effort, and thus to estimate abundance. Nonetheless, we have
incorporated them into the combined database used in this paper to describe the seasonal
and temporal distribution of pilot whales.

Special aerial surveys-CETAP

During each of the years of the study, special aerial surveys were conducted emphasizing
endangered species not adequately sampled by the dedicated surveys, or to characterize
species occurrence and abundance in areas of particular importance (i.e. specified lease
sale areas). During May 1979, a special right whale (Eubalaena glacialis) survey was
conducted over the entire GOM and OCS regions immediately south of the GOM (Edel
et al., 1981; Winn er al., 1981). During 1980 and 1981, several surveys were conducted
during spring and late-summer (Winn, 1982) to obtain data for a better understanding of
the distribution of endangered baleen whales. These flights took place in Lease Sale 52
Nomination Area (east of Cape Cod, south through the GSC and eastward over GB; see
Winn, 1982), and in the northern GOM and southwestern Scotian Shelf.

Special shipboard surveys-CETAP

During May 1980 and 1981, sighting and quantitative behavioral data were collected on
dive duration and frequency for baleen whales (Winn, 1982), during two cruises to waters
adjacent to Cape Cod.

Surveys of Opportunity-CETAP

During 1979 and 1980, CETAP placed observers on aircraft and vessels-of-opportunity
operating within the study area (Edel et al., 1981; Winn, 1982). The US Coast Guard and
NMFS/NEFC provided the majority of vessel platforms. These platforms were
supplemented by several institutional research vessels. The aerial portion of this effort was
generally provided by the US Coast Guard, Cape Cod, Massachusetts, and continued
through 1981. The shipboard component of this effort was discontinued in 1980.

Treatment of sighting data

The number of usable transects varied by season as a function of wind speed; sighting
efficiency is affected by environmental conditions, especially sea state (Eberhardt ez al.,
1979; Holt and Cologne, 1987; Barlow, 1988; Holt, 1988). Scott et al. (1981) and Payne et
al. (1984) found that marine mammal sightings in this database decreased significantly
when wind speeds exceeded 17 knots. Therefore only sighting data collected at wind
speeds <17 knots were used to examine the distribution of pilot whales.

All pilot whale sightings observed during the CETAP aerial surveys (Nov 1978-Jan
1982) and the NMFS/NEFC shipboard surveys (May 1980-Dec 1988) were combined and
treated as one dataset. The spatial distribution of pilot whales throughout the year was
examined by grouping the sightings into six, two-month time-periods (i.e. January-
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February, March-April, May-June, July-August, September-October, and November-
December). Each sighting in the database was weighted by group-size per sighting (i.e. 1-
10, 11-30, 31-300, or 301-1,000 individuals per sighting), then overlayed onto a base map
of the study area.

Because of differences in survey type and platform between the CETAP and NMFS/
NEFC surveys, and uneven effort allocation in the NMFS/NEFC surveys (Payne et al.,
1990), relative densities (sighting data corrected to some measure of standardized effort)
could not be used to describe pilot whale distribution with the combined database. Despite
this bias, the number of individuals per sighting approach (unweighted by effort) does
provide a detailed account of the spatial and temporal distribution of pilot whales in the
shelf waters of the northeastern United States.

All base maps were digitized and sighting data overlayed onto the base maps using the
PC based mapping-program CAMRIS (Computer Aided Mapping and Resource
Inventory System; Ford, 1989).

RESULTS

Sighting effort-NMFS/NEFC surveys
Between May 1980 and January 1988, 18,826 usable transects were conducted throughout
the study area. Spatial and temporal coverage varied by NMFS/NEFC survey type:

(a) approximately 19% of the total number of usable transects were conducted on
bottom-trawl surveys between March and November;

(b) MARMAP or ichthyo- and phyto-plankton surveys provided the most complete
seasonal and regional coverage of any type of survey and 55% of the total number of
transects conducted between December-February were of this survey type;

(c) 33% of all survey effort between June and August, occurred on scallop surveys,
although these surveys generally excluded the GOM and all outer-shelf waters;

(d) 14% of the transects occurred on NMFS/NEFC multi-disciplinary surveys (the
NORTHEAST MONITORING PROGRAM) which occurred throughout the study
area, primarily between June and August.

Regional effort was generally uniform throughout the study period (Smith et al., 1988),
ranging between 20% of the total number of transects (n=3,293) which occurred on
NMFS/NEFC research surveys on GB, to 25% (n=4,135 transects) throughout the M-A
region.

Most (87%) of the total number of usable transects were conducted from March
through November: 4,575 (24%) between March and May: 6,766 (36%) between June
and August; and 5,052 transects (27%) between September and November. During
winter (December-February) over 5,000 transects were conducted but only 47% of these
(2,433 or 13% of the total usable transect effort) occurred at wind speeds <17 knots.

Sighting effort-CETAP aerial surveys
The sighting effort for the dedicated aerial surveys (over the 39 month CETAP study
period) can be summarized as follows (from Winn, 1982, p. 41):

(a) sighting effort varied geographically and temporally (within years, between years, and
between seasons);

(b) of the total on-watch miles surveyed, 51% were in 1979, 34% were in 1980, and 15%
were in 1981;
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(¢) using miles-on-watch as a measure, spring received 39% of the total coverage, summer
31%, fall 17% and winter 12%:

(d) in general, the area to the east and southeast of Cape Cod received the most coverage,
and the areas over eastern GB and through the central GOM received the least;

(e) the above yearly and seasonal figures give the following overall measure of study area
coverage —an average of 47% of the study area was surveyed during each of the three
spring seasons, 37% during summer, 20% during fall and 14% during winter.

Table 1

The number of pilot whale sightings used in the plots of distribution by regions and two-month
period. GOM = Gulf of Maine; GB = Georges Bank; SNE = southern New England; M-A =
mid-Atlantic and SL = slope.

Month
Region J-F M-A M-J J-A S-0 N-D Total
GOM 1 2 87 94 45 39 268
GB 2 2 21 46 47 30 148
SNE 6 36 76 18 16 19 171
M-A 2 16 5 16 3 4 46
SL 15 82 102 79 55 67 400
Total 26 138 291 253 166 159 1,033

Distribution of sightings

There were 1,033 sightings of pilot whales (an estimated 16,155 individuals) in the
combined database (Table 1). Pilot whales were observed during every two-month period.
Only 26 pilot whale sightings occurred during January-February. Excluding January-
February, the range in the number of sightings varied from 138 during March-April to 291
during May-June (Table 1).

The distribution of pilot whale Globicephala spp. sightings off the northeastern coast of
the United States generally followed the shelf-edge/slope region from Cape Hatteras to
the northeastern portion of GB (and onto the Scotian Shelf) (Fig. 2). A total of 400
sightings was made throughout the year in slope waters (200m-2,000m). This represents
39% (400/1,033 sightings) of all pilot whale sightings throughout the year. The overall
distribution of sightings also extended from the V-shaped basin of the GSC, along the
northern edge of GB to the Northeast Channel (Fig. 2).

The smallest number of pilot whale sightings (n=26) occurred during January-
February, when pilot whales were loosely distributed along the shelf-edge/slope region of
the study area (Fig. 3). Over one-half of the pilot whale sightings (15/26) during January-
February occurred in shelf-edge/slope waters between the 100-2,000m contours (Table 1).
Only three sightings occurred on GB and throughout the GOM (Table 1). These data
suggest that all near— and mid-shelf areas were unoccupied, generally, by pilot whales at
this time.

The number of pilot whale sightings increasea from 37°N, north to the Scotian Shelf
during mid-spring and summer. Approximately one-half (201/429) of all sightings on the
shelf (<200m in depth) from March to June (from Table 1) occurred in the SNE/GB
regions. In contrast, only 21 sightings (<5%) occurred on the shelf in the M-A region
during the same period (Table 1). The number of sightings increased along the shelf-edge
from Norfolk Canyon to the Northeast Channel during March-April (Fig. 4).

[Text continues on p. 60)
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Pilot whale sightings were most widespread throughout the study area during May-June
(Fig. 5). Sightings north of 40°N were common in the GSC and all over GB during this
period (Fig. 5). A total of 291 sightings occurred during May-June (Table 1) due primarily
to an increase in the number of sightings in the slope waters of the M-A region over the
previous four months (Table 2). During May-June the sighting distribution extended from
Cape Hatteras north along the shelf-edge/slope (Fig. 5). However, there was one obvious
gap in the sightings pattern located west of the GSC between 40°00'N and 38°40'N
(centered on the Hudson Canyon). This resulted in two separate groups of pilot whale
sightings: a northern group from the GSC northeast to the Scotian Shelf, and into the
GOM through the GSC and the Northeast Channel (mostly north of 40°0'N); and a
southern group in the M-A from 39°N (Wilmington Canyon) south to the southern edge of
the study area, between the 200-2,000m contours (Fig. 5).

During July-August, 94 pilot whale sightings occurred on GB (Table 1). These sightings
were concentrated nearer to the Northeast Channel (Fig. 6) than GB sightings were in
May-June. Another large concentration formed in the mid- to upper reaches of the GSC
(Fig. 6).

Of all pilot whale sightings in slope waters during July-August, 70% (n=>56) occurred in
the M-A slope region (Table 2). This large number of M-A/slope sightings first occurred
during May-June, peaked in July-August, then remained high throughout the remainder
of the year. The northernmost range of these sightings extended to 39°N (east of Delaware
Bay), and more importantly, remained spatially segregated from those north of 40°N
throughout the year.

There were 166 sightings during September-October (Table 1). During this period, the
number of sightings on the central-northeast areas of GB decreased by over one half
(Table 1), concurrent with an increase in the number of pilot whale sightings concentrated
in the lower GOM (north of GB) and GSC (Fig. 7). During September-October most pilot
whales observed in the GSC appeared to be moving southwestward, through the GSC, out
of the GOM (from observers notes and personal observations).

By November-December, the only shelf region (<200m) with a noticeable
concentratton of pilot whale sightings was at the GSC (Fig. 8). However, the distribution
of pilot whale sightings in slope waters again extended throughout the study area along the
shelf-edge/slope interface, with 67 sightings occurring in slope waters (Table 1). The major
concentration of sightings (50/67) occurred in M-A slope waters east of Cape Hatteras
(Table 2, Fig. 8). There were no sightings there in January.

Table 2

The number of pilot whale sightings in slope waters partitioned by region and two-month period.
SL-GB = slope waters (200-2,000m depth) seaward of Georges Bank; SL-SNE = slope waters
seaward of the southern New England region; SL-M-A = slope waters seaward of the mid-Atlantic

region.

Month
Region J-F M-A M-] J-A S-0 N-D Total
SI-GB 8 34 40 18 3 12 115
SI-SNE 5 31 24 5 13 5 83
SI-M-A 2 17 39 55 39 50 201
Total 15 82 102 78 55 67 399
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Distribution and movements of the long-finned pilot whale

The Atlantic or long-finned pilot whale (G. melas) is a common component of the
cetacean community in the northwest Atlantic from at least Cape Hatteras, North
Carolina (Leatherwood et al., 1976; Hain et al., 1981; Winn, 1982: Payne et al., 1984)
north to the Scotian Shelf and eastern Canada and Newfoundland (Sergeant and Fisher,
1957; Sergeant, 1968; Sergeant er al., 1970; Mercer, 1975; Mitchell, 1975; Hay, 1982),
Greenland (Kapel, 1975) and Iceland and the Faroe Islands (Sigurjénsson et al., 1989;
Bloch eral., 1993). In the waters of the northeastern United States, pilot whales constitute
a significant percentage of the entire cetacean biomass for the shelf-edge/slope community
(Hain ez al., 1985; Kenney and Winn, 1987).

Sightings of the long-finned pilot whale in the study area were made throughout the
year. However, as a result of fewer sightings, their distribution appeared less-well defined
during mid-winter as it was during other periods of the year. This was at least due in part to
an overall reduction of sighting effort at this time of the year when only 14-15.5% of the
total effective survey effort occurred. However, it also seems apparent that the
distribution of G. melas at this time was scattered, largely shelf-edge and seaward into
slope waters.

Waring et al. (1990) observed that the major concentrations of G. melas during winter
occurred along the shelf-edge primarily in the SNE/M-A regions from Cape Hatteras
north to GB, closely paralleling the known seasonal distribution of long-finned squid
(Loligo pealei) at that time (Lange, 1980; Lange and Sissenwine, 1980). Since the seasonal
distribution of G. melas followed the distribution of squid spp., Waring et al. (1990)
suggested that the long-finned squid was a principal prey item of G. melas in this study area
during winter and early-spring.

Fish are considered to be an alternative prey when squid are not available (Mercer,
1967; Mitchell, 1975; Sergeant, 1982). Waring et al. (1990), based on stomach contents of
trawl-captured G. melas and co-occurring distributional data, further suggested that pilot
whales were feeding on Atlantic mackerel (Scomber scombrus) during winter and early-
spring in the SNE/M-A regions (see Fairfield et al., 1993).

From mid-winter through early-spring, the number of G. melas sightings increased in
the study area. The progression of sightings extended northeastward in shelf-edge/slope
waters to the outer perimeter of Georges Bank by March-April, suggesting that the
species was moving northward along the shelf-edge/slope interface of the M-A region.
Most of the shelf-edge sightings at this time occurred in the SNE region, while most slope
sightings extended from the northern M-A to GB.

During May-June, the distribution of GG. melas was most widespread. They appear to
move from the shelf-edge/slope waters onto GB, then into the deeper basins of the GOM
located north of GB (Fig. 5). They were most abundant on central GB north along the
northern edge of the Bank from May to September (Winn, 1982). This movement onto
shelf and nearshore waters during late-spring to early-summer closely parallels that
described elsewhere throughout Canada (Sergeant and Fisher, 1957; Sergeant et al., 1970;
Mercer, 1975) and may be related to an inshore movement of the short-finned squid (/llex
illecebrosus) during the warmer months.

The short-finned squid is the near exclusive prey of G. melas off Newfoundland in
summer (Sergeant, 1961; 1982; Mercer, 1975). It spawns in slope waters of the
northeastern USA, seaward of the continental shelf, during mid-winter (Lange and
Sissenwine, 1980), then moves onto the shelf during late-summer and autumn to feed
(Lange, 1980). The on-shelf movement of G. melas and its widespread occurrence on GB
coincided with the period when squid were most abundant in shelf waters. Waring et al.



64 PAYNE & HEINEMANN: DISTRIBUTION IN NE US WATERS

(1990) suggested that the short-finned squid formed a major prey component of the diet of
G. melas on GB and in the GOM during that time.

The apparent clockwise movement of G. melas parallel to the sheif-edge continued
through autumn and resulted in a reduced number of sightings as it moved out of the study
area below Nova Scotia. Our understanding of the movements of these pilot whales after
they leave the study area is incomplete. However, during autumn and winter, they
presumeably move southwestward in slope waters, completing a clockwise gyre which will
place them back in the M-A/SNE regions by the following spring, when they again move
northward in slope waters parallel to the shelf-edge.

The distribution of those G. melas which remain on the shelf (GB/GOM regions) during
September-December also shifted southward. Local concentrations of G. melas occurred
from the Northeast Channel, down the northern edge of the GB into the GSC during
September-October. By November-December, most G. melas located on the shelf are
found in the southwestern GOM/Cape Cod Bay to the GSC. Pilot whales observed in the
GSC at this time were generally heading southwestward out of the GOM (from observer’s
notes and personal observations). This southwestward movement out of the GOM during
autumn likely facilitated the number and location of mass-stranding events in this region in
recent years. All mass-strandings of pilot whales (all were G. melas) in the northeastern
USA between 1981-90 occurred at a limited number of locations in the southwestern
GOM adjacent to Cape Cod, between October and December (Greg Early, New England
Aquarium Stranding Network, pers. comm.). By the end of December, there were few
sightings of G. melas north of 40°N or in M-A/SNE waters, further indicating a large-scale
movement into slope waters during winter.

Distribution and movements of the short-finned pilot whale

In the northern portion of its western North Atlantic range, the short-finned pilot whale
(G. macrorhynchus) is sympatric with G. melas. The short-finned pilot whale is considered
a more tropical species, common south of Cape Hatteras into Caribbean waters (Caldwell
and Erdman, 1963; Caldwell and Golley, 1965; Caldwell ez al., 1971; Erdman et al., 1973,
Caldwell and Caldwell, 1975; Leatherwood et al., 1976) into the Gulf of Mexico (Gunter,
1954; Fritts and Reynolds, 1981; Schmidly, 1981; Fritts et al., 1983; Loechoefner et al.,
1989) and south to Venezuela (Leatherwood et al., 1976).

There are few confirmed records of G. macrorhynchus in our study area. Rowlett (1980)
reported a sighting of G. macrorhynchus seaward of the Baltimore Canyon (38°6'N,
73°45'W) during September 1977, and strandings have been reported as far north as New
Jersey (Katona er al., 1978; Mead, 1979). Leatherwood et al. (1976) suggested that they
probably range as far north as Virginia during late-summer and autumn. Winn (1982) also
proposed the occurrence of the two Globicephala species in the study area during fall
based on the occurrence of calves in both spatially separated northern and southern pilot
whale concentrations.

From January through April there was little evidence of a disjunct distribution of pilot
whale sightings north of 37°N (Figs 2 and 3), suggesting that only one pilot whale species
G. melas (the northernmost and most commonly observed) was present during that
period. However, by May-June, two distinct groups of pilot whale sightings occurred in
the study area-one which largely remained in slope waters along the shelf-edge below
38°30’N, and a second whose distribution occurred throughout shelf and shelf-edge/slope
waters north of 40°0'N. We believe the large increase in the number of pilot whale
sightings in slope waters of the mid-Atlantic between May and December (from Table 2)
was due to an incursion of G. macrorhynchus into the study area, during a northward,
seasonal extension of their more tropical range south of Cape Hatteras.
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We suggest that three major concentrations of G. macrorhynchus formed in the M-A
and SNE shelf-edge/slope regions (generally between 200-2,000m water depth) during
July-August (Fig. 6)- one east of Cape Hatteras, another east of the mouth of Chesapeake
Bay, and the northernmost at approximately 39°N, east of Delaware Bay. This last
concentration represented the northernmost range extension of any large concentrations
of G. macrorhynchus in the study area (and likely the northwest Atlantic).

From May-December (the period when G. macrorhynchus were most abundant and
most separated from concentrations of G. melas) only 23 sightings occurred in shelf/shelf-
edge waters of the M-A region (Table 1). A total of 145 sightings (or 86% of all sightings in
the mid-Atlantic during these months) occurred in M-A slope waters. Unlike G. melas,
the short-finned pilot whale did not move onto the shelf but remained in the deeper (Gulf
Stream influenced) slope waters of the M-A region.

Throughout autumn, the northern limit of G. macrorhynchus sightings continually
retreated southward outside the shelf-edge. The sighting distribution coalesced into a
patchy continuum and by December most pilot whale sightings in the mid-Atlantic
occurred in slope waters east of Cape Hatteras. During January, G. macrorhynchus again
moved south of the study area.

Relative occurrence of G. macrorhynchus vs. G. melas in the study area

These sighting data cannot be used to directly estimate the abundance of G.
macrorhynchus vs. G. melas in the study area. However, by comparing the distribution of
sighting data (presented in this paper) with existing abundance data (from Winn, 1982),
we can quantify the occurrence of G. macrorhynchus relative to the shelf-wide abundance
estimate for Globicephala spp., during spring-summer.

Shelf/shelf-edge abundance estimates (excluding slope water regions) for pilot whales
Globicephala spp. during spring and summer ranged between 10,000-12,000 (Winn,
1982). Comparable estimates were provided by Kenney et al. (1985) partitioned by
CETAP strata. The sighting distribution for G. macrorhynchus during these seasons
followed CETAP strata Gz, Hz, and Lz (from Kenney et al., 1985). The summed pilot
whale estimates for these strata ranged between 1,700-2,300, spring and summer,
respectively (from Kenney et al., 1985). Therefore, during that period when two distinct
groups of pilot whale sightings occurred in the study area (from sighting data, this paper),
the abundance of pilot whales in the M-A region represented 14-23% of the abundance
estimate for pilot whales throughout the entire study area at that time. It seems apparent
that G. macrorhynchus is an abundant, regularly occurring seasonal component of the
entire pilot whale spp. community in slope waters along the shelf-edge of the northeastern
United States.
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ABSTRACT

This paper dcals with the statistics of the pilot whale catches in the Faroe Islands in the period
1709-1992, when a total of 1.629 grinds (= schools taken) with 240,721 whalces was recorded,
resulting in yearly avcrages of 5.74 grinds and 848 whales. 1n 44 years there were no catches at
all, in 17 years therc were 15 or more grinds, and the maximum number in onc ycar was 27
grinds (1941). On averagc therc are 147.8 whalcs per grind, ranging from 40 grinds with a
single whale, to 15 grinds with more than 700 whales, and a maximum of 1,200 whales in two
grinds (in 1729 and 1940). The grind time serics shows, along with an cssential year-to-year
variation, a large-scale fluctuation with two main peaks around 1710-30 (annual mean - 5.5)
and 1830-50 (annual mean - 9.1). and a gencral high incidence level after 1935 with several
narrower pcaks, including a 5-year record in 1984-88 with a total of 100 grinds. The total
seasonal distribution has a pcak in July-August (21.0% %27.6%) and a low in February-
March (2.2% *1.7%). but a January-July/August-Deccmber grouping of grinds varies over
time, e.g. in the periods 1890-1930 and 19341958 thc January-July season accounts for 13%
and 52% respectively. A geographical grouping in N-E bays and S-W bays, which for all the
period splits the grinds respectively 54% and 46% . shows variations through time. ¢.g. in the
periods 171040 and 1890-1930 the N-E bays account for 62% and 15% respectively. The
January-July proportion and the N-E bay proportion arc correlated, such that with a few
exceptions, the two proportions are cither low (0-30% in the 4-ycar periods used) or they are
both high (35-70%). High January-July and N-E bay proportions also scem to correspond
with a high grind rate. The number of whales per grind varies according to scason: 94-126 in
the winter (December-March) and 158-163 in July-August. Grind clustering on a time scale
of weeks and days seems to occur, e.g. of the 13 grinds in 1979, 8 grinds occur within an
eleven-day period in August. and on the same day, 16 July 1992, four grinds were caught. Ina
simple random model the cxpccted number of multiple-grind days in July-August through
the entirc period was calculated as 18, comparcd with the observed 40 multiple-grind days.
Along with the abundance variation of pilot whales in the Faroe area, the grind rate will also
be influenced by variations in sighting possibilities (such as hours of daylight, weather
conditions) and community factors (such as incrcasing population, changing fishing activities
and improvements in vesscl and communication technology). The number of grinds in July-
September ecach year in the period 1957-1976 has becen compared to the sea-surface
temperature in rcgions West and South-West of the Farocs, where the highest correlation
coefficients (0.68-0.74) showed up in the area 57-59°N, 16-32°W. An observed shift from
196669 to 1970-74 in the climatic and biological conditions in the North Atlantic coincides
with changes in the grind statistics: the annual number of grinds (14.5-5.8), January-July
proportion (52%-24%). and the Western bays proportion (29%-45%).

KEYWORDS: NORTH ATLANTIC; PILOT WHALE-LONG-FINNED; WHALING;
OCEANOGRAPHY.

INTRODUCTION

The long-finned pilot whale (Globicephala melas) has been exploited in the Faroe Islands
since the Norse settlement more than a thousand years ago (Dahl, 1970). The catch is an
opportunistic hunt occurring all year round. In Faroese pilot whaling, entire schools
sighted in the vicinity of the islands from land or from a boat, are driven ashore by small
fishing boats under the guidance of “foremen’, to be dispatched by a group of men waiting
on the shore. In Faroese, the word ‘grind’ denotes both a school of pilot whales, as well as
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the process of driving and killing the whales. A description of the process of a grind is
given in Bloch et al. (1990a).

In earlier times, about two-thirds of the catch had to be paid as tax to the church, king
and other landowners, which resulted in the recording in official accounts of the numbers
and value of all whales caught. These unique statistics date back to 1584 when secular
authorities took over the administration of taxation from the monasteries. The statistical
series is unbroken from 1709 to the present day (Joensen and Zachariassen, 1982; Bloch
et al., 1990b).

The statistics reveal much information on the occurrence of pilot whales off the Faroes.
The length of the time series and the large number of whales involved, renders them
valuable not only for historians and ethologists, but also for biologists. Joensen and
Zachariassen (1982) examined the periods 15841640 and 1709-1978. This paper updates
the latter period to 1992 and extends the analysis of the entire time series. Some
corrections have been made to the 1709-1978 data.

MATERIAL AND METHODS

The statistics include the following information on each grind: locality (i.e. whaling bay);
year; month; and number of whales. Information on the whaling day is available for 95%
of the grinds after 1800. The main sources of information are Miiller (1882; 1883) for the
period 1709-1883, Joensen (1962) for 1884-1962, and Joensen and Zachariassen (1982)
for 1962-78. Apart from 65 grinds from 1709-31 and 1799-1804, for which the month is not
recorded and 6 grinds from the year 1725 for which the location is not recorded, the
information is complete. Some corrections have been made to the data for the period
1709-1978 after a thorough examination of the archives; these corrections have been
included in this paper together with the data for the period 1979-92 (Table 1), courtesy of
Dorete Bloch of the Museum of Natural History in Térshavn. Some recently-discovered
grinds in the old material, as well as new information about one grind which indicates that
it was actually two grinds, and other minor corrections have also been incorporated into
the present material.

Since 1982, authorities in certain whaling districts have enforced a temporary closure of
the district for further hunting (usually for a period of a few months), when those districts
were considered to be well-supplied with whale meat (Bloch er al., 1993). In the years
1986, 1987 and 1988 this occurred in, respectively, 4, 5 and 3 districts of 9, with closures
lasting from 0.5 to 3.5 months (Bloch et al. , 1990a). It is known in some cases that during a
temporary closure, a pilot whale school has been observed but not pursued, when in
normal circumstances it would probably have been driven ashore and killed. However, no
adjustment has been made in the following statistical analysis with respect to this.

The analysis in this paper is based primarily on the number of grinds, which is
appropriate in trying to assess the intensity of schools encountered in the Faroes, assuming
that on average a certain percentage of schools passing the Faroes are detected and driven
ashore. Possibilities for sighting will not necessarily be influenced by the size of the school,
but it could be argued that small schools (with a dozen whales or less) are not as easily seen
as schools with a hundred whales or more. The proportion of grinds with a dozen whales or
less amounts to about 5%, which thus probably underestimates the proportion of pilot
whale schools of the same size in the Faroe area.

One way of studying whether catches can be considered as ‘independent’ events in the
statistical sense, is to cxamine whether any time or whale-bay clusterings are observed on
a scale of days. Sometimes a number of schools may be passing the islands at the same
time, or, in some cases, when large schools approach the islands, they may split into
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several smaller schools. To confirm a possible dependency in the grind time series, an
observed clustering must of course exceed that of an intrinsic random model clustering.

The catch data have been grouped into 4-year periods for the greater part of the analysis
in this paper. This grouping has been chosen to emphasise longer term variation rather
than inter-annual fluctuations. In graphical representations of time series, the values
under the time axis are mid-point years representing some of the 4-year periods, e.g. 1710
indicating the period 1709-1712 and 1990 indicating the period 1989-1992. The total
period spans 284 years thus accounting for 71 4-year periods.

TIME SERIES AND DISTRIBUTION ANALYSIS

Time series
In all, 1,629 grinds with a total of 240,721 whales were recorded in the 284-year series,
resulting in yearly averages of 5.74 grinds and 848 whales. In 44 years there were no
catches at all (mostly in the second half of the 18th century) while in 17 years (7 of these in
the 1980s) there were 15 or more grinds. The maximum number in one year was 27. On
average, there were 147.8 whales per grind, ranging from 40 grinds with only a single
whale. to 15 grinds with more than 700 whales. The maximum number of whales in one
grind was 1,200 (once in 1729 and once in 1940).

In the grind time series (Fig. 1), a large-scale fluctuation is observed with two main
peaks around 1710-30 and 1830-50 and a more diffuse picture after 1935, with a general
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Fig. 1. Number of grinds for each 4-year period from 1709 to 1992, showing pronounced fluctuations.
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Statistics of pilot whale catches in the Faroe Islands 1979-92.

Table 1

No. of  Whales No. of  Whales No. of Whales

grinds  per grind grinds  per grind grinds  per grind
1979 13 128.7 1984 21 91.5 1989 14 89.9
1980 14 198.2 1985 20 129.0 1990 11 83.3
1981 19 156.5 1986 20 83.9 1991 11 65.5
1982 15 176.8 1987 19 76.4 1992 14 112.3
1983 16 105.6 1988 20 84.5

high incidence level and several narrower peaks. Two low level periods can also be clearly
seen, 1750-95 and 1890-1930. In 12 of the last 14 years (i.e. new data) the levels suggest a

new peak,

increasing from a relatively low level in the mid-1970s. The 79

(=20+20+19+20) grinds in the period 1985-88 (Table 1) is the highest of any of the 4-year
periods. Indeed this peak might have been higher, since the authorities banned pilot whale
hunting temporarily in some districts (as mentioned above) during this period. This catch
rate was exceeded only during the period of the Second World War, with a total of 27
grinds and 4,448 whales in 1941.
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Fig. 2. Number of whales per grind for each 4-year period from 1709 to 1992. No bar has been drawn when
there were fewer than three grinds in a 4-year period.
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Fig. 2 shows the mean number of whales per grind in each 4-year period. When there
were only one or two grinds in a non-empty period, no mean is shown. The average
number of whales per grind varies from 89 in 1989-92 to 236 in 1872-75. In the last 30
years, the number per grind has been lower than the average. A similar trend was seen in
the early years of the eighteenth century. In the late eighteenth century and around 1915-
40, grinds contained a larger than average number of whales.

Whaling bays

Experienced whalers have noted that in some years, catches seem to be concentrated in
whaling bays in a particular region of the islands. To study this phenomenon, the grinds
have been divided into four regional groups: northern (N), eastern (E), southern (S), and
western (W) (Table 2, taken from Joensen and Zachariassen, 1982). A clear change in the
distribution of catches by whaling bays may indicate a change in the direction from which
schools approach the islands, and may thus shed some light on pilot whale migration. In
this respect the N/E/S/W grouping was also considered appropriate. To simplify, a further
N-E/S-W grouping is used in several comparisons. Pilot whales are found mainly to the
south and south-west of the Faroes, this grouping is thought to be more appropriate than a
S-E/N-W grouping.

Table 2

Grouping rules of whaling bays (from Joensen and Zachariassen, 1982). The used bay labels are

based on the order numbering according to the number of catches for the period 1709-1978, so that is

why the higher labels (>16) are not in accordance with the number of catches in the period

1709-1992, shown in ( ). Bay 34 and 36 are not in the list, since they occurred only once each in the

statistics for the period 1584-1640. Number of catches in bays 1-16 are shown in Table 3, together
with site names. A map of bay sites are produced in Fig. 3.

Northern bays 2,8,10,14,16,22(8),38(1)

Eastern bays 3,7,12,15,19(11),21(10),25(5),28(4),29(3),32(1),33(1)
Southern bays 4,6,9,13,17(13),23(9),31(2),37(1)

Western bays 1,5,11,18(17),20(7),24(7),26(16),27(15),30(3),35(1),39(1)

The N-E and S-W groups are of a similar extent, 747 grinds in N-E bays and 876 grinds in
S-W bays. Fig. 4 includes the frequency time series in these two groups and the time series
of N-E percentages. The fluctuations of percentages cannot be attributed to random
variation alone, e.g. in the period 1890-1930 N-E bays account for 15% (21/136) of the
total, whereas from 171040 the value is 62% (88/143). In some periods fluctuations in the
total grind number (Fig. 1) as a whole are due to fluctuations in one group, while the other
is at an almost constant level, e.g. the ‘boom’ during the 1940s can be ascribed to a marked
peak in the S-W group, when at the same time, for the N-E group, only small changes in
the number of grinds are observed.

In all, 37 whaling bays have been used in the entire period, ranging from six bays with
one recorded grind, to Midvagur with 247 recorded grinds, equalling 15% of the total
catch. The four top-ranked bays (Table 3, Fig. 3) cover 46% of the grinds and 55% of the
whales killed. The 21 lowest-ranked bays cover 8.1% of the grinds, but account for only

4.2% of the whales.
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Fig. 4. Number of grinds in N-E and S-W bays for cach 4-year period from 1709 to 1992, and corresponding
percentages tor the N-E proportions.

Seasonal analysis

A division into two seasonal groups has been made — January-July and August-December,
making it possible to measure shifts within the main seasonal peak of the pilot whales
appearing in July-August. In the January-July group there are 661 grinds and in the
August-December group there are 903 grinds; for 65 grinds the month is not recorded.
Fig. 5 includes the frequency time series in these two groups and the time series of
January-July percentages. Some of the above-mentioned characteristics of the grouping of
bays (Fig. 4) are also indicated in the seasonal grouping. The January-July group ‘behaves’
like the N-E group, especially in the period 1890-1930, where the January-July group
accounts for only 15% of the total.
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Fig. 5. Number of grinds in January-July and August-December for cach 4-year period from 1709 to 1992,
and corresponding percentages for the January-July proportions.

To investigate further the connection between bays and seasons, the number of grinds
by month is given for each of the four groups of bays (Fig. 6). In all distributions except the
one for the eastern bays, August has the highcest frequency, from 23% for the northern
bays to 34% for the western bays (Table 3). The asymmetrical form of distribution for the
eastern bays is different from the more symmetrical distributions for the other groups of
bays. Among other characteristics, the winter months November-February have a high

frequency (20% ) in the northern bays, compared to the November-February frequency in
the other bays (8-13%).

Size of the grinds

The number of whales per grind is shown as a histogram (Fig. 7). The lowest interval has
the highest frequency: 90 grinds, 40 of which were only single whales. Apart from this
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Fig. 6. Number of grinds in each month for the period 1709-1992 according to a geographical grouping of
bays. showing some variations of the grind distribution in diffcrent bay groups.
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interval, the distribution on the whole can be characterised as a unimodal right skewed
distribution, with 50-90 as the most typical numbers of whales per grind, and with the
following quartiles: 55 (25%), 110 (the median), 194 (75%). The histogram does not
include the 15 largest grinds (with more than 700 whales) that have been recorded,
corresponding to 1% of the total number.

The grind-size distributions by the four bay groups (Fig. 8) are quite similar to the total
grind size distribution (Fig. 7). The southern bays seem to hold relatively fewer big grinds,
and the eastern bays have a lower incidence of single whale grinds. These observations are
partly confirmed by the means and the medians shown in Table 3. There appear to be no
major differences between the group distributions.
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Fig. 8. Grouping of grinds according to number of whales for the period 1709-1992 in four gcographical
groups of bays, showing distributions with similar fcatures.

The grind-size distributions by month (Fig. 9) show a larger variation in class
frequencies, which to some extent is due to the relatively small number of grinds in some
months, especially in January-April (25—1 grinds). The winter months November-March
seem to hold relatively smaller grinds, but April compared to its adjoining months seems
to hold few small grinds. These observations are confirmed by the means and the medians
shown in Table 4, e.g. of all months April has the highest median (143) and the highest
mean number (165), compared to 110 and 148 respectively for the total distribution.
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Whaling bays and seasons

The grind distribution by month in groups of bays (Fig. 6) shows some marked
characteristics, such as the relatively large winter frequency in the northern bays, the
marked August peak in the western group, and the July peak in the eastern group. To
examine this more closely, an X'Y-plot has been produced (Fig. 10), showing the January-
July proportion versus the N-E bay proportion for each 4-year group.

Fig. 10 covers the period 1805-1992, since information on the catch month is sometimes
missing in the first half of 18th century, and because of the almost zero incidence of grind
in the latter half of that century. The time flow is indicated by the broken line, starting at
the point (20% , 50% ) for the years 1805-1808, and ending at the point (46% , 36% ) for the
years 1988-1992.

There seems to be a positive correlation between the January-July proportion and the
N-E bays proportion, in the sense that either the two proportions are low (0-30% ) or they
are both high (35-70% ). But there are some marked exceptions, such as (20% ., 50% ) and
(30%, 73%). High January-July and N-E bay proportions also seem to correspond with a
high grind rate.
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two proportions arc cither low or they arc both high. High January-July and N-E bay proportions also
scem to correspond with a high grind rate.
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RESULTS AND DISCUSSION

The pilot whale catch rate in the Faroes can be seen as consisting of two main components:
(a) the abundance: and (b) the catch effort. The (a) component will partly reflect the
variability in the migration pattern and partly the state of the pilot whale stock. The (b)
component reflects the sighting intensity and the probability of a sighted school being
successfully driven ashore and killed. Components (a) and (b) can probably be considered
as independent, although it is possible that in periods with an almost zero catch rate the
low probability of sighting pilot whales might influence public interest in pilot whaling and
thus diminish the catch effort. This can be shown by one extreme example: Svabo (1783)
noted in one case ‘not long ago’, that due to the immediate lack of suitable equipment, a
sighted school could not be killed.

In attempting to explain the fluctuations in the nearly 300 year-long time series of pilot
whale catches in the Faroe Islands, it is important to separate these two components. To
understand the migration of the pilot whale, it is of special interest to isolate the
abundance rate. However, changes in effort in combination with the random noise of the
components over this long period, make this difficult.

In Hoydal and Lastein (1993), the univariate time series of pilot whale catches for the
period 1709-1984 was fitted to an ARIMA model explaining 32% of the variation in the
data. Climatic time-series data based on samples from the Greenland ice-cap have been
added as an additional explanatory variable together with the time series of the Faroese
catch of bottlenose whales (Hyperoodon ampullatus). For the period 1709-1882, the
relationship is highly significant, but weaker for the period 1883-1983. A major part of the
year-to-year variation remains unexplained.

Sighting

The sighting of pilot whales, which contributes by far the most to the catch effort, is largely
incidental; people busy with other occupations may see a school when looking out to sea.
Only in a few cases, mostly in former times, is a sighting the result of active searching.
Schools of pilot whales are usually spotted from a fishing or transport vessel close enough
to the islands that the initiation of a drive is feasible. In some cases, schools may be first
sighted from land (Bloch ez al., 1990a).

Obviously the sighting intensity has, for various reasons (e.g. changes in population
size), changed over the almost 300 year-long period. The population of the islands was
quite stable in the 18th century at around 5,000, increased through the 19th century to
15,000 in 1890 and further increased in the 20th century to 47,000 in 1990; almost tenfold
growth through the whole period.

However, this increase is probably of minor importance compared with the changes in
the Faroese community at large, such as fishing activities and improvements in vessel and
communication technology. In Bloch et al. (1990b) and Hoydal and Lastein (1993),
attempts have been made to quantify these community factors as follows: a 1.0 catch-
effort index in the stable 18th century increases through the 19th and the beginning of the
20th century to 1.4, reaching 1.5 in periods with increased fishing activities in the Faroe
area, (e.g. the period during the Second World War (1940-45) and in the 1970s, when the
Faroese high-seas fishing fleet began fishing within the Faroese fisheries zone). The catch
effort could have been even higher in the 1980s, if not for the temporary district closures.
In Hoydal and Lastein (1993) the ARIMA model was rerun with the grind series corrected
for changes in effort. The residuals are lowered and the peak levels are somewhat
reduced, but the fit of the model does not improve.
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On a smaller scale, both in time and place, weather conditions have a significant
influence on sighting possibilities. Broadly speaking, the worse the weather, the poorer
are the chances of seeing a school of pilot whales, and in the more extreme (and not
uncommon) conditions of stormy weather, heavy rain or thick fog, the possibility of seeing
schools of pilot whales is in practice non-existent. Hoydal and Lastein (1993) report on
sightings of pilot whales during 12 trips (July-September 1978) in the Faroese area, where
on 29 days with good sighting conditions there were 27 sightings (an average of almost one
per day) and on 12 days with bad sighting conditions there were three sightings (an average
of one every fourth day). The catch rate seems to be correlated with certain weather and
main current conditions on the whaling day (Bloch and Joensen, In prep; Jakupsstova, In
prep).

Tﬁle catch effort also depends on the success of the drive and the killing of a sighted
school. In this regard, improved communications in the first quarter of this century, and
the introduction of motorised boats in the same period, are of great importance. Despite
improved technology, however, there may still be situations in which the whales
themselves cannot be controlled, or when weather conditions hinder the effective herding
of the school.

Groups of whaling bays

The schools are usually seen quite close to the shore. In a study (Bloch ez al., 1990a) which
examines 43 drives (from July 1986 to July 1988), the distance from shore at which the
schools were found was on average 0.9 n.miles; only one school was seen more than 3
n.miles from land. The total distance schools were driven ranged from 0.5 to 16.2 n.miles,
with an average of 5.1 n.miles. These observations suggest the need for a closer study of
the distribution of whaling bays. Even though the closest whaling bay is generally used,
this is not always the case (Bloch er al., 1990a), such as when current, tidal and wind
conditions made it more suitable to use a more distant whaling bay.

Fluctuations in the distribution relative to whaling bays is obvious, such as in the 4-year
period 1920-23 when all 19 catches were in the S-W group, while in the period 1821-24
only 4 of 19 catches were in this group of whaling bays. This raises the question of whether
the observed fluctuations in the N-E/S-W grouping (Fig. 4) can also be partly explained by
changes in the geographical distribution of the human population. The settlement
structure in the Faroes was already established in the Middle Ages, and only a few places
have been settled in the last century (Thorsteinsson, 1978). This is confirmed by the fact
that the 36 locations which have been used for whaling are scattered around the islands
(Fig. 3), and the majority of these locations have been accessible throughout the period
1709-1992. This holds for all the whaling bays with relatively high frequency of use, such
as the four most frequently-used whaling bays situated in different regional groups (N, E,
S, W), amounting to about 50% of the catches (numbered 1— in Fig. 3). Three of these
(1-3) were also the most frequently-used whaling bays in the oldest pilot whale statistics
from the period 1584-1664 (not included in this analysis), with 31 of the total 4] catchesin
this period.

Thus the changes in the N-E/S-W grouping percentages (from 61%/39% in [710-1740 to
15%/85% in 1890-1930) cannot only be explained by changes in the settlement structure.
Although some of the large S-W proportion in the latter period may be due to an increased
population concentration on Suduroy (which experienced an economic boom around the
turn of this century) other periods show comparable S-W proportions (Fig. 4), such as in
the early 1840s. 1850s and 1970s, when no obvious demographic or community factors can
be discerned.
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Size distribution of the grinds

The number of whales in a grind varies greatly (from 1 to over 1,000) and the total grind-
size distribution is markedly skewed to the left (Fig. 7) with a median value of 110 whales
per grind. This distribution can be approximated by a ‘geometric’ distribution where
success probability (p) equals the reciprocal of 148, the average value of whales per grind
and where the variance equals (1-p)/p2 (=1482). With a sample size of 14, the 95%
confidence interval of the average is [70; 227]. The observed variation of the yearly
averages in the period 1979-1992 (Table 1) could be explained as random samples within
this model, since only one value (66 in 1991) falls outside the confidence interval (note that
the sample size varies between 11 and 21). However, the pattern in this period is quite
unlikely (in the first seven years the numbers are above 90 and in the following six years
under 90).

The shape of the Faroese distribution resembles that for the 92 drives conducted at
Newfoundland from 1952-54 (Sergeant, 1962), but at a lower level. The mean size of these
drives is 85 which is not significantly lower than the January mean size of 96 in the grind
statistics (Table 4). The Newfoundland catching season was in the summer months,
however, when the mean sizes at the Faroes were at their highest (around 160 animals).

Sergeant (1962) also reports offshore observations of 30 pilot whale schools with a mean
size of 20. Small schools of pilot whales in the open sea were also seen in the NASS-studies
(Buckland et al., 1993), where 90 sightings from Icelandic vessels showed a mean size of
26. However, estimating the school sizes of pilot whales at sea is notoriously difficult with a
tendency to underestimate the true size. Sergeant (1962) commented that pilot whales
form large, dense schools when they are in danger and probably also when they are
migrating, but disperse into scattered groups on the feeding grounds. However,
interpretation of such data is difficult, and requires considerably more information on the
schooling behaviour of pilot whales, their migratory patterns and whether or not there are
specific feeding grounds.

Table 4

Grind statistics according to months and the two seasons: Jan-July and Aug-Dec. Information on
month is missing in 65 grinds.

Grind frequency Whales per grind
No. % Average Median
January 41 2.6 93.6 79
February 34 2.2 119.1 96
March 26 1.7 115.3 66
April 38 2.4 165.3 143
May 52 3.3 123.9 106
June 142 9.1 138.1 102
July 328 21.0 158.3 115
August 431 27.6 163.3 131
September 238 15.2 129.6 98
October 110 7.0 149.0 96
November 70 4.5 134.7 104
December 54 3.5 125.7 97
Jan-July 661 42.3 144.1 109

Aug-Dec 903 57.7 148.4 111
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Seasonal variations

At 62°N, the latitude of the Faroes, there are about four times more hours of daylight in
mid-summer than in mid-winter. This would suggest a seasonal variation in sighting rate, if
all other factors are equal. In fact the seasonal variation is amplified by a variation in
weather conditions; in winter, stormy and showery weather is more common and both
fishing and the sighting possibilities are diminished.

The distribution of catches by month has one valley in late winter (February-March) and
one clear peak in late summer (July-August) (Table 4). There is thus a 1-2 month shift
compared to expectations based solely on daylight, so other factors, such as
hydrographical and biological conditions, must contribute to the observed variation. It is
not possible from these statistics to assess the importance of all relevant factors, but one
may guess that the rate of probability of encountering a school is twice as high in mid-
summer compared with mid-winter due to seasonal daylight and weather conditions.

August is the record month for the number of grinds (421/28% ), with the second-highest
average number of whales (164). A closer look at the August statistics through the
centuries reveals that the period 1887-1923 has a more than twofold frequency of 58% (78
of 135 grinds), and also a high average number, i.e. 203 whales, per grind. This period
almost coincides with a period which shows low proportions of both N-E bays and
January-July grinds (see the discussion below on the bays and seasonal correlation). The
high August numbers can partly be ascribed to this period and some other August-
intensive years such as 1840 (7 of 11), 1963-66 (22 of 48). and 1979 (11 of 13).

The grind-size distribution by month (Fig. 9) confirms the high number of whales per
grind in August and April and the low numbers in December and January (Table 4).
Assuming the geometric model, these monthly differences are significant, as is the
difference between August and September averages. The yearly distribution of grind size
corresponds with the mating and conception pattern of the long-finned pilot whale (Amos,
1993; Amos et al., 1993; Martin and Rothery, 1993).

Clustering

In addition to large scale (decade/century) temporal trends and seasonal variation in the
catch statistics, varied clustering on a time scale of weeks and days is also obvious. As an
example let us consider in more detail the grinds from 1979 and 1991 (Table 5). Of the 13
grinds in 1979, 8 occur within an eleven-day period (August 21-31), while the 11 catches in
1991 are spread over seven months and the closest gap between two catches is seven days.
The two years also show different patterns in occurrence of bays, such as the distribution
in the eastern/western groups, which is 5/0 and 2/6 in 1979 and 1991 respectively. Eleven
different bays were used in 1979, and 7 bays in 1991, of which 4 bays were used both years.
The pattern of school size was also different; five grinds in 1979 had more than 150 whales,
opposed to none in 1991.

In the last 180 years (in the 18th century no catch date is recorded), there have been 62
multiple-grind days i.e. days with two or more grinds, of which 40 were in July and August.
Assuming, to simplify, that the 180 years relative to number of grinds in July-August can
be divided into three groups 75/65/40 with, respectively, 2/4/6 multiple grinds per year in
July-August, then the expected number of multiple-grind days for the total period in a
random model is 18. When compared with the 40 days observed, this also indicates a
clustering phenomena.

The clustering of catches indicates that in general one cannot assume catches to be
independent events in the statistical sense. Any attempt to use the catch data to provide
information on putative migration patterns must take this clustering into account. In
addition it should be noted that for the first time in the recorded catches, four grinds were
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Table 5
Pilot whale catches in 1979 and 1991. Bay number and group label (N/E/S/W) according to Table 2
and Table 3.
1979 1991
Date Whales Whaling bay Date Whales Whaling bay
03 Feb. 33 N/10 15 Jan. 1 W/5
09 Aug. 208 E/15 23 Feb. 116 N/2
10 Aug. 135 N/8 13 May 138 S/4
17 Aug. 338 S/9 11 June 67 N/2
21 Aug. 27 Wi/s 25 June 33 W/1
22 Aug. 78 S/6 10 Aug. 70 Wi/l
23 Aug. 11 W/1 02 Sept. 40 S/23
25 Aug. 233 S/13 10 Sept. 49 W/l
28 Aug. 121 E/7 18 Sept. 10 N/8
28 Aug. 1 E/12 30 Sept. 69 W/11
30 Aug. 182 E/15 14 Oct. 127 W/l
31 Aug. 27 E/12
22 Oct. 279 N/2

caught on the same day, 16 July 1992, and they were all beached at the four western-most
bays of Midvédgur, Bour, Vestmanna and Leynar (1, 27, 5, 26 in Fig. 3).

Bays and seasonal correlation

Fig. 10 shows a positive correlation between the proportion of grinds in January-July and
that in the N-E bays. The line connecting the points chronologically is short given ail
possible routes between the points. This indicates that the proportions in one period are
influenced by the proportions in the preceeding period (in a statistical time series analysis
the low order auto-correlations would be positive).

This time-dependent distribution suggests a fluctuation of the proportions in a wider
time scale than the 4-year period used here. This is underlined by the fact that nine of
eleven points in the lower left-hand corner of Fig. 10 belong to one connected period
1884-1927, which is also characterised by a relatively low grind rate, i.e. with annual
means lower than five. Ten of twelve points representing 10 grinds per year or higher lie in
the rectangle [30% -62% |x[40%-62% |, so a high grind rate tends to give high January-July
and N-E bay proportions.

It should be mentioned that for the entire period, almost half of the grinds in August-
December (58% ) occurred in August (28% ) (Table 4). A similar relationship is seen with
January-July (42%) and July (21%). So significant changes in January-July proportions
are in many cases due to a shift of grind concentration between July and August. The high
grind frequency in August was noted above in connection with the discussion of seasonal
variations and the clustering phenomenon.

Climatic change and biological variability

Long term trends in sea-surface temperature (SST) are to some extent correlated with the
level of pilot whale catches. For instance, the general warming of the North Atlantic
between 1900-1940, which can also be seen in measurements from the Faroes (Smed,
1978), corresponds with the increase in the number of grinds caught in the period (Joensen

and Zachariassen, 1982).
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Joensen and Zachariassen (1982) also found a correlation between the number of grinds
in July-September each year and the available data on SST during the same months in the
regions west and southwest of the Faroes in the period 1957-76, taken from Stougaard-
Nielsen (1978). They found a stronger relationship between the number of grinds and SST
in the region 57-59°N, 16-32°W, with correlation coefficients between 0.68-0.74, than
close to the Faroes (correlation coefficient 0.57). In this 20-year period the SST near the
Faroes was between 11-12.7°C while in the region 57-59°N, 16-32°W it was 7.2-12.8°C. In
other words, the SST south-west of the Faroes seems to be a more sensitive measure of the
pilot whale catch rate than the SST near the Faroes.

The occurrence of the long-finned pilot whale seems to be positively correlated with the
occurrence of its main prey, pelagic squid (Mercer, 1975; Joensen and Zachariassen, 1982;
Bloch, 1992; Desportes and Mouritsen, 1993; Hoydal and Lastein, 1993). For instance,
the cluster of grinds in August 1979 coincided with large squid catches in the Faroes. In
some places such squid abundance has not been recorded for 15 years, although this
period has been good for pilot whaling (Joensen and Zachariassen, 1982; Jakupsstova, In
prep).

From 196669 to 1970-1974 there was a marked change in the climatic conditions of the
North Atlantic Ocean, indicated by, amongst other factors, the atmospheric pressure
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Fig. 11. Grind incidence cach month in the period 1966-1974.
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Table 6
Grind statistics from 1966-69 and 1970-74.

Period Grinds Grinds per year Whales per grind Jan-July Western bays
1966-69 58 14.5 112 30 52% 17 29%
1970-74 29 5.8 125 7 24% 1345%

anomaly for the winter quarter, which showed a N-W gradient in the first period and a S/S-
E gradient in latter period (Garrod and Colebrook, 1978). Contemporary changes in
ocean biology, such as in planktonic and fish communities, were also observed. The so-
called ‘Great Salinity Anomaly’, i.e. the widespread freshening of the upper 500-800m-
layer of the Northern North Atlantic in the 1970s (Dickson er al., 1988), also marks an
extreme change in the ocean climate.

Some main grind statistics in the periods 1966-69 and 1970-74 are set out in Table 6,
where some interesting changes from the first to the latter period can be observed: a 60%
reduction in the grind rate, a 50% reduction of the January-July proportion and a smaller
increase in the western bay proportion. Also, a small (non-significant) increase in the
number of whales per grind was observed. Fig. 11 shows the monthly grind incidence in
the period 1966-1974, and supports some of these observations. The simultaneous
changes in (a) the seasonal distribution of the grinds, (b) the whaling bay distribution and
(c) the catch rate level, corresponds well with the observations made in the analysis
concerning the bays and seasonal correlation (Fig. 10). This suggests that the above
climatic and biological parameters in the North Atlantic may be of importance to the
abundance of pilot whales in the Faroe area.
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ABSTRACT

This paper reviews information on the long-finned pilot whale (Globicephala melas) in the
waters around the Faroes. In particular, the long term series of catches of pilot whales (1709—
1992) arc examincd in the light of possible relationships betwcen variations in landings of
whales and cnvironmental variations. A shift in the pattern of catches around 1920 was
noted. which coincides with a general shift in the climatic conditions in the North Atlantic.
Long term variations in the time scries were observed. Observations of bottlenose whales
(Hyperoodon ampullatus) show similar variations to the catches of pilot whales. indicating
that a common cnvironmental factor (or factors) may be responsible for the variations
obscrved in the time series for both specics. Annual variations in both number of schools and
mean number of whales per school. appear to be related to changes in sca temperature
although the mechanism is unclear. It may reflect changes in the food availability as indicated
by investigations of blue whiting and squid in the arca. Changes in the current system in the
North Atlantic arc suggested to be onc cause of variability in the catches of pilot whales in the
Faroes.

KEYWORDS: PILOT WHALES-LONG-FINNED; NORTH ATLANTIC; STOCK
IDENTITY: BOTTLENOSE WHALES: SQUID: FISH: OCEANOGRAPHY;
MIGRATIONS

INTRODUCTION

The stock identity of pilot whales (Globicephala melas) observed in Faroese waters is
uncertain but it is assumed that they are part of larger populations in the North Atlantic
(IWC, 1992, pp.197-200). Several studies investigating this are underway (e.g. Amos
etal., 1993; Andersen, 1993), and morphometric analysis of samples from the Faroes and
Newfoundland waters has suggested that animals from these areas are from separate
stocks (Bloch and Lastein, 1993).

Hunting of the pilot whale in the Faroes has been recorded since 1584, but there is
reason to believe that the hunting goes further back than that (see review by Zachariassen,
1993). Only pilot whales found within 10 n.miles of the Islands are hunted and it is clear
that the area exploited by the Faroese is small compared to the total range of the species in
the North Atlantic, a picture confirmed by the extensive NASS-surveys in 1987 and 1989
(Buckland et al., 1993). Weather conditions play an important role in the number of
schools landed in the Faroes (Table 1); poor sighting conditions reduce the number of
schools sighted and thus potentially captured. Variations in sighting conditions are,
therefore, assumed to seasonally affect the number of pilot whales landed at the Faroes
(Hoydal, 1985). This paper attempts to examine the long term variations observed in the
catches of pilot whales in the Faroes, in particular, with respect to environmental factors.
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Table 1

Sighting conditions and sightings of pilot whales during 12 trips in the Faroe area 18 July to
2 October, 1978.

Good sighting conditions Bad sighting conditions

Trip Days at sea No. days Sightings No. days Sightings
1 7 4 8 3 1
2 2 2
3 1 1 3
4 2 2 4
5 3 3 1

(Big schools)
6 4 1 3
7 1 1
8 4 2 1 2 1
9 6 6 3

(Big schools)
10 4 2 2 1
11 2 1 3 1
12 6 5 4
Total 41 29 27 12 3

MATERIAL

Cetacean catch data

Written records of landings of pilot whales in the Faroes have been kept since 1584, and
the only gap in the series is the period 1641-1708. The full set of data on catches by month,
year and whaling bay have been analysed by Miiller (1882; 1883a; b) for the time period
1709-1883, Joensen (1962) for the time period 1884-1962 and Joensen and Zachariassen
(1982) for the time period 1709-1978. Zachariassen (1993) has updated and reviewed the
data for the period 1709-1992. All the catch data journals and other relevant sources for
both pilot and bottlenose whales (Hyperoodon ampullatus) taken from the Faroes have
been examined and compiled by D. Bloch and R. Mouritsen and made available for this
study.

Joensen and Zachariassen (1982) examined several non-biological factors that might
affect catch numbers, particularly the number of inhabitants, socio-economic changes and
technical improvements in catching and communication methods. This was discussed
further by Hoydal (1985). In an attempt to try and correct the catch series for these factors,
we have assigned the tentative ‘correction’ values shown in Table 2. We recognise that
these values may be imprecise although they are qualitatively appropriate for the purposes
of our analysis (see Discussion).

Four time series of catches are used in this study:

(1) annual number of schools of pilot whales caught in the Faroes in the years 1709-1992;
(2) annual number of pilot whales caught in the Faroes in the years 1709-1992;

(3) annual number of schools of bottlenose whales landed in the years 1709-1992:

(4) annual number of bottlenose whales landed in the years 1709-1992.

It is assumed that the catch scries reflect the true catches of whales in the Faroes and that
the rare incidences of the number of whales being so great that the recording may have
been problematic do not scriously affect the reliability of the data. Possible biases in the
series have been reviewed by Bloch er al. (1990).
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Table 2

Correction for effort in the Faroese catch series. Note that the reason for assuming a 50% increase

over the whole period is based on the inherent conservatism in pilot whale hunting. It is still a

strictly non profit business, with little investment in equipment or facilities that might increase the
hunting efficiency.

Period Effort correction factor Comments
1700-1800 1 Static community in the Faroes.
1800-1900 1-1.4 Increase in population and economic developments start.

End of period, introduction of motor vessels and
improved communication.

1900-1940 1.4 No drastic changes. Apart from the war years 1914-1918
the Faroes fishing activity in the Faroe area very limited.

1941-1945 1.5 Increased fishing activity in the Faroe area during the
war.

1945-1970 1.4 Back to pre-war situation.

1971-1981 1.5 Increased fishing activity in the Faroe area.

1982-1984 1.3 Restrictions in catches introduced. Drives not allowed

in whaling districts if catches have reached certain levels.

Zachariassen (1993) discusses the distribution of the catches by month and locality in
different years and periods. Although he does not present a strict statistical analysis, some
differences in catch distribution by months and locality among time periods are observed.
A more quantitative analysis of the effect of these two factors may explain some of the
variation in the data, but as a first step we have chosen to consider the series as a univariate
time series of annual numbers of whales and annual numbers of schools.

Other data
One difficulty with examining a series of catch data as long as that for Faroese pilot whales
is that rarely are their similar time series available for other factors. One of the few
examples is the time series of estimated air temperatures given by Dansgaard (1985) based
on measurements of isotopes in Greenland ice cores. The smoothed curve shown in Fig.
1(a) was estimated by use of a 10° polynonium.

The following, more recent oceanographic data were also used:

(1) sea surface temperature at Mykines, 1914-1962;

(2) sea surface temperature and salinity in the Faroe Bank Channel, 1978-1992 (Gaard
et al., 1993);

(3) CTD data north of the Faroes, August and September 1982-1991 (Jacobsen and
Lastein, In press).

The few published records on prey distribution and abundance (the squid, Todarodes
sagittatus and the blue whiting, Micromesistius poutassou) are also considered.

ANALYSIS

The time series of catches of pilot whales and bottlenose whales
The four time series of catches by species are given in Fig. 1(b-¢).

The time series of catches of pilot whales (Fig. 1b-c) show three maxima: around 1725,
around 1840 and around 1960. Before 1920 these coincide (Fig. la) with minimum
temperatures in Dansgaard’s (1985) Greenland series with a lag time of around 10 years.
After 1920 the correlation is reversed with high catches of pilot whales associated with
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Fig. 2. Obscrvations of catches of number of pilot whales (). cstimated number of pilot whales (—) and
estimated trend covering the time period 1710-1983.

high temperatures in the Greenland series. This suggests that while catches (and by
inference, abundance) of pilot whales appears to be correlated in some way with air
temperature, this correlation is not straightforward.

Fig. 1(b-c) also indicates that the number of whales is correlated with the number of
schools, as supported by a variance analysis of the two time series (correlation coefficient,
R, 0.83, F = 737.976 and p=0.000).

Spectral analysis of the periodicities observed in the catch series in Fig. 1(b-c) revealed
two periods between 1709-1920 of 73 and 128 years. This is similar to the periods
estimated for the Greenland temperature series of 85 and 132 years. This again suggests
that the time series of catches is related in some way to the temperature series.

The periodicities observed in the time of series of numbers of pilot whales caught in the
Faroes (Fig. 1(b)) were further used to estimate a possible trend in the series. The model
used was

Number of pilot whales(year) = const. + Zancos (2n x year/N) + bnsin (2n x year/N) + €

where n=1; N=number of years analysed and eis an error term.

Fig. 2, using this model, shows the same three main periods of good catches as observed
in the original data and shows that some external factors are affecting the number of pilot
whales caught in the Faroes.

The bottlenose time series (Fig. 1d-e) comprises a much smaller number of schools and
whales per school. The series shows a remarkable decline after 1920 and it is thought this
may reflect poorer recording for this less valued species and also overfishing (Christensen,
1993). For the purpose of comparing the catch time series of pilot and bottlenose whales, it
was therefore decided only to analyse the time period 1709-1920. Variance analysis for
both number of whales and schools showed a maximum correlation at R=0.53, p=0.00
and R=0.48, p=0.00 respectively.

Abundance of pilot whale prey

From studies in Newfoundland, Sergeant (1962) reported that the pilot whales fed almost
exclusively on squid. Desportes and Mouritsen (1993) reported that Faroese pilot whales
fed mainly on the squid species Todarodes sagittatus and Gonatus sp.. However, blue
whiting (Micromesistius poutassou) and greater argentine (Argentina silus) were also
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relatively common in stomachs sampled between 1984 and 1987. In particular, they found
that in years when the squid fishery was poor, presumably reflecting the availability of
squid, the diet of the pilot whale showed great diversity, with blue whiting being the most
common fish species observed (25% of the total fish species observed).

Squid

In recent years, the biology of Todarodes sagittatus has been investigated by Norwegian
scientists (Wiborg and Gjgsaeter, 1981; Wiborg er al., 1982; 1983; Wiborg and Beck,
1984). Fig. 3 reproduces two charts from Wiborg et al. (1981; 1983) that show the seasonal
distribution of the squid. Fig. 4 shows the length distributions of the squid caught at certain
selected stations. These figures suggest that squid migration patterns are related to the
shelf edge, where both the number of squid caught and their length were greatest. The
squid feed on fish species such as blue whiting, perlsides (Maurolicus muelleri) and other
species usually found over the shelf edge.
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Fig. 4. Length distribution of T. sagirtatus from selected stations in Fig. 3 (continucd overleaf).
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Fig. 4. (cont.) Length distribution of 7. sagittatus from selccted stations in Fig. 3.

Gaard (1988) reported that catches of 7. sagittatus have been small since 1984, perhaps
due to changes in the migration route of the squid. Shimko (1989) reported that the
spawning area for this species is in the North Azores area (Fig. 5). from where it migrates
to the Norwegian Sea with the North Atlantic Current; several different migration routes
are possible and not all of them pass through the Faroese area.

Jakupsstova (In press) has examined Faroese squid catch data since 1950. He found
certain ‘squid years’ with a relatively large bait fishery. There was a general
correspondence between numbers of pilot whales caught and ‘squid years’, although the
relationship did not hold for every year. For example, in 1985 no squid were caught
although a large number of pilot whales was caught; at the same time squid were abundant
in Norwegian waters. This may reflect changes in the migration pattern of both pilot
whales and Todarodes. Shimko (1989) suggested that in the years with lower pilot whale
catches (1986-1988), larvae were observed to the southeast of the Azores, whereas in
years with higher catches, they were northwest of the Azores (Fig. 5).
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Monstad (1989) has estimated the biomass of blue whiting for the spawning and feeding
area, covering the time period 1980-1992. These data are shown in Fig. 7 together with the
catches of pilot whales in the Faroes. The correspondence between number of whales
landed and biomass of blue whiting seems clear (R=0.876, F=36.16, p=0.000), with
respect to blue whiting in the feeding area (Fig. 7), but not with respect to the spawning
area (R=0.177, F=0.227, p=0.648). As the investigations of blue whiting were carried out
in July-September, in Fig. 8 we have separated the pilot whale catches by month. This
shows that pilot whale catches in the Faroes are highest from July-September, connected
with the only significant correlation coefficient between the time series of whales and blue
whiting in this time period (R=0.73, F=12.554, p=0.005).
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Analysis of temperature observations obtained in Faroese waters

Fig. 9 shows measurements of surface temperature observed at Mykines (Fig. 10),
together with observations of whale species, between 1914 and 1962. This suggests that the
increase in numbers of schools and whales around 1920 is connected to a mean annual
increase in the surface water temperature (R=0.67, F=18.11 and p=0.00).
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Gaard et al. (1993) calculated the mean annual temperature and salinity in the Faroe
Bank Channel (Fig. 10) for the time period 1978-1992. The period 1980-1985 was
characterised by low stable temperature and salinity values. After this, both temperature
and salinity were generally higher but more variable (Fig. 11). A comparison with the pilot
whale time series of catches (Fig. 7) suggests a relationship between the changes in pilot
whale abundance around 1985 and the changes in these oceanographic variables.

To examine if the variability in the water temperature north of the Faroes might be
connected with the observed variations in the time series presented in Fig. 8, these
temperatures were analysed for those years when it was available. Fig. 12 shows the
position of the 5°C isotherm at 100m depth north of the Faroes, based on CTD
observations obtained during surveys of blue whiting in August-September carried out
between 1982 and 1991 (Jacobsen and Lastein, In press). The 5° isotherm extends much
further south in 1982 than in the other years. This would force the Atlantic water arriving
from the south (Fig. 10) into a narrower area close to the Islands. If the pilot whale
migrates with the North Atlantic Current, this would cause the whales also to be
concentrated in a narrower area close to the Islands. This is consistent with the fact that a
peak in catches was observed in 1982.
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observation. (From Gaard et al., 1993).

DISCUSSION

This paper presents a first attempt at examining the long time series of Faroese pilot whale
catches in the light of environmental factors. We believe this is an important approach,
notwithstanding the number of difficulties inherent in any such approach. Perhaps the
most obvious of these is the quantity and quality of associated environmental data
available. While it is relatively easy to obtain a reasonably accurate time series of catch
data for the Faroese pilot whale fishery stretching back several centuries, it is difficult to
obtain such a long time series of oceanographic data (only the estimated air temperature
from the Greenland data even approximates this) or data on prey species availability. The
latter is particularly significant.

For example, while the Greenland temperature data appear to be correlated with
variability in numbers of pilot whale schools and individuals around the Faroes, the
mechanism for this is unclear, particularly given the change in direction of the relationship
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around 1920. Intuitively, the most likely mechanism is via an effect on the distribution and
abundance of prey species.

However, the time series of prey data are very short and the data themselves are
somewhat equivocal. For example the number of whales appeared to be related to the
amount of squid present in the area, but not exclusively. This may be a result of variability
in the migration routes of the squid but these migrations are themselves not well
understood. There also appears to be some relationship between the distribution of blue
whiting and pilot whales, which could be related to variations in the current system in the
North Atlantic, which remain to be further investigated. In fact, the migration patterns of
the pilot whales in the North Atlantic, as well as their prey species, are still unknown.
However, our analysis of the limited hydrographical and biological information available
for Faroese waters suggests that the migration route may be related to the North Atlantic
Current. This warrants further attention.

We feel that this study has highlighted the importance of examining the catch series in
the light of more than simple assumptions about trends in abundance of North Atlantic
pilot whales. The question of stock identity is particularly important here. In terms of
modelling work, a sensitivity analysis of the effect of our assumptions concerning ‘effort
modifiers’ is required. However, while statistical analysis can provide information on
periodicity and correlations, the value of these only becomes apparent if the mechanics of
the relationships are identified.
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Effort must be put into examining further the ecology of both pilot whales and their prey
species, in terms of developing hypotheses of the relationship between environmental
variables and their distribution, migration and abundance. This will require focussed
collection of both oceanographic and biological data.
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ABSTRACT

Pilot whales, Globicephala sp., have been reported as incidental takes during the Distant
Water Fleet (DWF) Atlantic mackerel fishery since 1977. The number of takes reported was
anomalously high in 1988 (142 whales) in comparison with those for 1984-87 (12, 42, 17 and
26 whales). Comparison of the general areas where incidental pilot whale takes occurred
during 1988 relative to 1984-87 revealed no substantial difference. The area of conflict is
principally concentrated from Baltimore Canyon north to Welker Canyon, extending from
the 200m isobath shoreward approximately 45 n.miles. The anomalously high take rate may
be explained by DWF mackerel fishing operations for January-April 1988. During this
period, the fishery was concentrated in the area where past mackerel-marine mammal
interactions have been highest. Fishing effort was distributed over a wider area of shelf

waters during 1984-87.

KEYWORDS: PILOT WHALES - LONG FINNED; PILOT WHALES - SHORT
FINNED; NORTH ATLANTIC; INCIDENTAL CAPTURE; FISHERIES.

INTRODUCTION

Atlantic mackerel, Scomber scombrus, have been harvested off the northeastern US coast
since the seventeenth century (Anderson and Paciorkowski, 1980). It was not until the
arrival of the Distant Water Fleets (DWF) in the 1960s, however, that an intensive trawl
fishery developed in the offshore waters between Cape Hatteras and Georges Bank.
Catches in the mid-Atlantic Bight increased from less than 400 metric tonnes per year in
196065 to 232,300 tonnes in 1971 then dropped to 66,000-142,900 tonnes between 1973-
76 (Anderson and Paciorkowski, 1980). Implementation of the Magnusson Fisheries
Conservation and Management Act on March 1 1977 extended US jurisdiction over all
living marine resources within the 200 mile Exclusive Economic Zone (EEZ), which
resulted in a dramatic reduction in DWF mackerel fishing off the northeastern US coast.

1 Present address: Minerals Management Service, MS 4310, 381 Elden Street, Herndon, VA 22070, USA
2 Present address: Ocean Surveys, Inc., 91 Sheffield St., Old Saybrook, CT 06475, USA



108 FAIRFIELD et al.: INCIDENTAL TAKING OF PILOT WHALES

DWF Atlantic mackerel catches in 1977 were 49,200 tonnes, dropping to less than 1,000
tonnes per year from 1978-81 when they were taken principally as a by-catch in the
offshore squid fishery. The DWF fishery eventually increased again from a catch of 6,000
tonnes in 1982 to 43,000 tonnes in 1988. Subsequently, catches rapidly declined to 5,000
tonnes in 1991. The trends in foreign catches during the past decade were due primarily to
management decisions by the Mid-Atlantic Fishery Management Council, in response to
changing stock sizes (National Marine Fisheries Service, 1991).

The incidental takes of marine mammals in commercial fishing activities have received
widespread attention in recent years (e.g. Loughlin et al., 1983; Waring et al., 1990).
Incidental takes of pilot whales, Globicephala sp., have been reported in the east coast
DWEF fisheries for squid, hake, Atlantic mackerel and tuna since 1977 (Waring er al.,
1990). The majority (84% , n=249) of the pilot whale takes have occurred since 1984 in the
Atlantic mackerel fishery, with 12 to 142 whales taken per year.

The sudden increase in the incidental take to 142 pilot whales by the DWF Atlantic
mackerel fishery off the northeastern US coast during 1988 prompted the analysis
presented in this paper. Here we review the distributions of: (1) pilot whale sightings
(1961-88); (2) the DWF Atlantic mackerel fishery (1984-88); and (3) incidental pilot
whale takes during the DWF Atlantic mackerel fishing operations (1988 relative to
1984-87).

MATERIALS AND METHODS

Pilot whale sightings along the northeastern US coast were obtained from a variety of
sources. The distribution of the long-finned pilot whale Globicephala melas, the northern
species, overlaps with the short-finned pilot whale G. macrorhynchus, mainly a southern
species, between 35°30'N and 38°00'N (Leatherwood et al., 1976). Although G. melas is
the most common and the most likely taken in the DWF fisheries, there is a possibility that
the southern species might also be occasionally taken. Positive identification to the species
level is often difficult. Therefore, in this paper we use Globicephala sp.

(1) The Cetacean and Turtle Assessment Program (CETAP) at the University of Rhode
Island (URI) conducted dedicated aerial surveys from November 1978-January 1982 and

collected opportunistic and historic data made by reliable sources from the mid-1900s to
1982 (Winn, 1982).

(2) Manomet Bird Observatory (MBO) conducted standardized sighting surveys aboard
NOAA fishery research vessels operating between Nova Scotia and Cape Hatteras from
1980-88 (Smith ef al., 1988).

(3) Observers aboard DWF Atlantic mackerel fishing vessels collected opportunistic
marine mammal sightings and incidental take data from 1984-88 (Smith et al., 1988).

Monthly plots, encompassing the DWF Atlantic mackerel fishing season from January
to May, were generated to illustrate the following: (1) positions where pilot whales were
sighted by CETAP, MBO and observers on the DWF Atlantic mackerel fishing vessels
from 1961-87; (2) distribution of DWF Atlantic mackerel fishing activity derived from a
random sample of the 1985-88 trawl data; and (3) positions where pilot whales were
incidentally taken during DWF Atlantic mackerel fishing operations from 1984-88.
Comparisons of the plots between calendar years were performed to identify anomalous
conditions. The study area map represented in Fig. 1 illustrates the geographic features
that are referenced in the distributional analyses.
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Fig. 1. Map of the study area illustrating geographic features.

RESULTS

Pilot whale sightings
Fig. 2 illustrates the monthly distributions of pilot whale sightings made along the
northeastern US coast from January through May 1961-87. The sightings available for
1988 were collected onboard the DWF fishing vessels (which were concentrated in a fairly
localized area) and on a limited number of US National Oceanic and Atmospheric
Administration (NOAA) fisheries vessels. These may not be representative of the overall
distribution of pilot whales during 1988, and thus have not been included in these figures.
January and February sightings were concentrated in the shelf waters from the
Delmarva Peninsula to the southern edge of Georges Bank (Fig. 2a), primarily along the
bathymetric shelf-slope (SH/SL) front. During March, sightings were concentrated in
roughly the same area along the SH/SL break, with scattered sightings in the slope waters
(Fig. 2b). During April, the majority of the sightings were made from southern New
Jersey to Georges Bank (Fig. 2c). Sightings occurred throughout the shelf waters, as well
as along the bathymetric SH/SL front, and extended northward along the eastern edge of
Georges Bank. May sightings were concentrated along the mid-shelf and SH/SL edge
waters from New York Bight to Georges Bank, and into the Gulf of Maine (Fig. 2d).
Scattered sightings were made south of this area. Based on these figures, pilot whale
distribution was generally fairly extensive throughout this region.
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Fig. 2. Distribution of pilot whale sightings (CETAP, MBO. DWF fishery observers) during: (a) January-
February 1968-87; (b) March 1961-87; (c) April 1964-87; and (d) May 1966-87.

Distribution of incidental takes relative to DWF fishery

Comparisons of the locations where the incidental takes occurred relative to the area
where the DWF Atlantic mackerel fishery was distributed revealed that the takes were
generally concentrated from Hudson to Atlantis Canyons, although the fishery was more
widespread. A monthly summary of the historic distributions compared to the 1988 data is
given below.

During January-February 1985-87, although the DWF fishery extended from the New
York Bight southward to Cape Hatteras, throughout the shelf waters (Fig. 3a), the
incidental takes occurred primarily in the New York Bight waters and near Washington
and Block Canyons just shoreward to the 200m isobath (Fig. 3c). In January-February
1988, the fishery was concentrated in the mid-shelf waters of New York Bight, with
scattered fishing south to the Delmarva Peninsula (Fig. 3b), although the takes occurred in
mid-shelf waters northwest of Wilmington Canyon and near the 200m isobath near
Hudson Canyon (Fig. 3d).
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In March 1985-87, the fishery ranged from Cape Hatteras to New Jersey in the mid- to
outer-shelf waters (Fig. 4a), while the incidental takes were concentrated near the 200m
isobath from Baltimore to Hudson Canyons (Fig. 4c). In March 1988, the incidental pilot
whale takes were concentrated along the 200m isobath from Hudson to Block Canyons
(Fig. 4d), although the fishery was distributed from the middle of the Delmarva Peninsula
to Block Canyon, in the outer-shelf waters (Fig. 4d).

During April 1985-87, fishing progressed northward and was concentrated throughout
the shelf from southern New Jersey to Block Canyon (Fig. 5a), while the incidental takes
occurred along the 200m isobath from Hudson to Block Canyons (Fig. 5¢). In April 1988,
both the fishery and the incidental takes were concentrated near the 200m isobath,
extending from Hudson to Atlantis Canyons (Fig. 5b and d).

During May 1985-86, the fishery was located in the shelf waters from southern Long
Island to Welker Canyon, with the effort from Veatch to Welker Canyons concentrated
close to the 200m isobath (Fig. 6a). Incidental takes in May 1984-86 were concentrated
between Block and Welker Canyons, with the majority of takes occurring along the 200m
isobath (Fig. 6¢). The May 1988 fishing effort was located along the 200m isobath near
Block Canyon, though it was curtailed early in May (Fig. 6b). Only one pilot whale was
taken near Block Canyon, which is likely an artifact of the suspension of fishing operations
(Fig. 6d).

The geographic areas in which incidental takes occurred during 1984-87 were very little
different to the areas in 1988 (Fig. 7). The total area in which incidental takes occurred
from 1984-87 extended from Oceanographer to Washington Canyons along or shoreward
of the 200m isobath, though 81% of the instances occurred in a more confined area
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Fig. 7. Areas where pilot whales were taken incidental to DWF Atlantic mackerel fishing.
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extending from Baltimore to Welker Canyons. Similarly, in 1988 all incidental pilot whale
takes occurred in an area ranging from Wilmington to Welker Canyons, near or shoreward
of the 200m isobath. .

The number of pilot whales taken in each month from 1984 through 1988 is presentqd in
Fig. 8. The number of incidental takes during DWF Atlantic mackerel fishing operations
were anomalously high in 1988, and to a lesser but notable extent in 1985. These anomalies
can be summarised in the following context.

The number of pilot whales taken by the DWF Atlantic mackerel fishing fleet totalled 12
whales in 1984, 42 in 1985, 17 in 1986, 26 in 1987 and 142 in 1988. The total number taken
during a given month exceeded ten whales on six occasions: 15 in February 1988; 17 in
March 1985; 45 in March 1988; 64 in April 1988; 25 in May 1985; and 13 in May 1988. The
number of whales taken during one given tow exceeded five whales on nine occasions: six
whales three times in April 1988; seven whales once each in February 1988, March 1987,
March 1988 and May 1985; eight whales once in May 1985; and 12 whales once in May
1988.

Correspondingly, the total number of tows in which pilot whales were taken was highest
in 1985 (16) and 1988 (49). Pilot whales were taken in five or more tows during a given
month on five occasions: five instances occurred in April 1987; nine in March 1985; 17 in
March 1988; 25 in April 1988; and seven in May 1985.
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Fig. 8. Total number of pilot whalcs incidentally taken during DWF Atlantic mackerel fishing operations
off the northeastern US coast from 1984-88.

DISCUSSION

The distribution of the 1988 DWF Atlantic mackerel fishery was anomalous in comparison
to the 1984-87 fishery. In January-March 1988, the fishery was concentrated further north
(between Wilmington and Hudson Canyons) and generally in mid-shelf to shelf edge
waters, as opposed to being distributed throughout the mid-shelf waters from Cape
Hatteras to Hudson Canyon as in 1985-87. April fishing effort was similar for all years.
The May 1988 effort was so limited that a comparison with historic data was not
warranted. Based on the location of fishing effort, it appeared that Atlantic mackerel did
not move south to Cape Hatteras during February and March 1988, but instead remained
near the Hudson Canyon area.
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An event that may have contributed to concentrating the Atlantic mackerel near
Hudson Canyon during the winter of 1988 was the presence of a large volume of cool, low
salinity, shelf water that was detected on the southern New England to mid-Atlantic shelf
in the summer and autumn of 1987 (D. Mountain, NOAA, NMFS, NEFC, pers. comm.).
This ‘cool pool’ affected the distribution of several species of finfish and Loligo squid
(;;ggublished NMEFS, NEFC data), and its influence may have continued into the winter of

The incidental take of pilot whales during DWF Atlantic mackerel fishing operations
was anomalously high in 1988, compared to 1984-87. Similarly, the 1988 kill per day fished
rate (0.19) was the highest observed, as compared to 0.05, 0.15, 0.05 and 0.08, for the
years 1984-87, respectively (Waring et al. 1990). The DWF Atlantic mackerel fishery was
suspended in early May, partly in response to these large increases in kill rates in 1988.

The years 1988 and (to a lesser but still substantial extent) 1985, were also anomalous in
that these were the only years in which the number of whales taken in a month exceeded 10
whales, that more than five instances of incidental take of pilot whales occurred in a given
month and that more than 10 incidents occurred in one year. These anomalous events
occurred in March and May of 1985 and from February through May of 1988.

The high 1988 level of incidental takes of pilot whales appears to be due largely to the
fact that the fishery remained in the geographic area where these takes commonly occur,
as opposed to being more southerly distributed, especially during February and March, as
in past years. As Fig. 7 illustrates, this area is limited to the region from Baltimore Canyon
north to Welker Canyon extending from the 200m isobath shoreward approximately
45nm, regardless of the time of year. The reason for the high take rates in April and May
1988 in comparison to previous years is not clear. Furthermore, there are no data
indicating that technological changes in fishing trawls are responsible for the high 1988
incidental take.

The seasonality of the historic DWF Atlantic mackerel fishery extended from
December to April (Anderson and Paciorkowski, 1980), which corresponds to the present
pattern. In addition, international fishing effort, expressed as standardised US days fished
per year, during the period of large scale DWF fishing activity increased from
approximately 21,000 to 1,735,000 days fished between 1964-74 and declined rapidly
thereafter as a result of declining stock abundance and management measures (Anderson,
1976; Anderson and Paciorkowski, 1980). During the period 1985-88, non-standardized
DWEF effort ranged between 300 and 750 days fished, which is a small fraction of the effort,
regardless of standardization, reported during the earlier time period. Extrapolation of
current take rates of the historical fishery is, however, not appropriate for several reasons,
including technological advances in vessels, trawls and improved electronic fish finding
equipment, and the lack of detailed data on the seasonal/spatial distribution of the fishing
fleets.

These data suggest that mitigation of incidental pilot whale takes may be accomplished
by closure of some or all of the area identified in Fig. 7. Furthermore, under the
requirements of the 1988 amendments of the US Marine Mammal Protection Act, the
DWF Atlantic mackerel fishery has been designated as a Category I fishery (i.e. with
frequent incidental taking of marine mammals). This will require fishery observers to
collect detailed information on interactions between vessels and marine mammals, and
analyses of these data may lead to mitigation methods other than areal closures. The pilot
whale by-catch since 1988 has declined sharply. This is likely attributable to reductions in
foreign catch quotas by the US for Atlantic mackerel, which transiates into greatly

reduced fishing effort.
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ABSTRACT

This papcr examines the morphological characteristics and colour patterns of the long-finned
pilot whales taken between July 1986 and July 1988 off the Faroe Islands. The colour patterns
of whales in two complete schools were examined. Two distinct patterns were found: a post-
dorsal fin saddle and a postorbital eye blaze. The presence of a dorsal saddle was more
common (43%) than the eye blaze (22%). Both patterns became more common with
increasing body length and age. The saddle pattern was equally common in males and
females, while the occurrence of the eye blaze was significantly more frequent in males (31%)
than in females (15%) and not so strongly related to body length or age. There was no
indication of any differences between the two schools examined. Length measurements of
dorsal fins, flippers and flukes were taken from whales in 29 different schools, including some
complete schools and throughout the year. The dorsal fin, the flippers and the fluke show a
linear correlation with body length and thus an isometric growth pattern. The linear growth
of dorsal fin height and length rclative to body length shows a zero trend for the fin height, but
a small significantly positive trend for the fin length. This material reveals no evidence of
sexual dimorphism.

The relative increase in flipper length and width was linearly related to body length, but for
the former there was a negative trend for whales smaller than 250cm, and above that a
positive trend. The relative increase in fluke length and span to body length showed a zero
trend for the latter and a slight, but significantly ncgative slope for the former, indicating that
the fluke shape changes with the age of the individual; the longer the whale, the shorter the
fluke length in proportion to body length. The ratio of flipper length to body length of 510
postnatals was 14.4-30.3%, more than has been previously found. 2.7% of the individuals
overlapped with the range given for the short-finned pilot whale, G. macrorhynchus. Both
the dorsal fin length and the fluke shapce were linearly correlated to blubber thickness, and
this explains previously found differences in thesc patterns between the pods as a yearly
synchronous variation related to blubber thickness.

Sexual dimorphism was apparent for characteristics of both flippers and flukes; males have
longer flippers and longer and wider flukes than females of thc same body length. Both
immature males and fcmales had significantly smaller flippers and flukes in proportion to
body length than mature animals of both sexes.

KEYWORDS: PILOT WHALES-LONG-FINNED; NORTH ATLANTIC;
COLOURATION; MORPHOLOGY/ANATOMY: SEXUAL DIMORPHISM; PILOT
WHALES-SHORT-FINNED: GROWTH/LENGTH DISTRIBUTIONS.
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INTRODUCTION

The value of using naturally occurring marks, including pigmentation characters or the
distribution of spots is well known for studies of many animal species. It has proven useful
in studies of distribution, migration, stock identification and behaviour for many cetacean
species (e.g. see IWC, 1990).

Although differences in the colouration of long-finned pilot whales, Globicephala melas
Traill, including the long anchor-shaped ventral patch, the dorsal saddle and the eye blaze
have been noted (Ritchie, 1924; Sergeant and Fisher, 1957; Sergeant, 1962; Aguayo,
1975; Crespo et al., 1985; Goodall and Galeazzi, 1987), this study is the first time that
entire schools have been examined for the frequency of these patterns and particularly
with a view to their possible use in connection with other studies.

It is believed that the long-finned pilot whale has been driven ashore and killed for its
meat and blubber for as long as the Faroe Islands have been permanently settled
(Thorsteinsson, 1986). Two ‘types’ of pilot whales are mentioned in early sources, one
with a broad, curved dorsal fin, and the other with a smaller and more pointed one. It was
said that the whales with pointed dorsal fins were more difficult to beach, and that the
whales with broad fins were generally fatter. It was also reported that the whales were
fattest during winter and spring, and that whales with a broad dorsal fin also had a more
heart-shaped fluke, in contrast to the whales with more pointed dorsal fins that had more
triangular flukes (Hgst, 1875, p.314; Miiller, 1882, p.5; Miiller, 1883, p.19; Williamson,
1947, pp.70-71, fig. 2; Ryggi, 1960, p.15).

From July 1986 to July 1988, all landed schools of pilot whales were examined to study
as many aspects of their biology as possible (Bloch et al., 1993b). Before this extensive
sampling period, material from pilot whales was sampled from 1976 to 1986 by Bloch
(1992) and historical records contain some details of the occurrence of albino or
‘discoloured’ whales. Between 1986 and 1988, schools were systematically examined for
external characteristics of the individuals. The colour pattern, particularly the frequency
of whitish/grayish dorsal patches, was examined to ascertain the possibility of using this as
an aid to recognising individual specimens/schools offshore. In addition, the dorsal fin,
flippers and flukes were measured for three reasons: (i) to examine the historical
suggestions of two ‘types’; (ii) to study the possibility of using these measurements in
population studies; and (iii) to examine the possible overlap of these measurements with
those of the short-finned pilot whale, G. macrorhynchus.

MATERIALS AND METHODS

General

A total of 40 schools (3,488 whales) was investigated for external characters. The dorsal
fin, flippers and flukes of each whale were measured and basic data on length, weight, age,
sex and reproductive status were collected following the procedures outlined in Bloch
et al. (1993a). Because of Miiller’s observation (1882; 1883) of fatter broad-finned whales
in winter, blubber thickness was also measured.

For some of the analyses, whales have been divided into immature and mature
individuals, the males being on average sexually mature at 12.8 years of age, 480.1cm
length and 1,210-1,356kg weight (Desportes et al., 1993) and the females at 8.0 years of
age, 382.4cm length and 600-650kg weight (Bloch et al., 1993b).

The results are expressed as mean *standard error (SE) and the term ‘significant’ is
used solely in the statistical sense of differences significant at the 5% level.
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Colouration

Colour pattern was examined in two complete schools in March and June 1988, consisting
of 57 and 64 animals, respectively. Presence/absence of dorsal saddle and eye blaze was
noted. Of these, 54 (45%) were males and 67 (55% ) were females, which corresponds to
the average for all schools examined (see Bloch et al., 1993a).

Dorsal fin

The length of the dorsal fin was measured to the nearest centimetre along the base. The
height of the fin was taken posteriorly, where the fin is highest (see Fig. 1, no. 1). The
dorsal fins of 737 animals from 29 different schools were measured, including all animals
from eight schools.

Flippers

Flippers were also measured to the nearest centimetre, the length from the anterior
insertion to the tip and the width proximally at its maximum (see Fig. 1, no. 2). Only one
flipper from each whale was measured, because once landed, the whales are always laid on
one side. A total of 526 whales from 22 schools was measured including all animals from
five schools.

Flukes

The flukes were also measured to the nearest centimetre, from the backbone to the notch
of the fluke and the half-span of the fluke (Fig. 1, no. 3). In total, 526 whales from 21
schools were measured, including all animals from five schools.

Blubber thickness

Blubber thickness was measured to the nearest millimetre on several places on the body
for energetic purposes (Lockyer, 1993). In this study, the average thickness (in mm) at
three places taken laterally (Fig. 1, no. 4) was used: (1) anterior to the dorsal fin; (2)
posterior to the dorsal fin; and (3) at the level of the anus. Measurements were taken from
487 whales from 27 schools, including all animals from six schools.

2

Fig. 1. Drawing of pilot whale (Globicephala melas) showing the measurements of: (1) dorsal fin length and
height; (2) flipper Iength and width; and (3) fluke length and half-span; (4) places where blubber
thickness is measured.
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p.249) remarks that in wintertime the border of the dorsal fin is white. This could be an
observation of the saddle misquoted by Svabo.

The dorsal fin saddle is also well described from G. macrorhynchus, where distinct
differences between northern and southern forms occur (Kasuya et al., 1988; Kasuya and
Tai, 1993).

Blaze
The postorbital eye blaze is a narrow elongated patch (up to 20cm long), situated behind
and dorso-caudally to the eye. It varies from being nearly indistinct to being a very clear,
pale grey crossing the cutting line in the neck (Fig. 3). It has been mentioned in
descriptions of whales from Scotland (Ritchie, 1924), Newfoundland (Sergeant, 1962),
Chile (with photos of very distinct saddle and eye blaze — Aguayo, 1975), Tasmania and off
South Africa (Ross, 1984), but not at all by Faroese sources, which otherwise often
provide good descriptions of the whales (Debes, 1673; Svabo, 1783; Landt, 1800,
Lyngbye, 1817; Graba, 1830; Hgst, 1875; Miiller, 1882; 1883; Degerbgl, 1940;
Williamson, 1947; Ryggi, 1960).

Yonekura et al. (1980) reported that the eye blaze occurred on all short-finned pilot
whales examined.

Occurrence of saddle and/or blaze

From the two complete schools of long-finned pilot whales examined (n=121), the
presence of the dorsal saddle was more common (43% ) than the eye blaze (22%). There
was no significant difference (z=0.82) between the sexes in frequency of the saddle but
significantly more (z=2.17) males than females had an eye blaze (Table la).

Table 1

The distribution of dorsal saddle and postorbial eye blaze of long-finned pilot whales from the Faroe
Islands. (a) The distribution divided by sex; (b) the blaze-saddle interaction.

(a) Saddle % Blaze % Both % Total
Male 21 39 17 31 12 22 54
Female 31 46 10 15 6 96 7
Total 52 43 27 22 18 15 121

(b) - Saddle + Saddle Total

- Blaze 60 34 94

+ Blaze 9 18 27

Total 69 52 121

A clear correlation was found between the occurrence of saddle and blaze (¥2=6.97;
p<0.01) where 18 (15%) had both patterns, while 43 (35%) had either a saddle or blaze
(Table 1b). More males than females displayed both colour patterns (z=2.04). Both
patterns seemed to be lacking amongst young and small whales (Table 2), although they
may be present but impossible to distinguish from the paler colour of the younger whales.
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The smallest whale with a blaze was 303cm long and three years old, and the smallest
whale with a saddle was 338cm and five years old. Both the saddle and the blaze occur
more frequently with increasing age and body length, but the blaze seems to be more
evenly distributed among whales than the saddle (Tables 2 and 3).

Svabo’s remark (1783) that the dorsal fin takes on a white edge in wintertime could not
be verified from this material. The two schools examined were caught on 13 March and 10
June, i.e. one in late winter and one in summer.

As there was no significant difference in blaze and saddle occurrence between the
schools this cannot be used as a means of identifying schools.

Of the two colour patterns, only the saddle will be visible when encountering whales at
sea and only from a very short distance. The blaze is too pale and moreover the pilot whale
seldom surfaces for long periods. Distinct patterns which can be used for individual
identification at a distance occur very rarely. Among the Faroese pilot whales, albinism
and discolouration have only been recorded for six whales during the period from 1895 to
today, including one seen in connection with this study (Bloch, 1992). Therefore, it must

Table 2

Occurrence of dorsal fin saddle and postorbial eye blaze related to body length, sampled from the
long-finned pilot whale of the Faroe Islands.

Saddle Eye blaze Total
Length, cm M % F % M % F % M F
200-249 0 0 0 0 0 0 0 1
250-299 0 0 0 0 0 0 0 0 4 2
300-349 1 10 0 0 3 30 2 15 10 13
350-399 1 14 4 40 3 43 3 30 7 10
400-449 3 38 21 64 2 25 2 6 8 33
450-499 1 33 6 75 0 0 3 38 3 8
500-549 5 71 0 3 43 0 7 0
550-599 10 71 0 : 5 36 0 14 0
600-649 0 0 0 1 100 0 1 0
Total 21 39 31 46 17 31 10 15 54 67
Table 3

Occurrence of dorsal fin saddle and postorbital eye blaze related to age, in long-finned pilot whales
from the Faroe Islands.

Saddle Eye blaze Total
Age, year M % F % M % F % M F
0-5 1 7 0 0 4 27 2 14 15 14
6-10 3 23 5 36 3 23 3 21 13 14
11-20 5 45 9 60 2 18 1 7 11 15
21-30 7 78 13 68 4 4 4 21 9 19
31-45 3 60 2 40 3 60 0 0 5 5

Total 19 36 29 43 16 30 10 15 53 67




124 BLOCH et al.: EXTERNAL CHARACTERS

be concluded that the normally occurring colour patterns are not useful for individual
identification, particularly given the poor visibility and bad weather conditions sO common
in the Northeast Atlantic.

Dorsal fin

At birth, the dorsal fin was found to be about 30cm long and 10cm high, growing to about
130cm in length and 50cm in height for large males with a close correlation between the
length and height (Fig. 4; r=0.92), as also shown by Sergeant (1962). Both the length and
height of the dorsal fin show isometric growth relative to total body length (n=733; r=0.92
for dorsal fin length; r=0.91 for dorsal fin height). There are no significant differences
between the sexes, except that the females stop growing before the males (Joensen, 1962;
Bloch, 1992; Bloch et al., 1993b). The linear growth of dorsal fin length and height relative
to body length (Fig. 5) shows a zero trend for height, and a small, but significantly positive
trend for length, with no sexual difference (n=724; r=0.21; r=5.85). This differs from
Sergeant (1962, fig. 7 upper) who found a steeper ascending slope for the length. Nor does
it support the view of Rumage (1983), who reported ‘marked sexual dimorphism in the
size and shape of the dorsal fin’. The only ‘sexual dimorphism’ seen on the dorsal fin was
caused by the fact that large whales were always males, and the larger the whale, the larger
the dorsal fin (Fig. 4). The close relationship found between the total body length and
dorsal fin length and height (Fig. 5) gives a growth pattern of dorsal fin at age similar to
that for body length at age (Fig. 6; and see Bloch er al., 1993b).

Broad or pointed dorsal fins, a question of fat condition

Both Svabo (1783, p.249) and Miiller (1882, p.5; 1883, p.19) mentioned that the whales
were fatter in winter and had either broad or pointed dorsal fins, of which those with broad
fins were the fattest. Our data reveal that blubber thickness increases by some 5-10% of
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Fig. 4. The dorsal fin height at dorsal fin Iength, divided by sex. N=724; 296 males; 428 females; r=0.92.
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body weight in winter, resulting in an accumulation of lipids, which comprise 15-23% of
the body weight in winter from November onwards (Lockyer, 1993). We have also found
differences in fin length (F=25.8) but not fin height between schools. A significant
correlation exists between dorsal fin length and blubber thickness (Fig. 7; r=0.54;
t=13.9). It was also found that dorsal fins from schools taken in winter/spring were
significantly longer (F=13.2). A plot of both dorsal fin and blubber thickness by month
gives similar curves (Fig. 8). If the yearly changes in blubber thickness and dorsal fin
length are both similarly related to season, this suggests that the differences in dorsal fin
length observed between schools can be explained by seasonal differences in fat deposits,
which must in some way influence the shape of the dorsal fin. The traditional Faroese
discussion of broad or pointed dorsal fins may then be supported if the correlation
between dorsal fin length and height were split into groups, but no specific groups of dorsal
fins are obvious (Fig. 4), nor were sexual differences found.

Flipper

The flippers show a similar age-growth pattern as the dorsal fins (Fig. 9) and a positive
relationship with body length. The relative growth for both the flipper length and width is
isometric to total body length, but shows a negative trend in flipper length for whales
smaller than 250cm, and a positive trend for longer whales (Fig. 10). This was also found

by Sergeant (1962, fig. 6). A similar pattern was found for G. macrorhynchus (Yonekura
et al., 1980).

G. melas and G. macrorhynchus — a small overlap in relative flipper length
The proportion of the length of the flipper to body length is one of the external
morphological characteristics used to distinguish long-finned from short-finned pilot
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Fig. 9. The flipper length and width at age, divided by sex and sexual state. N=495; 210 males; 285 females.

whales (Leatherwood et al., 1976). Flipper length as a percentage of body length (from
van Bree, 1971; Yonekura et al., 1980; Nores and Peréz, 1988) is 18-27% for G. melas and
14-19% for G. macrorhynchus. In this study the percentage for 510 postnatal G. melas
was 14.7-30.3% (average 22.3 £0.24%; Fig. 11). Thus 98% of the material falls inside a
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range of 18-30.3% and 94% inside a range of 19-30.3%. This is a wider range than found
previously and the lower end overlaps slightly with the range for G. macrorhynchus, but
with only a few individuals (14 whales ca 2.7%). The overlap zone (14.7-18%) contains
more females (10) than males (4), but similar numbers of immatures (8) and matures (6).
As shown below, females have shorter flippers than males and thus the surplus of females
in the overlapping zone is not surprising.
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Fig. 12. The fluke length (a) and half-span (b) at age, divided by sex and sexual state. N=472; 128 immature
males; 69 mature males; 98 immature females; 177 mature females.
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Fluke

The age-growth pattern for the fluke (half-fluke, see Fig. 1) is the same as for the dorsal fin
and the flipper (Fig. 12). Both the length and the half-span show a strong linear growth
correlation (r=0.93) from 15cm length and 20cm in half-span at birth up to 50cm length
and nearly 80cm in half-span for large whales (Fig. 13). Growth is almost linearly
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N=504; 212 males:; 292 females; r=0.50; t=12.9.

Table 4
The means for fluke length and half-span as % of body length.

N Mean + SE (%)
Fluke lengths as % of body length:
Male-tmmature 139 8.48 + 0.13
Male-mature 64 7.98 + 0.18
Female-immature 100 8.56 + 0.16
Female-mature 187 7.92 £ 0.09
Fluke half-span as % of body length:
Male-immature 139 11.42 + 0.13
Male-mature 64 11.65 + 0.20
Female-immature 100 11.11 £ 0.13
Female-mature 187 11.34 + 0.11

correlated with body length, while as a proportion of body length it shows a zero trend for
the half-span and a slight, but significantly negative slope for the length (Fig. 14; r=0.41;
t=10.1), as also found by Sergeant (1962, fig. 7). This means that the shape of the fluke
changes as the whale grows, so the longer the whale, the shorter the fluke length in
proportion to body length (Fig. 15; r=0.50; r=12.9).

There is a small but significant difference in frequency distributions of fluke length
between immatures and matures for both sexes, showing that the flukes grow more quickly
at puberty (Fig. 16a). As shown below, the fluke spans for the females are significantly
smaller than for the males (Fig. 16b; Table 4).
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The shape of the flukes, a question of fat condition

In some of the historical sources from the Faroes it was stated that those whales with broad
dorsal fins (which were also supposed to be fatter — Miiller, 1882) had heart-shaped flukes,
while those with more pointed fins had more triangular-shaped flukes (Hgst, 1875, p.314).
If the fluke is heart-shaped then the length/span ratio will be smaller than if the fluke is
more triangular. Apart from the linear correlation between the shape and body length
(Fig. 15), our data also reveal a significant difference among seasons (F=5.46) and schools
(F=4.30). Although no significant correlation was found between fluke shape and dorsal
fin length related to body length (r=0.078; r=1.76), the seasonal change in fluke shape
(and length of dorsal fin) is synchronous with and follows the seasonal difference in
blubber thickness (Fig. 8). The flukes were most clearly heart-shaped at the end of the
calendar year, which agrees well with Hgst (1875) and would suggest that fat deposition
influences not only dorsal fin length but also fluke shape.

Sexual dimorphism

Both flipper length and fluke shape show some signs of sexual dimorphism. Flipper length
at a given age (Fig. 9) shows only a small overlap zone between immature and mature
whales. Furthermore, it is clear from the frequency distribution of flipper length to body
length (Fig. 11), that values are higher for males than females, regardless of sexual state.
This means that the flippers grow rapidly at puberty and that females always have shorter
flippers than males.

A significantly positive correlation was found between fluke half-span and fluke length
(Fig. 13), and furthermore, only a short overlap zone was visible between the immatures
and matures of both sexes as regards both fluke length and half-span at a given body length
and age (Fig. 12a and b). Therefore, the frequency distributions of fluke length (Fig. 16a)
and half-span (Fig. 16b) ratios to body length were compared to see if differences existed
between sexes and between sexual states. For fluke length there was a significant
difference (P<<0.001) between immatures and matures of both sexes, while the span
differed significantly (P<0.05) between all males and all females. This means that males
have longer and wider flukes than females, regardless of body length (Table 4).

In conclusion it can be stated that males can be distinguished from females of the same
length by longer flippers and bigger flukes.

CONCLUSIONS

This study has shown that a dorsal fin saddle as well as an eye blaze are found in at least
some of the long-finned pilot whales of the Northeast Atlantic, although they are not as
distinct as those found for the same species in the Southern Hemisphere. The eye blaze is
found more frequently in males than females, while the saddle is more evenly distributed
by sex. No differences in occurrence of blaze and saddle were visible between the two
schools examined, so it is doubtful whether these can be used to recognise schools offshore
or individuals.

Flipper length proportional to body length of long-finned pilot whales from the Faroe
Islands, compared with the short-finned pilot whale, G. macrorchynchus, reveals an
overlap of 2.7% of the individuals.

Sexual dimorphism was found with respect to both flukes and flippers: males, regardless
of length, have longer flippers and longer and wider flukes than females.

Finally, previously observed differences of both dorsal fin length and fluke shape
between schools can be explained by yearly synchronous variation in blubber thickness.
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ABSTRACT

The present study reports on two aspects of pilot whale tooth structure: (1) deposition rate of
dentinal and ccmental laminac, and (2) patterns and possible significance of mincralisation
anomalies. (1) Teeth from seven known-history captive northeast Pacific short-finned pilot
whales, mostly having received tetracycline treatments, were examined. Numbers of
cemental and dentinal growth layer groups (GLGs) were observed to be equivalent in teeth
of age <15 yrs. Deposition rate was onec GLG per yr, and confirmed the suitability of tooth
GLGs for age determination in this species. (2) Mineralisation anomalics, their incidence
and biological significance, were investigated in the tecth of the known-age short-finned pilot
whales and in the teeth of northeast Atlantic long-finned pilot whales collected from
Icelandic strandings in 1982 and 1986, and from a Faroese fishery-caught school in 1986. The
following anomalous characters were recorded in the teeth: (a) pulp stones: discrete nodules
containing concentric rings in the dentine; (b) marker lines, both in dentine and often
cementum: discrete laminae which are regular yet noticeably different in appearance from
the usual in morphology and affinity for stain; (c) mineralisation interference: irregularities in
the lamina formation engendered by differential inhibition/activation of odontoblasts at the
mineralisation front, causing realignment of the dentinal tubules and disrupting regular
lamination patterns without preventing continuous formation; (d) dentinal resorption: actual
erosion and frequent repair of existing regular laminated dentinal tissue; (e) cemental
disturbance: any anomalous appearance of the usual regular laminated cemental tissuc.
Occurrence of these anomalies was scored by sex, current age, reproductive maturity, age at
which the anomaly appeared. and in which calendar year. Comparisons of duplicate tecth
from thc same individual indicated that mineralisation anomalies must be of systemic origin,
bccause type, pattern and age of occurrence of anomalies were similar. Results showed that
appearance of pulp stones in the dentine tend to be associated with age at which puberty
usually occurs. Marker lines increased with age after one year; there was also significant
association with ccrtain calendar years in Icclandic samples. Mineralisation interference
increased with age reaching 60-100% incidence in animals >14 yrs in all samples. The
incidence appeared rclated to age rather than reproductive maturity. Cemental disturbance
was low in Icelandic whales. but reached ca 50% incidence in Faroese whales. in which it was
both age- and maturity-related. Dentinal resorption was not evident in any immature
animals. It reached a peak in old males, yet did not appear to greatly affect females until age
>25 yrs. Dentinal resorption was common in the Faroese sample, and occurred in almost
100% of the adult males. In Icelandic animals it was <10% in specimens up to age 25 yrs. In
very old animals (30+ yrs) incidence reached 20% to 40% . Observations from the known-
history captives indicated that likely stressors, directly or indirectly responsible for certain
mineralisation anomalies, may include scxual maturation, pregnancy and/or parturition,
periods of starvation, as well as changes in health and life style.

KEYWORDS: PILOT WHALES; AGEING; MORPHOLOGY/ANATOMY;
REPRODUCTION

INTRODUCTION

There have been several previous studies investigating the use of teeth for determination
of age in short-finned pilot whales, Globicephala macrorhynchus (Kasuya and Matsui,
1984; Sergeant, 1959) and long-finned pilot whales, G. melas (Kasuya et al., 1988; Lockyer
et al., 1987; Martin et al., 1987; Sergeant, 1962). A general methodological review of age
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determination for odontocetes is given in IWC (1980). The laminations in the dentine and/
or cementum have generally been defined in terms of differing (high or low) mineralisation
density and/or quality (Boyde, 1980); contiguous pairs comprising a growth layer group
(GLG), as defined in IWC (1980). This is, of course, a simplification of the real situation
where accessory laminae of varying mineralisation density and thickness are frequently
observed. Myrick (1984) has addressed many of these issues. The main problem is the
interpretation of laminae in relation to real time, i.e. what constitutes a daily, lunar and
annual growth layer. The true incremental rate of growth of laminae has been investigated
and established directly for some marine mammal species, but not pilot whales, by studying
teeth from animals of known age or history (Hohn ezal., 1989), and the use of tetracycline to
‘time-mark’ hard tissues, i.e. dentine and cementum in teeth and bone (Yagi et al., 1963;
Best, 1976; Domning and Myrick, 1980; Gurevich et al., 1980; Myrick et al., 1984; 1988;
Myrick and Cornell, 1990). Klevezal’ (1980) concluded that in odontocetes, growth layers
in both dentine and cementum are the result of seasonal growth rhythms, and that the
special pattern of an annual GLG is determined by ‘the form of the intraseasonal growth
rhythms of an individual’. This had already been established for terrestrial mammals (Grue
and Jensen, 1979). This theme of ‘individuality’ has been explored further by Akin (1988)
for spinner dolphins (Stenella longirostris), where GLG patterns and general tooth
morphology were found to be correlated with stock and geographical location. Klevezal’
and Tormosov (1971) had previously used characteristics of the dentinal layers to
distinguish between groups of sperm whales (Physeter macrocephalus).

However, an approach which assumes a constant regular growth pattern is over-
simplified. Detailed examination of teeth of many mammals reveal that events may occur
which appear to create systemically rather than locally caused disturbances in the normal
regular deposition rate of laminae in the teeth (Myrick, 1988). In cetaceans such
disturbances, which may be termed mineralisation anomalies, range from ‘foreign’
inclusions in the teeth, such as bone - true osteodentine (Best, 1966), to tooth-originating
materials such as ‘pulp stones’, frequently labeled as ‘osteodentine’ (Boschma, 1938;
Nishiwaki et al., 1958). Further complexities include distinct laminae, ‘deeply dark-
stained layers (DSL)’ defined by virtue of their unusual appearance and affinity for stain
(Klevezal’ and Myrick, 1984: Myrick, 1991); and various degrees of interference in
mineralisation as well as actual resorption of dentinal and cemental tissue (Boschma,
1950; Myrick, 1988). Akin (1988) tried to use many of these characteristics to discriminate
stocks but with equivocal results.

The purpose of this study has been twofold. Firstly, the aim has been to determine the
true rate of incremental deposition of dentinal and cemental laminae in the teeth of pilot
whales, in order to interpret GLGs correctly for age. Secondly, the aim has been to
progress beyond this stage, and compare teeth extracted from (a) the same individual to
investigate conformity of GLG patterns, and (b) different individuals derived from
various sources and localities to study easily identifiable mineralisation anomalies which
might have biological significance.

MATERIAL

One tooth was available for each of seven northeast Pacific short-finned pilot whales
captured in California waters, six of which had received tetracycline medication during
periods of their captive lives. Teeth were collected from these animals at death. Each
animal had been maintained in captivity in Sea World establishments, up to the time of

death for periods of up to about seven years. The histories of these animals are given in
Table 1 on p. 140.



REP. INT. WHAL. COMMN (SPECIAL ISSUE 14) 1993 139

In addition, teeth were available for each of 235 northeast Atlantic long-finned pilot
whales, and duplicate teeth were examined for ten of these. This sample comprised 91
whales captured on 11 September 1986 in the Faroese drive fishery at Sandur on the island
of Sandoy (c. 61°30'N, 0°11'E), 36 whales stranded on 21 August 1982 at Rif in Iceland
(c. 64°56'N, 23°50°'W) and 108 whales stranded on 26 October 1986 at Thorlakshofn in
Iceland (c. 63°51'N, 21°22'W).

METHODS

All teeth were supplied cleaned, either dry (Faroes) or in alcohol (Sea World captives and
Iceland). To my knowledge, none of the teeth had been boiled or treated in any harsh way.
Once received, Sea World teeth excepted, they were transferred to distilled water and
then to 10% neutral formalin solution for at least 24 hours for fixing, before then being
transferred again to distilled water.

Histological preparation

The teeth were initially dried and mounted with *Lakeside thermoplastic cement (no.
70C) on wood blocks designed to fit in the chuck of an *Isomet low-speed rotary diamond
saw machine. The Sea World teeth were oriented in such a way that the cut was made
slightly off-centre, through the crown, pulp cavity and root of the tooth, so that the final
cut was almost exactly central. The tooth was then realigned relative to the cutting blade,
using a micrometer travelling screw gauge, so that the next parallel cut through the tooth
would result in a section about 100um thick. This section was then allowed to dry and
subsequently mounted on a slide using a clear permanent mounting medium, *Protex.

All other teeth were aligned on the chuck and cut in a similar plane, but about 0.5-
1.00mm off-centre. The resulting larger pieces from these and the Sea World teeth, i.e.,
the portion containing or nearest the central zone, were then freed from the cement and
decalcified as follows. Teeth were sorted according to appearance, into approximate age
categories of neonate, young, young adult, old and very old, mainly to select for tooth size
and volume. The teeth were then placed in perforated plastic histological baskets with
labels, and decalcified in *RDO, a commercially prepared mixture of acids, for 4-32 hrs,
depending on the tooth volume and in accordance with manufacturer’s recommendations.
Decalcified teeth were quite flexible and rubbery in texture, and were rinsed in running
water for several hours, whence they were re-immersed in distilled water.

The teeth were sectioned on a CO,-freezing stage of a sledge microtome at 30-35um
thickness. Sections selected as most central and complete were then stained in histological
baskets in Haematoxylin for approximately 2hrs. The sections were then ‘blued’ in weak
ammonia solution, rinsed in distilled water, and dehydrated in 70% alcohol before
mounting on 5% gelatin-coated slides. The sections were then dried on a slide warmer and
finally permanently mounted using Protex. All Protex-mounted sections required several
days on a slide warmer to completely harden.

Examination .
The sections were all examined using a *Zeiss microscope at x15-x500. The lowest

magnification was adequate for dentinal GLG examination, but x125-x500 was essential
for cemental examination. Decalcified and stained sections were examined in plain
transmitted light. Tetracycline-treated sections were examined using transmitted plain,
polarised and reflected ultra-violet (UV) light.

* Indicates manufacturers’ trade names. Use does not necessarily mean recommendation.
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All known-history teeth were photographed and identifiable GLGs and other structures
(fluorescent tetracycline bands, accessory laminae, etc.) were measured in terms of
thickness and distance from the neonatal line (NL) and pulp cavity edge, using an eye-
piece micrometer, calibrated with a lmm micrometer slide at each magnification. The
position of such features was verified by photographic measurement. For all teeth
examined, the total numbers of dentinal and cemental GLGs were recorded, as well as the
position and nature of any anomalies in the teeth. The site of measurement was at 90° to
the axis of the GLGs on the shoulder of one ‘limb’ of the tooth, level with, or just below
the apex of the pulp cavity (Myrick et al., 1988).

All Icelandic and Faroese teeth were examined without reference to biological data.
Total dentinal and cemental GLGs, and the anomalies as specified below were recorded.
Many of the teeth were also photographed. The captivity information for the Sea World
specimens was required to establish a calibrated model of pilot whale tooth layering. This
information was kept to a minimum, i.e. whether or not the animal had been given
tetracycline and the length of time in captivity.

A summary of tooth preparation techniques for both UV and plain light examination is
provided in Appendix 1.

Criteria used for classifying anomalies

(1) Pulp stones
These are discrete nodules containing concentric rings in the dentine (Fig. 1a).

(2) Marker lines

These are discrete laminae found in dentine and often cementum which are regular yet
noticeably different in appearance from the normal boundary layers in morphology and
affinity for stain (Fig. 1b). They are equivalent to the DSLs and maturational layers
described by Klevezal’ and Myrick (1984).

(3) Mineralisation interference

This refers to irregularities in the lamina formation emanating from differential inhibition
and/or activation of odontoblasts at the mineralisation front (normally, the pulp cavity
edge), causing realignment of the dentinal tubules and resulting in wavy lines, squirls and
asymmetry (Fig. lc), which disrupt usual patterns yet do not prevent continuous lamina
formation (Myrick, 1988).

(4) Dentinal resorption

This refers to erosion and frequent repair of existing regular laminated dentinal tissue,
resulting in an amorphous and/or globular appearance (Figs 1d and e), frequently with
holes, cutting across and into regular tissue (Myrick, 1988).

(5) Cemental disturbance
This refers to any anomalous appearance of the usual regular laminated cemental tissue
(Fig. le), including mineralisation interference and resorption (Myrick, 1988).

RESULTS AND DISCUSSION

Incremental studies
Information on the observed GLG counts in dentine and cementum, the positions of
tetracycline fluorescence and the various mineralisation anomalies are presented in Table
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2 for the Sea World short-finned pilot whales. The dentinal GLG thicknesses and the
average thickness of serial GLGs counted are given in Table 3. The estimated ages for
these animals are based on a consideration of several factors including the period of time
in captivity, which provides a ‘minimum’ age; and the length of the animal, which can be
related to known sizes at age and approximate growth parameters, such as lengths at birth,
sexual maturity and maximum size (Kasuya and Matsui, 1984) and reproductive cycles
(Kasuya and Marsh, 1984; Marsh and Kasuya, 1984; 1986). Some reported values for
short-finned pilot whales off Japan and long-finned pilot whales in the North Atlantic are
given in Table 4. The estimated ages in Tables 1 and 2 are thus approximate and probably
under— rather than over-estimated, because the ‘ages’ reported for the free-living
populations are largely based on unverified GLGs for interpretation of age. In addition,
the length of the female reproductive cycle (3-5 yrs, long-finned; 6-7 yrs, short-finned) is
irrelevant for captive-held females where pregnancy is unlikely to occur after each
ovulation. Interestingly, specimen 7401 had a hybrid calf (cross with Tursiops truncatus)
on 25 May 1981, indicating an unusual reproductive history. Presence of corpora lutea and
albicantia in the ovaries is only a certain indication of ovulation and not necessarily
pregnancy unless actually documented; all pregnancies may not have reached term (e.g.
see specimen 7401 in Table '1).

The decalcified stained section and the thin untreated section of specimen 7802-H (a
396cm female at death, 13 October 1983, age 8.5yr) are shown in Fig. 2. The photographic
sequences demonstrate the methodology described earlier. Fig. 2a shows the stained
section with GLGs indicated. Fig. 2b shows an enlargement of the lefthand limb of the
section (Fig. 2a), also with GLGs marked. The positions where tetracycline marks were
noted are indicated in Fig. 2b. Fig. 2c shows a thin untreated section of tooth, with GLGs
indicated. Figs 2d and 2e show an enlarged (to same scale) portion of the lefthand limb of
Fig. 2c; in plain light (Fig. 2d), and the same section in reflected UV light (Fig. 2¢). The
positions of the GLGs (Fig. 2d) and the tetracycline marks (Fig. 2e), which show as
brightly fluorescing yellow lines, are indicated. Fig. 2f shows a portion of the cementum on
the lefthand limb of Fig. 2¢ with the cemental GLGs indicated.

The growth in tooth structure, GLGs and the periods of tetracycline medication for the
Sea World short-finned captives are shown in Fig. 3. The data indicate average dentinal
growth for each GLG, decreasing from (specimens nos 7401. 7603, 7802H and 8003: Fig.
3) 293-520um in yrs 1-4, to 368-267um in yrs 5-8. The annual growth rate from
tetracycline history is ca 360um in ages 3— yrs, and ca 343pum from age 5-9 yrs; from yrs 7-
14, the average rate is 238-247um, and ca 333pum in the age range 6-9 yrs. Kasuya and
Matsui (1984) reported a progressive decrease in thickness of GLGs, measured on the
tooth shoulder as follows: 950um, 400pum, 330um and 300um from first to fourth ‘year’,
until only about 100um by age 30 GLGs. The most rapid growth rate appeared to be
between 0.25 and 0.5 GLG when the teeth erupt and the calf commences taking solid
food. These data are compatible with the observed data in Table 3, and the known growth
rate from tetracycline history. One important observation is that the neonatal line (16~
64um) does not become apparent until a few weeks or even months after birth (Kasuya
and Matsui, 1984). The first GLG appears to be the most complicated in terms of growth,
frequently with a pronounced stainable accessory lamination at the mid-zone. which could
be misinterpreted as the end of the first GLG. This phenomenon has been reported by
Hohn (1980) and Kasuya and Matsui (1984). These characteristics may reflect the rapidly

changing growth rates and feeding criteria of the calf, as well as behavioural changes and
stresses.

[text continues on p. 148]
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Table 4

Reported age and growth parameters for short-finned pilot whales off Japan and long-finned pilot
whales in the North Atlantic (Sergeant, 1962; Martin er al., 1987; Martin and Rothery, 1993; Kasuya
et al., 1988; Desportes et al., 1993 and Bloch er al., 1993).

N. Pacific N. Atlantic
G. Macrorhynchus G. melas
Length at birth 140cm 178cm
Length at sexual maturity, males 394-525cm (x=422) 430-490cm
females 316cm 366-378cm
Age at sexual maturity, males 16yrs 12-14.3yrs
females 7.5-11.5 (x=9)yrs 6-8.7yrs
Maximum length, males 525-580cm 630cm
females 405cm 550cm
Maximum age, males 45yrs 46yrs
females 62yrs 59yrs

Life-history events with age and tooth structure for the short-finned captives are
indicated in Fig. 3. In all whales maintained in captivity for about one year or longer, it is
clear that some type of anomaly formed in the tooth within ca 9 months after initial
capture. In four of five whales (7501, 7603, 7401 and 7802H), a marker line is present. In
the remaining whale (8003), a pulp stone appeared within a few months of capture, and
mineralisation interference, already present, continued. The pulp stone formation
coincided with a period of weight loss. All animals experience a period of nutritional stress
shortly after captivity, both due to poor feeding and adaptation to a change in diet.
Specimen 7401 aborted a foetus within a few months of captivity, the timing coinciding
with the formation of a marker line. Specimen 7802H formed a marker line about the time
of probable maturation and first ovulation, marked by a large corpus luteum on the ovary
(Table 1). Although marker lines appear both before and after capture, their appearance
does not seem to be random. They frequently mark the start of a period, often prolonged,
of mineralisation interference or more severe disturbance in GLG formation, e.g.
specimens 7401 and 8003. The period of severe mineralisation interference in specimen
7401 commenced just prior to and continued throughout her pregnancy that resulted in the
live birth of a hybrid calf. The mother died shortly afterwards from illness.

Thus, it appears that these mineralisation anomalies are not random but are often
linked with life-history events. Observations from these known-history captives indicate
that likely stressors (directly or indirectly) giving rise to mineralisation anomalies include
sexual maturation, pregnancy and/or parturition, and periods of starvation or nutritional
stress, as well as changes in health and life style (change from free-living to captive).

Mineralisation anomalies

(1) Comparison of teeth from single individuals

Table 5 details GLG counts and anomalies for 10 individuals for which at least two teeth
were examined. These results show not only that different teeth from the same individual
have similar GLG counts, but more significantly, that they usually show similar growth
anomalies and patterns. This is similar to findings reported by Myrick (1988) for several
dolphin species. The most variable character in terms of position and age of occurrence is
the pulpstone. However, this may depend on the section of the tooth as their discrete
naturc and frequent placement in the ‘limb’ of the tooth may result in them being missed
when present. Some marker lines do not appear prominent in a few duplicate teeth when
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anticipated, e.g. nos Th-2 and Th-3. Again, this may be a real phenomenon or perhaps it is
more likely to be artifactual. It is clear that the importance of obtaining good central
sections well prepared histologically, so that there is no distortion of laminations, cannot
be stressed enough (see also Hohn er al., 1989). From the overall similarity bgtween
duplicate teeth, we may conclude that, in principle, any tooth taken from an individual
pilot whale can be used for age determination.

(2) Age-related characteristics

The sub-sample sizes from Rif, once sorted by age, were so irregular and small, that after a
preliminary comparison of analyses with results for Thorlakshofn, and given the
geographic proximity, samples from both locations were combined. Fig. 4 shows the
comparison by age group of the five different anomaly characteristics defined earlier for
the Icelandic and Faroese whales; both sexes are included. The levels of incidence of pulp

o
21(@) 7 ®)

Percentage observed with anomally present
100

T T T T 1 f v | 1 4
0O 10 20 30 40 0O 10 20 30 40
Age in years (GLG's)
Fig. 4. Tooth mineralisation anomalics for sexes combined by age and location: Ice=Iceland: Far=Faroes.
(a) Pulp stones; (b) Marker lines: (c) Mineralisation interference: (d) Dentinal resorption; (e) Cemental
disturbancc.
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stones, marker lines and mineralisation interference are similar in both locations, with an
increase with age. The increase in pulp stones and mineralisation interference starts later
in the Faroese whales, but the pattern is similar. However, the levels and patterns of
incidence of dentinal resorption and cemental disturbance clearly differ between the two
locations, with low overall levels for Iceland, but with dentinal resorption increasing
steadily for the Faroese whales until there is 100% incidence in old animals. As might be
expected, the incidence of all characteristics appear to be age-related, but each type has a
different level of incidence: the pulp stones and cemental disturbance only reach ca 50%
maximum in the oldest animals, whereas the other anomalies show extreme variations
from 40-100% depending on locality.

The types of anomaly may be inter-related. and affected to varying degrees by the same
internal and/or external factors. Thus each may represent a measure of the severity of
response to such factors. 1 believe that the available evidence (e.g. see Myrick, 1988),
particularly that detailing causes of changes in tooth structure (Johannessen, 1964,
Nikiforuk and Fraser, 1979; Jensen et al., 1981) suggests that the resorption and
transformation of existing dentinal tissues is a response elicited by a severe long-term or
continuing change in physiological state, probably with hormone imbalance, which either
exacerbates any pre-existing hereditary-based tendencies or initiates a chronic
hypocalcaemic condition. Other anomalies such as pulp stones and marker lines may be
clear-cut responses to discrete short-term problems, even recurrent ones if recovery is
prompt, in growth and nutritional status. Situations of intermediate severity may result in
varying irregularities such as mineralisation interference. All these conditions assume a
systemic cause rather than a purely local one specific to the tooth such as gum infection or
parasites. Myrick (1988) has proposed theoretical models which show the effects of supra-
threshold and chronic cyclic sub-threshold stressors on calcium ion balance and the mode
of calcium ion recruitment into the blood. A recent study by Bengtson (1988) on fur seals
(Arctocephalus gazella), has shown the occurrence of periodic starving/suckling laminae in
mothers and their pups, which are associated with the nursing pattern. This would appear
to be directly related to the periodic calcium and nutrient transfer.

Boschma (1950) investigated the problem of resorption along the lines of Colyer (1936)
who believed that resorption was caused by physical external pressure, such as that from
adjacent teeth. Such physical pressure can actually create resorption (Boyde, 1984), and
the rate of erosion depends on the orientation and density of the mineralised tissue.
Boschma stated that resorption could not be caused by pressures from adjacent teeth in
sperm whales, but that pressures from opposing teeth in the upper jaw might lead to
resportion. However, for one of the teeth he examined, he stated

‘the abnormality of this tooth is of a similar kind as that previously described by other authors; the cause
of the process is unknown. There is at Icast not any indication of a contact of this tooth with an antagonist in
the upper jaw'.

Boyde er al. (1984) demonstrated that resorption resulting in typical ‘Howship’s
lacunae’, can be experimentally created in vitro using sperm whale dentine and osteoclasts
from rabbit foetuses. Resorption in vivo by this mechanism is clearly a physiological
process; perhaps systemic as well as local.

The evidence for a systemic cause of anomalies in pilot whales is strengthened by the
appcarance of the same anomalies in different teeth from the same animal (Table 5). This
is discussed further under ‘real time-related characteristics’.

Table 6 shows the mean age +SE of occurrence of the first, second and subsequent pulp
stones and marker lines for each of the three locations for long-finned pilot whales. The
maximum number of ‘strikes’ for each anomaly (note that for pulp stones, that is not the
total number, but the number of times when pulp stones were produced) is usually twice
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for pulp stones and up to six times for marker lines. Klevezal’ and Myrick (1984) noted up
to five such marker lines in Stenella. The mean age for both first and second pulp stone
occurrence is similar regardless of location, although the actual age is lowest for
Thorlakshofn. The actual age range of ca 5.5-11 yrs suggests a possible link with onset of
puberty/sexual maturity. However, it must be emphasised that pulp stones initially form
within the pulp where they may remain free for a period of time before becoming
incorporated into the dentine itself. Thus it is difficult to determine the precise age when
the pulp stone was produced. Certainly the age may be earlier than that reported when
first identified in the dentine. Many pulp stones contain what appear to be concentric
GLGs. However, the deposition rate, if applicable, is unknown.

Results for the marker lines (Table 6), however, indicate a general recurrence at
average intervals of usually around 3-5yrs (range 1-12 yrs), commencing at an earlier age
(4-6 yrs) than the pulp stones, and continuing up to age >30 yrs. The irregularity of the
mean ages which sometimes appear to decrease with time rather than increase, is caused
by progressively decreasing sample sizes. The formation of marker lines may be
influenced by a repetitive combination of internally generated ‘crises’ and/or external
environmental ones. Alternatively, marker lines could be created as the result of relatively
small changes in concert with normal biological rhythms coinciding chronologically.

Kasuya and Matsui (1984) show photographs of sectioned short-finned teeth illustrating
what they define as ‘secondary dentine’. This resembles mineralisation interference
(Myrick, 1988) and usually began between ages 7-16 yrs for both sexes, coinciding with
the usual timing of sexual maturation. Unlike the samples in this study, however, Kasuya
and Matsui (1984) found differences in the timing of this character among adjacent teeth
from the same individual. This suggests that correlation with maturation may only be
general, and may in fact be more closely associated with the hormone changes during
puberty which are often prolonged in males. Pulp stones and possible resorption can be
seen in the ‘secondary dentine’. Kasuya and Matsui (1984) also describe ‘cellular dentine’,
layered tissue accumulating at the root and pulp cavity edge in teeth of older animals (>10
yrs). This appeared to be most extensive in old males. This has not been found in the long-
finned pilot whales thus far examined.

(3) Sex-related characteristics

The incidence of the five characteristics by sex, all locations combined. is shown in Fig. 5.
The levels and patterns of incidence in the two sexes are similar for pulp stones,
mineralisation interference and marker lines, with the incidence generally increasing most
in the years up to 10-14 yrs. Dentinal resorption and cemental disturbance are not really
apparent until older ages, and then the incidence appears to be greater in males. This
suggests that in general, susceptibility to the causative factors of these characters is not
sex-specific. By contrast Myrick (1988) found that resorption was highest in female
Stenella longirostris.

(4) Sexual maturity-related characteristics

Fig. 6 shows the incidence of the various characters by sexual maturity status for all
locations combined. Dentinal resorption does not occur in the teeth of any immature
animals, regardless of age. The reason for this clear demarcation may be connected with
the hormonal changes that take place at the transition to adulthood. It is plausible that
such hormonal upheaval and the physiological stresses which may accompany it and
continue long afterwards, are capable of bringing about hypocalcaemia under certain
conditions, as hypothesised in the review by Myrick (1988). For all other characteristics,
age is a more important factor than maturity and, as one might expect, the overall mean
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Fig. 5. Tooth mincralisation anomalics for Iccland and Faroes locations combined by age and sex:
M=male; F=fecmalc. (a) Pulp stoncs; (b) Marker lines; (c) Mincralisation interference; (d) Dentinal
resorption; (c) Cemental disturbance.

level of incidence of all characters is lower for immature (i.e. younger) animals. However,
the incidence of marker lines with age is almost identical for both mature and immature
animals and appears to increase steadily with age, until nearly all specimens are affected.
This suggests that external (environmental) factors may be of relevance and a preliminary
examination of this is given below.

(5) Real time-related characteristics

Two characters were selected for this analysis: pulp stones and marker lines. The
information on year of stranding, age at death and sequential ages at which pulp stones
and marker lines occurred, permitted a calculation of the calendar year in which the
character appeared in the tooth. Initially, each anomaly and location was treated
separately, with the frequency of occurrences for each year recorded alongside the total
number of individuals alive at that time. Plots of actual and proportional frequencies by
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Fig. 6. Tooth mincralisation anomalies for lccland and Faroes locations combined by age and scxual
maturity status: Imm=immaturc; Mat=maturc. (a) Pulp stoncs; (b) Marker lines; (c) Mincralisation
intcrfcrence; (d) Dentinal resorption; (¢) Cemental disturbance.

year indicated that the Icelandic samples were similar and could thus be combined,
whereas Sandur was more often different. Secondly, even when anomalies appeared in a
particular year for several whales, the incidence was rarely high, indicating that in general
only a minority were responding to whatever the causative factor might be. 1n addition an
anomaly of some kind occurred almost every year. This might be explained partly by a lack
of precision in age determination (e.g. =1 or 2 GLGs). Chi-square tests on differences
between proportions, showed no significant association between year and occurrence of
pulp stones for either Iceland or the Faroes. However a significant association (P<<(0.0001,
Chi-square=73.729, df=32) was found for marker lines for Iceland, although not for the
Faroes. In particular, the year 1960 was prominent for Iceland when >40% teeth from
whales in the sample (which would have been alive at that time) exhibited a marker line. A
similar peak occurred in 1953 (Fig. 7).

Manzanilla (1989) reported correlation in the timing of the appearance of hypocalified
layers in the dentine of teeth of Peruvian dusky dolphins (Lagenorhynchus obscurus) and
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Fig. 7. Percentage frcquency of tooth specimens with marker lines for both sexes, all ages and all maturity
statuscs combincd. by ycar for cach location: Thorlakshofn (—). Rif (- ——-), Sandur (.....).

the 1982-83 El Nifno event. The anomalous layer, described as the ‘El Nifio mark’ (ENM)
comprised a pair of hypocalcified incremental layers about 75um wide within the 1983
GLG. The feature appeared predominantly, but not exclusively, in adult females.
Because the primary prey of the species was anchoveta (Engraulis ringens), the stocks of
which collapsed during the El Nifio period, Manzanilla ascribed dietary deficiencies as the
cause of the tooth anomalies. Teeth of other species did not display ENMs, but were
feeding on a different prey source. This is the first convincing evidence of a connection
between tooth anomalies and environmental factors.

In the case of the Icelandic pilot whales, the 1953 and 1960 peaks (Fig. 7) appear to have
no obvious environmental correlate. The diet of pilot whales is primarily squid, although
other prey may be taken in times of need (Desportes and Mouritsen, 1993). A major
problem is that the locality of the whales during those years may have been anywhere in
the North Atlantic. A major climatic reversal in the northeast Atlantic commenced
around 1960 (Dickson et al., 1975), but the effects of this were experienced over a
protracted period of years (Malmberg, 1985) and not as a sharp change as in the El Nifio

eriod.
P Further investigation of environmental changes at those times may be worthwhile. It is
interesting that none of the Faroese teeth had a marker line in those years suggesting that
the Icelandic whales were affected by factor(s) that did not influence the Faroese group.
This in turn may indicate that the Icelandic and Faroese whales may have originated in
separate regions and perhaps do not mix.
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CONCLUSIONS

Examination of teeth from seven known-history captive northeast Pacific short-finned
pilot whales, mostly having received tetracycline treatments, determined that in teeth of
age <15 yrs, numbers of cemental and dentinal growth layer groups (GLGs) were equal.
The incremental rate of deposition is one GLG per yr. Both dentinal and cemental GLGs
may therefore be used directly for age determination in years.

Five types of mineralisation anomaly can be recognised in pilot whale teeth, and the
incidence of these can vary with age, geographical origin, sex and maturity. Observations
from the known-history captives indicate that likely stressors (directly or indirectly)
include sexual maturation, pregnancy and/or parturition, and periods of starvation, as
well as changes in health and life style, such as the transition from free-living to captive.
Pulp stones, when present, tend to be associated with age at which puberty usually occurs,
and the incidence does not greatly increase thereafter. Marker lines occur throughout life
at all ages, after age one year, regardless of state of maturity, and therefore, as
anticipated, incidence increases with age; there is also significant association with calendar
year e.g. 1960 stands out in Icelandic samples, but not in the Faroese. Mineralisation
interference increases with age reaching 60—100% incidence in animals over 14 yrs in both
Icelandic and Faroese animals. The incidence is related to age rather than maturity.
Cemental disturbance has a low incidence in Icelandic whales, and reaches ca 50%
incidence in Faroese whales. This is also age— and maturity-related. Dentinal resorption
has not been recorded in immature animals of either sex. Incidence reaches a peak in old
males, yet does not appear to greatly affect females until age >25 yrs. Dentinal resorption
occurs frequently in the Faroese animals, reaching almost 100% incidence in males. The
incidence in Icelandic animals is <10% until age 25+ yrs when incidence rises from 20% to
40% in very old animals (30+ yrs).

The difference in these levels of incidence by location and sex indicates varying degrees
of susceptibility to the causative factors. This may be genetically controlled, or simply a
measure of local environmental or behavioural stress factors. These factors revealed in the
teeth may explain differential mortality and sex ratios, but this requires further
examination. Potential hypotheses include the possibility that the higher levels of
resorption in teeth of adult males may be connected with the stresses of inter-male
competition in reproduction. Reproductive stresses will, of course, differ between the
sexes. The male is destined to compete regularly, probably annually, for procreative status
in schools which are female dominated. The female however, may only reproduce every
3-5 yrs. If Klevezal’ and Myrick (1984) are correct in their interpretation of “parturition’
laminae (DSLs), reproductive history may, in theory, be deduced from the teeth. Periods
of nutritional and environmental hardship may be translated into unusual marks in the
dentine, where growth ceases temporarily and mineralisation problems arise. Another
possibility is that other stress factors, perhaps manmade, such as fishery conflicts, may lead
to identifiable anomalies in teeth. Consideration of such hypotheses help to formulate
questions that can be addressed experimentally.

ACKNOWLEDGEMENTS

This study was facilitated by the co-operation of Sea World Research Institute and Hubbs
Marine Research Center, San Diego, for provision of short-finned pilot whale samples and
access to data on these captive whales; and Southwest Fisheries Science Center, La Jolla
for the provision of office and laboratory facilities and support throughout the duration of
the investigation. Provision of samples and data on long-finned pilot whales by the Marine



REP. INT. WHAL. COMMN (SPECIAL ISSUE 14) 1993 159

Research Institute, Reykjavik, Iceland, and also by the Natural History Museum,
Torshavn, Faroe Islands, is gratefully acknowledged. In particular, J.S. Leatherwood, J.
Sigurjonsson and D. Bloch are to be thanked for their help. Reviews of early drafts of this
paper by A.A. Hohn and A.C. Myrick, Jr are much appreciated. Finally, this study was
funded by the US Dept of Commerce, grant award no: NA-88-ABH-00040.

REFERENCES

Akin, P.A. 1988. Geographic variation in tooth morphology and dentinal patterns in the spinner dolphin,
Stenella longirostris. Mar. Mammal Sci. 4(2):132-40.

Bengtson, J.L. 1988. Long-term trends in the foraging patterns of female Antarctic fur seals at South
Georgia. pp. 286-91. In: D. Sahrage (ed.) Antarctic Ocean and Resources Variability. Springer Verlag,
Berlin and Heidelberg.

Best, P.B. 1966. Inclusions in the teeth of sperm whales Physeter catodon. S. Afr. Med. J. 40:127-8.

Best, P.B. 1976. Tetracycline marking and the rate of growth layer formation in the teeth of a dolphin
(Lagenorhynchus obscurus). S. Afr. J. Sci. 72:216-8.

Bloch, D., Lockyer, C. and Zachariassen, M. 1993. Age and growth parameters of the long-finned pilot
whale off the Faroe Islands. (Paper published in this volume.)

Boschma, H. 1938. On the teeth and some other particulars of the sperm whale Physeter macrocephalus L.
Temminckia 3:151-278.

Boschma, H. 1950. Absorption of tooth tissue in the sperm whale. Proc. K. Ned. Akad. Wet. 53(3):289-93.

Boyde, A. 1980. Histological studies of dental tissues of odontocetes. Rep. int. Whal. Commn (special issue
3):65-87.

Boyde, A. 1984. Dependence of rate of physical; erosion on oricntation and density in mineralised tissues.
Anat. Embryol 170:57-62.

Boyde. A.. Ali. N.N. and Jones, S.J. 1984. Resorption of dentine by isolated osteoclasts in vitro. Br. Dent.
J. 156(6):216-20.

Colyer, J.F. 1936. Variations and Diseases of the Teeth of Animals. London.

Desportes. G. and Mouritsen, R. 1993. Preliminary results on the diet of the long-finned pilot whales, off
the Faroe Islands. (Paper published in this volume.)

Desportes, G., Saboureau, M. and Lacroix, A. 1993. Reproductive maturity and seasonality of male pilot
whales, off the Faroe Islands. (Paper published in this volume.)

Dickson, R.R., Lamb, H.H., Malmberg. S.A. and Colebrook, J.M. 1975. Climatic reversal in northern
North Atlantic. Nature, Lond. 256:479-82.

Domning, D.P. and Myrick, A.C. 1980. Tetracyclinc marking and the possible layering rate of bone in an
Amazonian Manatee (Trichechus inunguis). Rep. int. Whal. Commn (special issue 3):203-7.

Grue. H. and Jensen. B. 1979. Review of the formation of incremental lines in toooth cementum of
terretrial mammals. Dan. Rev. Game Biol. 11(3):3-48. [In English with Russian and Danish resumé].
Gurevich, V.S., Stewart. B.S. and Cornell, L.H. 1980. The use of tetracycline in age determination of

common dolphins, Delphinus delphis. Rep. int. Whal. Commn (special issue 3):165-9.

Hohn, A.A. 1980. Analysis of growth layers in the teeth of Tursiops truncatus using light microscopy,
microradiography, and SEM. Rep. int. Whal. Commn (special issue 3):155-60.

Hohn. A.A., Scott, M.D., Wells, R.S.. Sweeney, J.C. and Irvine, A.B. 1989. Growth layers in teeth from
known-age, free-ranging bottlenose dolphins. Mar. Mammal Sci. 5(4):315-42.

International Whaling Commission. 1980. Report of the Workshop on Determining Age of Odontocete
Cetaceans, La Jolla, September 1978. Rep. int. Whal. Commn (special issue 3):1-50.

Jensen, S.B.. Illum, F. and Dupont, E. 1981. Nature and frequency of dental changes in idiopathic
hypoparathyroidism and pseudohypoparathyroidism. Scand. J. Dent. Res. 89:26-37.

Johannessen, 1..B. 1964. Effects of cortisone on dentinogenesis in mandibular first molars of albino rats.
Arch. Oral Biol. 9:421-34.

Kasuya, T. and Marsh, H. 1984. Life history and reproductive biology of the short-finned pilot whalc,
Globicephala macrorhynchus, off the Pacific coast of Japan. Rep. int. Whal. Commn (special issue
6):259-310.

Kas)uya, T. and Matsui, S. 1984. Age determination and growth of the short-finned pilot whale off the
Pacific coast of Japan. Sci. Rep. Whales Res. Inst., Tokyo 35:57-91.

Kasuya, T., Sergeant, D.E. and Tanaka, K. 1988. Re-examination of life history parameters of long-finned
pilot whales in the Newfoundland waters. Sci. Rep. Whales Res. Inst., Tokyo 39:103-19.

Klevezal’, G.A. 1980. Layers in the hard tissues of mammals as a record of growth rhythms of individuals.
Rep. int. Whal. Commn (spccial issue 3):89-94.



160 LOCKYER: DEPOSITION OF DENTINE AND CEMENT IN TEETH

Klevezal', G.A. and Myrick, A.C., Jr. 1984. Marks in tooth dentine of female dolphins (genus Stenella) as
indicators of parturition. J. Mammal. 65(1):103-10.

Klevezal', G.A. and Tormosov, D.D. 1971. [Identification of local groups of spcrm whales bascd on the
character of laycrs of dentine of tecth]. Tr. Atl. Nauchno-Issled. Inst. Rybn. Khoz. Okeanogr. 39:3543.
[In Russian].

Lockyer, C., Desportes, G. and Waters, T. 1987. Preliminary studies of pilot whales from Faroese waters
since 1986: age determination. Paper SC/39/SM16 presented to the IWC Scientific Committec. Junc 1987
(unpublished). 9pp.

Malmberg, S.A. 1985. The water masses between lceland and Greenland. Rit Fisk. 9: 127-401.

Manzanilla. S.R. 1989. The 1982-1983 El Nino event recorded in dentinal growth laycrs in tecth of
Peruvian dusky dolphins (Lagenorhynchus obscurus). Can. J. Zool. 67(9):2120-5.

Marsh, H. and Kasuya, T. 1984. Changes in the ovaries of the short-finned pilot whale. Globicephala
macrorhynchus, with age and reproductive activity. Rep. int. Whal. Commn (special issuc 6):311-35.
Marsh, H. and Kasuya, T. 1986. Evidence for reproductive senescence in female cetaceans. Rep. int. Whal.

Commn (special issue 8):57-74.

Martin, A.R. and Rothery, P. 1993. Reproductive parameters of female long-finned pilot whales
(Globicephala meals) around the Faroc Islands. (Paper published in this volume.)

Martin, A.R., Reynolds, P. and Richardson, M.G. 1987. Aspects of the biology of pilot whalcs
(Globicephala melaena) in recent mass strandings on the British coast. J. Zool. (Lond.) 211:11-23.
Myrick, A.C. 1984. Time significance of layering in some mammalian hard tissucs and its application in

population studies. Acta Zool. Fenn. 171:217-20.

Myrick. A.C. 1988. Is tissuc resorption and replacement in pecrmancnt tecth of mammals caused by stress-
induced hypocalcemia? pp. 379-89. In: Z. Davidovitch (ed.) The Biological Mechanisms of Tooth
Eruption and Root Resorption. EBSCO Media, Birmingham, Alabama.

Myrick, A.C. 1991. Some new and potcntial uses of dental layers in studying dephinid populations. pp.
251-79. In: K. Pryor and K.S. Norris (cds.) Dolphin Societies: Discoveries and Puzzles. University of
California Press, Oxford.

Myrick, A.C. and Cornell, L.H. 1990. Calibrating dental laycrs in captive bottlcnose doiphins from scrial
tetracycline labels and tooth extractions. pp. 587-608. In: S. Lcathcrwood and R.R. Rceves (eds.) The
Bottlenose Dolphin. Academic Press, San Diego, CA. 653pp.

Myrick, A.C.. Shallenbeger. E.W., Kang, I. and MacKay, D.B. 1984. Calibration of dental laycrs in scven
captive Hawiian spinner dolphins, Stenella longirostris, based on tetracycline labeling. Fish. Bull., US
82(1):207-25.

Myrick, A.C., Yochem, P.K. and Corncll, L.H. 1988. Toward calibrating dcntinal layers in captive killer
whales by use of tetracycline labels. Rir Fisk. 11:285-96.

Nikiforuk, G. and Frascr, D. 1979. Etiology of enamel hypoplasia and intcrglobular dentin: the roles of
hypocalcecmia and hypophosphatemia. Metab. Bone Dis. Rel. Res. 2:17-23.

Nishiwaki, M., Hibiya, T. and Ohsumi, S.K. 1958. Agc study of spcrm whalc bascd on reading of tooth
laminations. Sci. Rep. Whales Res. Inst., Tokyo 13:135-53.

Sergeant, D.E. 1959. Age determination of odontocetc whales from dcntional growth layers. Norsk
Hvalfangsttid. 48(6):273-88.

Scrgeant, D.E. 1962. Thc biology of the pilot or pothcad whale Globicephala melaena (Traill) in
Newfoundland waters. Bull. Fish. Res. Board Can. 132:1-84.

Yagi, T.. Nishiwaki, M. and Nakajima, M. 1963. A prcliminary study on thc method of time marking with
Icadsalt and tctracyclinc on the teeth of northern fur seal. Sci. Rep. Whales Res. Inst., Tokyo 17:191-5.



REP. INT. WHAL. COMMN (SPECIAL ISSUE 14) 1993 161

Appendix 1
HISTOLOGICAL PREPARATION OF TEETH

STEP 1 - Preparation for all methods.

L. Extraction of tooth from the mandible after rotting of the jaw.

2. Cleaning of the tooth by physical abrasion or enzyme digestion — definitely no boiling.
3. Mounting of dry tooth on wooden blocks using thermoplastic cement, in a plane to
permit cutting through the crown to root axis.

STEP 2 - For examination of tetracycline presence with reflected UV light.

4. Cutting of section through centre line (crown and pulp cavity apices) at approximately
100um, using an Isomet low-speed rotary diamond saw with micrometer travelling screw
gauge.

5. Mounting of thin section on acid-cleaned glass slide with clear resin permanent
mounting medium, Protex or DPX, under a glass coverslip and drying on a slide warmer
for a few days.

STEP 3 - For examination of ‘growth layer groups’ (GLGs) in dentine and cement using
transmitted plain light.

6. Decalcification of remaining larger portion of the tooth (near half) after detachment
from the cement and wood block, in RDO, a commercial acid product for pathological
use, for 4-32hr depending on tooth volume (5% nitric acid may also be used, but
decalcification may take several days or weeks).

7. Complete rinsing of decalcified tooth portion in water for 24hr, followed by temporary
storage in distilled water.

8. Fixation of decalcified material in 10% neutral buffered formalin.

9. Section cutting at a thickness of 30-35 micron, from the decalified tooth portion using a
freezing stage on a sledge microtome, using Tissue-Tek as a mounting medium.

10. Transfer of selected sections to histological baskets and immersion in water using a
paint brush, followed by staining in Haematoxylin stain for 2hr, subsequent water rinsing
and ‘blueing’ in ammonia solution for a few minutes, then water-rinsing and partial
dehydration in 50% and 70% alcohol.

11. Flotation onto and arrangement of stained sections on a 5% gelatin smear-coated glass
slide under 70% alcohol and subsequent drying of slide and sections on a slide warmer.
12. Mounting of dried stained sections with clear resin permanent mounting medium
Protex or DPX under a glass coverslip, and drying on a slide warmer for a few days.
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ABSTRACT

Age related parameters are described for the long-finned pilot whale, based on material from
40 entire schools taken in the year-round Faroese drive-fishery. Age has been determined
from dentinal and/or cemental growth layer groups (GLGs) in teeth. Longevity is greater in
females which attain up to 59yrs, while males attain 46yrs. Overall mortality rates are higher
in males, and mean estimates range from 0.0745-0.0817 in males and 0.0622-0.0737 in
females. The mean size at birth is estimated to be 177.6cm and 75kg. Males attain a maximum
length of 625cm and a weight of 2,320kg; the values for females are 512cm and 1,320kg
respectively. The mean adult length (at age >25yrs) is 570cm for males and 446cm for
females. Females reach sexual maturity at an age of 8.7yrs, a length of 378.5cm and a
minimum weight of 600kg. For both sexes, sexual maturity is determined by body size and
not age. Physical maturity, determined from vertebral epiphyseal fusion, occurs between 25—
30yrs in most animals. Growth appears to fall into four phases: early postnatal; juvenile;
young adult; pre-physically mature adult. Growth is rapid in the first phase and declines as
physical maturity is approached (phase four). Growth rates for different regions of the body
vary with developmental age. Both the von Bertalanffy and Laird-Gompertz growth models
were fitted to the data using different assumptions. The latter provided the best model for
describing both growth in length and weight over time. In both sexes the growth curve
appears uncomplex, with no pronounced secondary pre-pubertal growth spurt in males. A
few schools appear to be significantly different to the mean growth model, suggesting a
possibility of difference in stock origin. Overall, there are many similarities with long-finned
pilot whales elsewhere throughout the North Atlantic.

KEYWORDS: PILOT WHALES-LONG-FINNED; NORTH ATLANTIC; AGEING;
POPULATION PARAMETERS; REPRODUCTION; GROWTH/LENGTH
DISTRIBUTIONS:; SEXUAL MATURITY; MORTALITY.

INTRODUCTION

Between July 1986 and July 1988, an international programme of research was conducted
on the northeast Atlantic long-finned pilot whale, Globicephala melas (Traill), off the
Faroe Islands. The pilot whale is the focus of a local year-round drive-fishery (Bloch et al. ,
1990) and details of the programme are provided in a general paper by Bloch ez al. (1993a).
During the two-year period of sampling, 47 notifications of schools were recorded, of
which 43 were followed by actual landings. In total, 3,617 pilot whales were caught and
3,470 were examined from 40 drives taken in all months of the year. In the only other
comparable study on North Atlantic pilot whales, Sergeant (1962a) examined animals
from a drive fishery off Newfoundland'. However problems of sampling bias arose in that

! This material was re-examined and analysed by Kasuya er al. (1988b) by counting both the dentinal and
cemental layers following the method of Kasuya and Matsui (1984) for the short-finned pilot whale.
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study as not all caught animals were sampled and because catches were not made
throughout the year.

Several methods have been used to attempt to determine the age of whales over the
years. The present standard for toothed whales is to count growth layer groups (GLGs -
see IWC, 1980) in the dentine and cement in the teeth, as introduced by Sergeant (1959)
and reviewed by Hohn (1990).

Lockyer (1993a) examined patterns of dentine and cementum deposition in pilot
whales. Using teeth from captive, known-history short-finned pilot whales, Globicephala
macrorhynchus, she demonstrated that age could be determined from any undamaged
tooth in the jaw. She also found that numbers of dentinal and cemental GLGs were the
same in a tooth that each GLG represented an annual growth increment. GLGs have been
translated directly into age in years throughout this paper, on the assumption that tooth
formation is comparable in both pilot whale species.

MATERIAL AND METHODS

Sampling techniques and data on sex, length and weight are provided by Bloch et al.
(1993a). In all, 3,442 whales were sexed, 3,047 were measured for length and 622 weighed
whole; 411 foetuses were collected and examined. In addition, this paper includes data
from 63 foetuses previously sampled and included in Bloch (1992), and data from 59
foetuses sampled between July 1988 and the end of 1992, bringing the total foetal sample
size to 533 of which 485 were of known length and 409 of known weight.

A total of 458 foetuses were sexed by one of three methods: (1) macroscopic
examination of the external genitalia or gonads; (2) histological examination of the
gonads; or (3) examination of the sex-chromatin as described by Andersen et al. (1992).

Age determination

Teeth were collected and examined from each individual for almost all schools (2,627
whales from 39 of 43 schools, of which 2,448 provided acceptable age readings). The
sampling and initial laboratory treatment are described by Bloch et al. (1993a).

The cleaned teeth were treated in a similar way to that described by Lockyer (1993a),
for decalcified thin stained sections, except that 5% hydrochloric acid over a period of up
to two weeks was used for decalcification. Afterwards, the half-teeth were kept in water
with thymol crystals (to discourage bacterial and fungal growth). after rinsing in tap water.
The best half-teeth were sectioned at approximately 25-35mu on a Reichert® sledge
microtome equipped with either a Euromex? electrical or carbon dioxide freezing stage.
The sections were floated onto 5% gelatine-coated acid-cleaned slides, dried on a slide
warmer and stained in ripened Erhlich’s acid haematoxylin for two hrs (when very ripe) or
more. After having been rinsed in 70% alcohol, ‘blued’ in ammonia vapour, rinsed in 70%
alcohol and air-dried on a slide warmer at 30°C. the slides were permanently mounted with
DPX-mountant®, a clear resin medium. The readings of the sections were made with x12
magnification for the dentine and x150 for the cementum.

Teeth from five schools were prepared by Lockyer (Bloch et al., 1993a; grind nos 4, 5,
I1, 12 and 24) and the remaining teeth were processed by the laboratory of the Zoological
Department of the Faroese Museum. A subsample of these were used in the study by
Lockyer (1993a).

Most slides were assessed for quality in terms of both preparation and readability. Four
categories were used: (1) very clear, easy to read GLGs in both dentine and cement; (2)
clear GLGs in dentine and very clear in cement; (3) GLGs readable with difficulty,

2 Reference to trade names does not imply endorscment by the authors’ Institutes.
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particularly in dentine; (4) unreadable in either dentine or cement, even after using
several teeth.

The teeth were examined and read by several readers (as listed in Bloch et al., 1993a) for
growth layers groups, although most were examined by one of us (DB) alone. The
methodology used was carefully monitored and several random samples of duplicate
readings were made by other researchers (CL and Toshio Kasuya) over time.

In the summaries of results it should be noted that each age class ranges from age (n) to
age (n+1). When calculations are made the values (n+%) are used. In all other cases (-) is
used to present the age class from (n) to (n+1).

Survivorship

Annual mortality rates (z) were calculated by (a) the method of log linear regression (as
used for northwest Atlantic long-finned pilot whales by Kasuya et al., 1988b), and (b) the
method of Robson and Chapman (1961). Estimates based on Heincke (1913) were also
calculated. Age segments were selected to closely reflect natural phases in the life history:
birth to sexual maturation, early to middle adult life, old age, and birth to old age. The
actual age groups in each segment vary by sex to accomodate different developmental
rates. Apart from the overall mortality rates, the segmental analyses were performed
using log linear regression only. Other methods did not appear to be appropriate, because
an assumption of constant mortality was required. In addition, Siler’s (1979) competing
risk model was used to examine female survivorship as described by Barlow and Boveng
(1991).

Length data

The length of the whales was measured to the nearest cm in a straight line from the tip of
the snout to the notch in the fluke, following Norris (1961). In addition to routine
measurement of total length, more detailed measurements were taken for one school
containing 59 whales (no. 37, table 1 in Bloch et al., 1993a): tip of snout to eye, eye to anus;
and anus to notch in fluke. This was partly to study the growth of different parts of the
body, partly to compare the official assessment with biological data (Bloch and
Zachariassen, 1989) and partly to compare these measurements with corresponding
measurements of pilot whales from Newfoundland (Sergeant, 1962b; Bloch and Lastein,
1993).

Growth curves

The most frequently used growth model for cetaceans has been the Bertalanffy model
(von Bertalanffy, 1938). It has been used on large baleen whales (Lockyer, 1981) and
some dolphin species Stenella coeruleoalba, Berardius bairdii and Phocoena phocoena
(Kasuya, 1972; 1977; Bjgrge and Kaarstad, 1990). Another model, the Laird/Gompertz
model (Laird, 1969), has been used for S. attenuata and S. longirostris (Perrin et al., 1976;
1977; Hohn and Hammond, 1985), and both models have been used on the harbour seal,
Phoca vitulina (Markussen et al., 1989). In this paper we use both models.

The two models have the following characteristics:

Bertalanffy Laird/Gompertz
Growth equation L(¢) Lo (1 — ekt L, eAvet-e™)
Initial length Lo (1= e*0) Lo
Asymptotic length L. L, e
Growth rate dL(1)/dt k (Lo - L(1)) Ao € L(1)

Initial growth rate k (Lo — L(0)) Ay L(0)
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.The main difference between them is the assumption made concerning the growth rate: in
the Bertalanffy model it is assumed to be a linearly decreasing function of the length, while
the Laird/Gompertz model assumes it to be fundamentally linear with increasing length
(implied by the division of cells), but with an exponentially decreasing factor. Thus the
Bertalanffy function increases progressively more slowly as the asymptotic length Lo, is
reached, while the Laird/Gompertz function does not necessarily have its maximum
growth rate at =0, but at t = In(Ay/a)/ (which can be >0). The latter can therefore
approximate more sigmoid growth patterns. It can also be used to model both length and
weight as a function of age, with the traditional relationship between length and weight
assumed to be a power function.

Examination of physical maturity

Physical maturity was assessed from the degree of fusion of sutures between the epiphysis
and the main part of the vertebral centrum following Mitchell and Kozicki (1984) for
sperm whales (Physeter catodon), Mead and Potter (1987) for short-finned pilot whales,
Aguilar and Lockyer (1987) for fin whales (Balaenoptera physalus) and Kato (1987) for
southern minke whales ( Balaenoptera acutorostrata). Only vertebra no. 6 was examined in
the southern minke whale (Kato, 1987), as opposed to the whole column in the fin whale
(Aguilar and Lockyer, 1987). Mead and Potter (1987) examined short-finned pilot whale
vertebrae in the field and in the laboratory.

In this study a chainsaw was used to halve the entire vertebral column from head to tail.
After cleaning the halved column in running water, the degree of fusion was noted in the
field. Three categories were used, based on those of Mead and Potter (1987): immature
(condition 1) — unfused epiphyses, completely separated by cartilage from the vertebral
body; intermediate (conditions 1.5 and 2) — a clear fusion line but the epiphyseal plate
cannot be separated by force from the vertebral body; mature (conditions 2.5 and 3) -
totally fused epiphyses with the line between the epiphysis and centrum almost or
completely invisible. This was carried out for up to eight whales from seven schools,
totalling 13 females and 23 males.

Female attainment of sexual maturity
Females were classified as sexually mature if at least one ovary contained at least one
corpus (luteum or albicans); sexual maturity is considered to have been reached at first
ovulation (Perrin and Donovan, 1984).

Hohn (1989) reviewed a number of methods for estimating the mean age at attainment
of sexual maturity (ASM). Three methods are used here to estimate mean age, length and
weight at attainment of sexual maturity (ASM, LSM and WSM respectively).

Method 1

Known age, length and/or weight females with only a corpus luteum on their ovaries and
foetuses of known length and weight are considered (n=26 for age, n=31 for length and
n=11 for weight). Attainment of sexual maturity is back-extrapolated from the length/
weight of the foetus using the estimates of gestation time (326 days) and foetal growth
(0.5335 cm/day between 20-163cm) provided by Martin and Rothery (1993) to obtain the
conception date. Estimates of female growth given in Table 9 are used to obtain LSM and
WSM.

Method 2
ASM can be considered to be the age at which 50% of the females are mature, as predicted
from a logistic curve weighted by sample size. The same is true for LSM and WSM. The
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following groupings are used: age classes, 1yr; length classes, 5cm; and weight classes,
25kg.

Method 3

ASM, LSM and WSM can be estimated using the sum of fraction immature method (used
earlier for mean body length at birth) favoured by Hohn (1989). Age, length and weight
classes are as for method (2).

Neonatal length
Four methods were used to estimate mean body length at birth:

(1) mean length of foetuses and calves between the length of the smallest calf and the
largest foetus;

(2) the Iength at which 50% of births are estimated to have occurred after fitting a logistic
curve to the proportion of animals born in 5cm length classes weighted by sample size;

(3) the sum of fraction method described by Hohn (1989) to determine ASM (see below);
(4) the mean length of calves for which no neonatal line is present in the teeth, i.e. recently
born (Kasuya and Marsh, 1984).

Only method 3 requires further explanation.
Length at birth can be expressed as follows (5cm length classes are used):

Birth length = j + kZ pix; variance = s2 = Z((p;q)x)/(n; — 1) (1)
i=)
where:

j 1s the first indeterminate length class;

k is the last indeterminate length class;

pi is the fraction of foetuses in length class i;

q; is the fraction of born animals in length class i (p; + q; = 1);

x; 1s the number of length classes combined to obtain a sample size >2 in length class i;
I; is the number of foetuses in length class i;

M; is the number of born animals in length class i; and

n; is the number of specimens in length class i (n; = I; + M,).

The conditions are if:

I; # n;, then p; = I/n; and q; = M//n;

if:

I; = n;, then p; = (I; - $)/n; and q; = (M; + 3)/n;
if:

M; = n;, then p; = (I; + 3)/n; and q; = (M; - 3)/n;.

RESULTS AND DISCUSSION

Age determination

Quality of tooth preparation

The assessments of preparation for quality and readability are given in Table 1. Out of
2,243 teeth, 83% were of acceptable preparation quality (values 1, 57.6% and 2, 25.7%)
and >95% provided acceptable values 1 (70.5%) and 2 (24.7%) in readability; 2.4% were
of unacceptable preparation quality (value 4) and 4.8% (value 3) were unreadable even
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Table 1
Readability and quality of preparation of teeth from G. melas off the Faroe Islands.

Total 3? & Imm. & Mat. 33 ?? ? Imm. ¢ Mat. "5 7?
Readability
1 1,581 9 467 165 641 6 400 531 937 3
(%) (70.5)  (75.0)  (81.8) (55.4) (40.5) (100.0)  (88.1) (59.1) (69.0) (75.0)
2 554 3 91 116 210 45 298 343 1
(%) (24.7) (25.0)  (15.9) (38.9) (37.9) (9.9) (33.2) (25.3) (25.0)
3 108 13 17 30 9 69 78
(%) 4.8) 2.3) 6.7 1.8 2.0) amn 5.7
Preparation
1 1,291 4 410 119 533 3 360 393 756 2
(%) (57.6) (33.3)  (71.8) (39.9) (60.5)  (50.0)  (79.3) (43.8) (55.7) (50.0)
2 577 5 117 105 227 3 67 279 349 1
(%) (25.7) (41.7)  (20.5) (35.2) (25.8) (50.0) (14.8) (3l.1) (25.7) (25.0)
3 321 3 38 65 106 21 193 214 1
(%) (14.3)  (25.0) (6.7) (21.8) (12.0) (4.6) (21.5) (15.8) (25.0)
4 54 6 9 15 6 33 39
(%) 2.4) (1.1) (3.0 Q.7 (1.3) 3.7  (2.9)
Total 2,243 12 571 298 881 6 454 898 1,358 4

after sectioning new teeth, because of inherent problems in the interpretation of the
layering pattern.

Readability of teeth appeared to be uniform within a grind, teeth of all animals in some
schools being difficult to read (Bloch et al., 1993a: table 1: nos 3, 13, 14, 20, 23 and 34), and
easy in others (Bloch ez al., 1993a: table 1: nos 4, 5 and 12). Whether this was the result of
genetic similarity, post-mortem changes in tissues, predisposition to disease and/or
exposure to environmental stresses such as malnutrition, is unclear. However, if the first
of these factors is true, this may be a useful characteristic to explore further in relation to
stock identity, (the question of genetic relatedness has been examined by Amos et al.
(1991; 1993) and Andersen (1993) using standard genetic techniques). As an aside, it can
be mentioned that only a single whale was found to be affected by paradentosis.

Reliability of age readings

Lockyer et al. (1987) found in a subsample from this material that cemental layers tend to
outnumber those seen in the dentine (Figs 1a and b) for older (>13yrs) animals. In a few
teeth, either the dentine or the cementum was destroyed in some way making it unusable
for age purposes. Frequently, mineralisation interference (or secondary dentine as
described by Kasuya and Matsui, 1984) totally disturbed the layering in the more recent
layers of old whales (Lockyer, 1993a) with nearly all >30yrs having some GLG pattern
disruption. More seldom, formation of secondary cementum (Kasuya and Matsui, 1984)
rendered the cemental layers unreadable. Disturbances in structure such as pulp stones
and mineralisation interference also reduce readability; these appeared to be more related
to age than maturation state (Lockyer, 1993a). For determining age, both dentinal and
cemental GLGs were read in all teeth; dentinal counts were clearer and more acceptable
in juveniles and young adults, while cemental counts were usually used for older animals
especially if the count greatly outnumbered the dentinal one.

Generally, there is a highly significant correlation between the readings of the dentinal
and cemental GLGs in both sexes (Table 2; r=0.910; n=2,315), which shows however, a
decreasing correlation as the age increases beyond 13yrs (Table 2). Disturbances in
cementum, and dentinal resorption for the male Faroese whales are related to maturity
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Table 2

Correlation of dentinal and cemental GLG readings of pilot whale teeth with sex,
age and reproductive status off the Faroe Islands.

0-59 years 0-12 years 13-59 years Immature Mature

r n r n r n r n r n
Male 0.929 917 0.955 574 0.647 343 0.903 613 0.657 337
Female 0.897 1,398 0.967 656 0.627 742 0.858 495 0.655 974
All 0.910 2,315 0.962 1,230 0.633 1,085 1,108 1,311

more than age (Lockyer, 1993a) and so rather than simply stratify by age (0-12yrs,
13+yrs) which would result in both groups including some immature and some mature
individuals, it seems more reasonable to stratify into matures and immatures. As shown in
Table 2 and Fig. 1, for immatures the correlation is significantly better for males (z =
3.34), while there is no significant difference between the sexes for the matures (z = 0.06).

Ages

The oldest male aged was 46yrs (n=967, Table 3); 125 (15.1% ) males were over 25yrs and
4 whales (0.4% ) were over 40yrs (Fig 2a). Of the 1,482 females, the oldest was 59yrs; 323
(24.2% ) were over 25yrs while 5 (0.3%) were over 50yrs (Fig. 2b). These are older than
previously found for the long-finned pilot whale (Sergeant, 1962a; Crespo et al., 1985;
Martin et al., 1987; Kasuya et al., 1988b; Bloch, 1992; Sigurjousson et al., 1993), but
similar to the short-finned pilot whale (Kasuya and Matsui, 1984; Kasuya and Tai, 1993).
This may reflect the fact that fewer animals were aged using cemental layers in previous
studies of the long-finned pilot whale.

Thus the maximum age of females exceeds that of the males by 13yrs, and the mean age
of the female population is 3.8yrs greater (Table 3). This is similar to the pattern found in
previous studies (Sergeant, 1962a; Martin et al., 1987; Kasuya et al., 1988b; Sigurjénsson
etal., 1993). This has also been found in the short-finned pilot whale off J apan, where the
maximum age of the females is some 20yrs greater than that of males (Kasuya and Marsh,
1984; Kasuya and Matsui, 1984; Kasuya et al., 1988a; Kasuya and Tai, 1993).

Although female longevity exceeds that of males, the mean age of both immatures and
matures is greater for males (Table 4), due to the earlier age at maturity of females (see
below).

Table 3

Range and average of length (in cm), weight (in kg) and age (in-yrs) of G. melas off
the Faroe Islands in the period July 1986 - July 1988,

Length (cm) Weight (kg) Age (year)
é 1% Both a 14 Both e €  Both
Min 174 163 92 100 0.0 0.0
Max 625 512 2,320 1,320 46.0 59.0
Mean 420 387 401 879 721 783 12.3 16.1 14.6
SE 33 1.8 1.8 38.0 14.9 17.7 0.3 0.3 0.2
N 1,190 1,635 2,825 236 370 606 967 1,482 2,449
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Table 4

Range and average of length (in cm), weight (in kg) and age (in yrs) of immature and mature long-finned pilot
whales off the Faroe Islands in the period July 1986 - July 1988.

Length (cm) Weight (kg) Age (yrs)

Immature Mature Immature Mature Immature Mature

3 ? <) s <) s 3 ? 3 ? 3 ?

Min 174 163 458 350 92 100 1,040 524 0 0 11 5
Max 532 429 625 512 1,300 860 2,320 1,320 15 22 46 59
Mean 353 299 552 432 563 381 1,694 893 5.9 3.7 23.9 223
SE 2.6 2.3 1.7 0.8 21.2 13.2 39.1 9.9 0.2 0.1 0.4 03
N 788 556 402 1,079 170 124 66 246 618 490 337 979

Age distribution, mortality and survivorship

Age distribution

Most of the aged animals were collected between July 1986 and June 1987, reflecting the
period when most of the collecting effort was expended; subsequent sampling, especially
after December 1987, was mainly opportunistic. However, Kolmogorov-Smirnov
goodness of fit (K/S) tests (Zar, 1984) on age frequencies showed no significant differences
by time period for either sex. Therefore, because samples were believed largely to be
representative of entire schools, all months and years of age data were subsequently
combined into two data sets: male and female.

The resultant age frequency distributions are shown in Fig. 2. The male and female
distributions are somewhat different. In females there is a relatively stable period after
about 10yrs until about 30yrs, preceded by a steep mortality in the juvenile years, and
again followed by a steeper mortality in the older age classes. In males, there appears to be
a more continuous decline in age classes with time, although the decline appears steeper in
the juvenile phase than subsequently. Curiously, there appears to be a dearth of males in
the 0-2yrs classes, as had been found by Kasuya et al. (1988b) for Newfoundland. Between
0-2yrs, there are nearly 40% more females than males but by age 3yrs the number of males
and females is similar. Indeed the number of males is actually greater in year class 3. The
foetal sex ratio found by Desportes er al. (In press-a) would give rise to such a difference
between males and females in the neonate and yearling classes from the decreasing
proportion of males recovered in utero with increasing foetal age. Examination of cohorts
by year reveals no consistently strongly or weakly represented year classes, thus the
observed frequencies and ‘noise’ are probably due to chance.

Mortality and survivorship

Estimates of mortality rates (z) are given in Table 5. The estimates for both males and
females are highest in the juvenile phase (Table 5), but unlike females, the males do not
exhibit a pronounced period of relative stability and low mortality during mid-life, but
rather decline steadily with age as noted above (Figs 2a and b). The two methods in Table
5 show similar overall estimates of 0.0745-0.0817 in males and 0.0622-0.0737 in females.
Annual overall mortality rates based on Heinke estimates are 0.0586 (age 0—46yr) for
males and 0.0605 (age 0-59yr) for females. Estimates for individual age segments (Table
5) are very different. The estimates are similar to those reported —0.0985 for females,
using the same method. Sergeant (1962a) obtained 0.0445 for females and 0.058 for males
in the age range 1-8yrs, using the log linear regression method. Estimates for short-finned
pilot whales range from 0.0393-0.1064 with an overall value 0.0827 for males, and 0.025]—
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Table §

Estimates of mortality rate, z, for males and females long-finned pilot whales off the
Faroe Islands, for the period July 1986 - July 1988.

Method of linear loge Method of Robson and
regression; Chapman (1961);
(N) = sample size (N) = sample size
Males Females Males Females
Age range
(years) ¥4 +0.95CI -z +0.95CI -Z 1+0.95CI -2 +0.95CI
Juvenile:
0-10 0.0915 0.0186
(N=608)
0-15 0.0722 0.0127
N=677)
3-15 0.1007 0.0148
(N=525)
Adult:
11-30 0.0104 0.0088
(N=700)
16-35 0.0548 0.0128
(N=270)
31-45 0.1273 0.0243
(N=161)
Life:
0-46 0.0745  0.0047 0.0817 0.0048
(N=966) (N=966)
3-46 0.0778 0.0052 0.0889  0.0057
(N=814) (N=814)
0-59 0.0737  0.0050 0.0622  0.0030
(N=1,482) (N=1,482)

0.0708 (46.5-70yrs group excluded) with an overall value 0.0449 for females (Kasuya and
Marsh, 1984). The current findings for the Faroese pilot whales are therefore within
previously reported ranges of mortality rate for both species.

To examine the female age distribution further, the data in Table 6 were fitted using the
Siler (1979) model described by Barlow and Boveng (1991) and the actual and predicted
curves plotted in Fig. 3. The fitted curve reveals high juvenile mortality followed by a
relatively stable period of lower mortality during prime reproductive years, culminating in
a higher rate in the post-reproductive or senescent years. This is characteristic of a long-
lived mammal investing heavily in each offspring (Barlow and Boveng, 1991). The K/S
statistic (Fig. 3) shows no obvious selectivity for particular age classes, i.e. no significant
rounding of ages occurred and no strong and weak cohorts were detected.

The age specific survival rates, s, in Table 6, can be converted to estimates of z using z=
-Ins, and are thus based on the fitted curve rather than the actual data. For females these
age-specific estimates of z range as follows: 0.1485-0.243 (0-10yr); 0.0212-0.598 (11~
30yr); 0.0661-0.3065 (31-45yr); 0.3425-0.5310 (46-50yr). These estimates generally
encompass the mean rates calculated using the log linear regression method. However, it
is impossible to determine which estimates of mortality are the most reliable for each age
segment, if indeed any. All estimates are likely to reflect natural mortality. Exploitation is
unlikely to affect mortality rate greatly, if at all, because entire schools are normally

taken.
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Table 6

Observed and predicted frequencies at each age for female long-finned pilot whales off the Faroe Islands, with
estimates of age-specific survival rate (s) calculated by the method of Barlow and Boveng (1991).

Age Observed Predicted Lx Px
in years frequency frequency Proportion surviving Age-specific survival

0 87 85.65 1.000 0.862

1 60 73.82 0.862 0.886

2 64 65.42 0.764 0.906

3 80 59.28 0.692 0.923

4 64 54.69 0.639 0.936

5 41 51.20 0.598 0.947

6 66 48.48 0.566 0.956

7 37 46.34 0.541 0.963

8 44 44.61 0.521 0.968

9 34 43.20 0.504 0.973
10 31 42.02 0.491 0.976
11 39 41.02 0.479 0.979
12 41 40.15 0.469 0.980
13 34 39.36 0.460 0.982
14 33 38.64 0.451 - 0982
15 50 37.97 0.443 0.983
16 28 37.31 0.436 0.983
17 21 36.65 0.428 0.982
18 40 35.99 0.420 0.981
19 33 35.31 0.412 0.980
20 44 34.60 0.404 0.978
21 32 33.86 0.395 0.977
22 49 33.06 0.386 0.974
23 32 3221 0.376 0.972
24 41 31.31 0.366 0.969
25 35 30.33 0.354 0.966
26 33 29.29 0.342 0.962
27 22 28.18 0.329 0.958
28 30 26.99 0.315 0.953
29 27 25.73 0.300 0.948
30 36 24.39 0.285 0.942
31 14 22.98 0.268 0.936
32 19 21.51 0.251 0.929
33 18 19.98 0.233 0.921
34 19 18.40 0.215 0.912
35 8 16.78 0.196 0.903
36 15 15.14 0.177 0.892
37 14 13.51 0.158 0.880
38 16 11.89 0.139 0.867
39 6 10.31 0.120 0.853
40 9 8.79 0.103 0.837
41 8 7.36 0.086 0.820
42 4 6.04 0.071 0.802
43 2 4.84 0.057 0.781
44 4 3.78 0.044 0.759
45 5 2.87 0.034 0.736
46 5 2.11 0.025 0.710
47 1 1.50 0.018 0.682
48 i 1.02 0.012 0.652
49 1 0.67 0.008 0.621
50 0 0.41 0.005 0.588

N 1,477
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Fig. 3. Agc frequency plot, all months and years, for female long-finned pilot whales off the Faroe Islands
with fitted survivorship curve. n=1,482; K/S=0.0215; p=0.254.
Symbols: Empty squarc = observed frequency.

Growth, growth rates and growth-related parameters

Length and weight

The length and sex distributions and ratios for the summed data collected under the
international programme, as well as the length and sex distributions and ratios for each
school are presented in Bloch ez al. (1993a). As the length and sex distributions by school
were not significantly different from the mean (Bloch et al., 1993a), data for all schools can
be pooled. The range and average values of length, weight and age are shown in Table 3.

Lengths

Males in the sample ranged from 174cm to 625cm (n=1,190) and the frequency
distribution (Table 4; Fig. 4) shows two clear peaks, one for immatures (mean = 353cm
+2.6) and one for matures (mean = 552cm *1.7). Equivalent values for females
(n=1,635) are: range 163cm — 512cm (Table 3); immatures mean 299cm +2.3; and
matures mean 432cm *+0.8.

The maximum length of males was 113cm (X 1.22) greater than females; the peaks in
immatures (54cm) and matures (120cm) were also longer. This pattern had been observed
in previous studies of this species (Joensen, 1962; Martin et al., 1987; Bloch, 1992;
Sigurjénsson ef al., 1993). The maximum length of males in this study exceeds that of those
from the western North Atlantic (Sergeant, 1962a; Moore et al., 1978; 1979; Crespo et al. ,
1985; Kasuya et al., 1988b), and the southern form of the short-finned pilot whale (Kasuya
et al., 1988a); the northern form however has a greater observed maximum length (720cm,
Kasuya and Tai, 1993).
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Weights
Few weights of complete pilot whales have been reported (long-finned - Sergeant, 1962a;
Bloch, 1992; and short-finned — Kasuya and Matsui, 1984; Mead and Potter, 1987).
The range in weights of the 236 males we examined was 92kg to 2,320kg (Table 3) with
means for immatures of 563kg +21 and for matures of 1,694kg +39 (Table 4); in females
the range was 100kg to 1,320kg (n=370) with means for immatures of 381kg +13 and for
matures of 893kg +10 (Table 4). Thus males reach a maximum weight of about 1 tonne
more than that of females (Figs 5a and b); the mean values for immatures and matures
exceeds that of females by 182kg and 801kg, respectively (Table 4).

Body growth

Bloch et al. (1993b) examined growth in dorsal fin length and height, fluke length and half
span, and flipper width and found that it is proportional to body length. Flipper length
increases more slowly than body length for whales <250cm but faster for whales >250cm.
Sexual dimorphism in flipper length and fluke width was also found.

In this study we examined growth in (1) skull length, (2) torso (eye to anus) and (3) tail.
Linear trends were found with total body length (Figs 6a-c). Skull length decreases relative
to body length (r=0.83; n=59; Fig. 6a), as does torso length to a lesser degree (r=0.55;
n=59: Fig. 6b). The tail, however increases as a proportion of body length (r=0.79; n=59;
Fig. 6¢). Thus body proportions change as body length increases. The growth in the tail
may be an adaptation to the high speed needed for catching their prey, which comprises
mostly gregarious squid species (Mercer, 1975; Desportes and Mouritsen, 1993).

The growth pattern observed is similar to that seen in Newfoundland (Sergeant, 1962b:
Figs 1-4), as well as the short-finned pilot whale (Yonekura ez al., 1980: Figs 6 and 12) and
the harbour porpoise, Phocoena phocoena (van Utrecht, 1978), although not all the
measurements are directly comparable. These species of toothed whales show a different
pattern to the large baleen whales where the head has the greatest growth expanston
relative to body length (Lockyer, 1981).

Weight-length relations

PRENATAL
The relationship between body weight (W in kg) and length (L in cm) for foetuses can be
expressed by the equation in Lockyer (1993b) with a steeper correlation than after birth

(see below):
W = 0.00006 x L2677 (2)

POSTNATAL
The weight-length relationship has been examined by Bloch and Zachariassen (1989) and

Lockyer (1993b). Briefly, a close relationship was observed between weight and length,
and a single equation was found to be satisfactory for both sexes of all ages and throughout
all months of the year (Lockyer, 1993b):

W = 0.00023 x L2-501 3)

Length and weight at age

The length and weight of all males and females have been plotted at age to give a picture of
the dispersion within each age class (males: Fig. 7; females: Fig. 8). Mean growth curves
are also shown. The range in weight within each age class is greater than that of length due
to the seasonal changes in body fat condition that may constitute 15-23% of body weight

(Lockyer, 1993b).
[Text continues on p. 185]
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Length and weight at birth

NEONATAL LENGTH

The smallest female calf measured 163cm and the largest female foetus 191cm with 26
calves and 23 foetuses between these lengths. For males the values were 174cm and 185cm
with 8 calves and 10 foetuses in between. For both sexes combined, 49 foetuses (26 males)
and 39 calves (13 males) occurred between 163 and 191cm.

The results for each of the four methods used to estimate the mean body length at birth
are summarised in Table 7.

Using method (1), no significant difference is found between the averaged neonatal
length by sex (1=0.27; p>0.50). The pooled estimate is 177.1cm *0.9 (n=88). This
method was also used by Sergeant (1962a) for this species off Newfoundland. His results
(178cm males and 174cm females) are not significantly different to those for the Faroes.
Using method (2):

% born = 100/(1 + €32.974 - 0.186 L)(155 <L =<205; r=0.98) (4)

and from this 50% of births will have occured at 177.3cm (Fig. 9).

Method (3) results in a length at birth of 178.4cm +0.6 (n=108) for both sexes
combined.

For method (4) there were 25 newborn males and 36 newborn females with no neonatal
line. No significant difference was found by sex (1=0.29; p>0.50). The pooled estimate of
birthlength of 199.8cm +2.4 (n=61) in Table 7 is an overestimate compared to methods
(1) - (2) since only born animals are included. This may indicate the neonatal line is not
formed exactly at birth, but within the first 2-3 months of life.

The results from methods (1) — (3) are close, with the sum of fraction method giving a
slightly higher value. The weighted mean of these, 177.6cm can be considered as the best
estimate of the length at birth.

Table 7

Different methods used to calculate the length (cm) and weight (kg) of birth of long-finned pilot whales off the
Faroe Islands.

Method, birthlength

Male foetuses, cm

Female foetuses, cm

Both sexes, cm

Avg. Overlap
N (range)

Logistic curve

Sum of fraction
method

Newborn without
neonatal line

Best estimate

179.4 £ 1.0
N=18 (174-185)

204.2 + 3.6
N=25 (174-245)

178.1 + 1.2
N=49 (163-191)

197.5 + 3.3
N=36 (163-248)

177.1 £ 0.9
N=88 (163-191)

177.3
N=143 (155-205)

178.4 + 0.6
N=108 (163-191)

199.8 + 2.4
N=61 (163-248)

177.6

Method, birthweight

Male foetuses, kg

Female foetuses, kg

Both sexes, kg

Growth curve

Newborn without
neonatal line

Best estimate

143.6 £ 9.1
N=5 (92-175)

121.6 + 8.2
N=5 (100-150)

64

132.6 + 7.0
N=10 (92-175)

75
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The overlap in lengths between the longest foetus (191cm) and the smallest newborn
(163cm), is similar to that found for Newfoundland (165-190cm, Sergeant, 1962a). Such
overlaps are seen in other species such as the short-finned pilot whale (Kasuya and Mar_sh,
1984), striped dolphin, Stenella coeruleoalba (Kasuya, 1972), and in Dall’s porpoise,
Phocoenoides dalli (Kasuya, 1978).

NEONATAL WEIGHT
Between 1986 and 1988, the largest foetuses found weighed 83kg (female) and 84kg

(male), while the smallest newborn found was a 92kg male. In 1990 an 81kg (male)
newborn and an 82kg (female) newborn were found. If newborns are considered to be
those calves with no neonatal line in the teeth, the mean weight for males was 143.6kg
+9.1 (n=5, range=92-175kg); and for females 121.6kg £8.2 (n=5, range=100-150kg).
The combined mean birth weight was 132.6 £7.0 (n=10). However given the small sample
size, especially of truly ‘newborn’ calves (where the umbilicus is still unhealed) and the
fact that newborns will probably gain weight rapidly, these estimates are likely to be both
unreliable and overestimates. If the body weight of newborns is estimated from the mean
length of birth calculated above using equation (2), a value of only 63kg is obtained. From
this and the weights of the smallest newborns and largest foetuses found, a value of about
75kg is probably a reasonable estimate of mean weight at birth.

Unlike the case for length, there is no overlap between the weights of the largest foetus
and the smallest newborn, although this may simply reflect the small sample size.
However, if this is a real phenomenon it may be due to the rapid change in body
proportions after birth and the deposition of fat and blubber stores (Lockyer, 1993b).

Postnatal growth

Males grow rapidly until they reach a length of 550cm (Figs 7a and c¢) and a weight of 1.7
tonnes (Figs 7b and d) at about 20yrs of age, after which the rate of growth slows
considerably. Females grow rapidly until a length of 425cm (Figs 8a and c) and a weight of
1 tonne (Figs 8b and d) at about 13yrs, after which the growth rate declines.

Age, length and weight at sexual maturation

MALES

Male attainment of sexual maturity is examined in Desportes (In press) and Desportes et
al. (In press-b) who reported attainment at 14.3yrs + 0.5, 493.8cm 4.6 and 1,277kg +32
and is not discussed further here.

ASM
The youngest sexually mature female observed was Syrs of age while the oldest immature
was 15yrs. A total of 31 females (between 5-15yrs) had their first corpus luteum. From
method (1) the mean age was 8.4yrs *0.3. This standard error, however, grossly
underestimates the true variation in method 1, as it does not consider the error associated
with each parameter used.

The least-squares regression of age and proportion of mature females using a logistic
model (method 2) is given below:

% mature = 100/(1 + e!0-070-1.249 1) (5 =t =12; r=0.98) (5)

This equation gives a mean age () of 8.1yr (n=283; r=0.98) at a proportion of mature
females of 50% (Fig. 11a). Method (3), the sum of fraction immature, uses data for 443
females ranging from 5-15yrs. The resultant ASM estimate is 8.7yrs +0.2.
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All three methods give similar results. For the reasons given in Hohn (1989) the
estimate from method (3), which has the largest sample size and the fewest assumptions,
should be regarded as the best.

LSM

Method (1), using data for only the 31 females in their first pregnancy, gives an estimate of
378.8cm £2.5. The size ranges from 349—407cm after adjustment for conception date (see
Materials and Methods section). The shortest mature female was 350cm and the longest
immature female was 418cm.

Using method (2):

% mature = 100/(1 + e46-434 - 0.124 L) (350 =L =420; r=0.98) (6)

gives an LSM of 374.5cm (r=0.98; n=492).
For the same 492 individuals, method (3) estimates an average LSM of 378.5cm +0.61.
For the reasons given above, this can be considered the best estimate of LSM.

Body weight at sexual maturity

From method (1) the range in weight of 11 females in their first pregnancy was 507-830kg
(mean = 676kg £25), again after adjusting data for date of conception (see Materials and
Methods section). The smallest mature and largest immature females were 524kg and
620kg, respectively. Using method (2):

% mature = 100/(1 + 21863 - 0.036 W) (500 =W =700; r=0.98) (7)

This gives an estimated WSM of 607.3kg (n=60; Fig. 11c). Using method (3) gives an
average WSM of 627kg 2.7 (n=60; weight classes 525-725kg).

The range in estimates in ASM probably reflects the small sample size and the large
variation among individuals. In general, WSM seems to occur around at least 600kg.

The values for LSM and WSM estimated here are not inconsistent with those obtained
from the Laird/Gompertz growth formula (388.1cm and 638kg) and the length-weight
relationship derived in equation 3 (WSM=645kg).

To summarise, a ‘typical’ female long-finned pilot whale will reach sexual maturity at
about 8-9yrs, 380cm and 600kg. The corresponding values from the Newfoundland
material are 6-7yrs and 366cm in length (Sergeant, 1962a; Kasuya et al., 1988b).

Laws (1956) estimated length at sexual maturation as a proportion of asymptotic length
for several species of marine mammals and obtained a range of 80.0-88.5% for whales.
Using our data and the Laird/Gompertz model gives an estimate of 83.7-86.0%.

Sexual maturity — a question of body size more than age

Although the age overlap between immature and mature whales is wide, for both length
and weight it is relatively narrow and includes only a few whales (Fig. 12). For males, it is
from 11-16yrs; all males less than 480cm and 1,200 kg, regardless of age, are immature
(Figs 12a and b). For females, it is 5-15yrs, but with only a single whale in some age
classes; all females less than 375cm and lighter than 600kg (Figs 12¢ and d) are immature.
Sexual maturation thus seems to relate more to body size than age. The strong weight/
length relationship found for the Faroese long-finned pilot whale (Lockyer, 1993b), makes
it impossible to determine whether length or weight is more important.

This is supported later where it shown that there are differences in the growth pattern
between some of the schools, and also differences between whales from the Faroes and
Newfoundland (Sergeant, 1962a; b; Bloch and Lastein, 1993). This indicates that while
the onset of sexual maturity is correlated with the body size of the whales, other factors

appear also to be involved.
[Text continues on p. 194]
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Physical maturity
In other whale species (e.g. sperm, Aguilar and Lockyer, 1987) vertebral fusion begins at
both ends of the spinal column simultaneously, but caudal fusion is quicker, so that the last
part to ossify is in the anterior half of the column. This pattern was also found in the
present study. The pilot whale vertebral column consists of about 55 vertebrae, including
the atlas and epistropheus; the last to ossify were nos 16-21 counted from the skull,
differing from whale to whale as nos 16-17 or 19-21 as the last vertebrae in the
intermediate state. As the last ribs are connected to vertebra no. 16, continued growth in
length thus takes place in the lumbar region, the thoracic region remaining fixed.
Males reach physical maturity at an age of 25-30yrs and a length of about 570cm; none
of the few males weighed were physically mature, even at a weight of 2,320kg (Figs 13a
and ¢). Females are physically mature from about 30yrs at a length of 450cm and weight of
1,000kg (Figs 13b and d). The growth curves (Figs 7 and 8) show that growth rate declines
for both sexes up to the ages of 25-30yrs, length of 450cm (females) and 570cm (males).
However, while some whales are found to be physically mature, others are still growing,
resulting in an apparent slow continuing growth with age (see later).

Growth increment
Foetal growth is treated by Martin and Rothery (1993) and changes in the foetal sex ratio
through pregnancy by Desportes et al. (In press-a).

Neonates

The observed, but not significant, difference in neonatal length between the sexes
increases in the first age classes. This pattern has been found in the material from
Newfoundland, Iceland and Britain (Sergeant, 1962a; Martin et al., 1987; Sigurjonsson
et al., 1993). It is not found in the southern form of the short-finned pilot whale and there
are insufficient data for the northern form (Kasuya and Matsui, 1984; Kasuya and Tai,
1993).

Postnates

Postnatal growth in the short-finned pilot whale can be divided into four phases, each
characterized by a declining growth rate compared with the preceding phase (Kasuya and
Matsui, 1984). Four growth phases are evident in our data, but are less marked. These
phases are: (1) suckling (the first 2 year classes — Desportes, 1990; Desportes and

Table 8

Different methods used to calculate the age (yr), ASM, the length (cm), LSM, and the weight (kg), WSM, at
the attainment of sexual maturity of G. melas off the Faroe Islands.

Method ASM, yr LSM, cm WSM, kg
Only 1 corpus luteum 84+ 0.3 378.8 + 2.5 676 + 25
N (range) N=26 (5-15) N=31 (349-407) N=11 (507-830)
Logistic curve 8.1 374.5 607.3
N=283 (5-12) N=492 (350-420) N=60 (525-725)
Sum of fraction method 8.71+02 378.5 £ 0.6 627 + 2.7
N=443 (5.15) N =492 (350-420) N=60 (525-725)

Best estimate 8.7

378.5

600
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Table 9

Growth increment in cm and kg per month for age groups of long-finned pilot whales off the Faroe Islands
distributed on sexes.

Calculation

Phase Age group 3 Length J Weight ¢ Length @ Weight source

lyr age class 6.8 16.6 5.9 12.8
0 2yr age class 3.7 6.2 4.2 9.3 Observed means

1+2yr age class 4.7 9.7 4.8 10.5
2 Youth 1.46 6.45 1.54 4.38
3 Adult 0.45 3.58 0.44 2.39 Laird/Gompertz I
4 Old adult 0.09 0.56 0.04 0.22

Mouritsen, 1993; Desportes er al., 1993a); (2) juvenile, up until the attainment of sexual
maturity at 2-16yrs (males), and 2-8yrs (females) (Martin and Rothery, 1993); (3) first
adult (until growth in length nearly ceases, at about 25yrs in males, and 20yrs in females);
(4) second adult period with almost no further growth up to the fitted asymptote, L
(Table 9).

PHASE 1
The increase in mean body length and weight is calculated from the observed means and
using the estimated neonatal values of 177.6cm and 75kg obtained earlier for the first two
age classes. Fitted curves are used for the later stages (Laird/Gompertz 1, see later and
Tables 9, 10 and 11). In the first two years there is less agreement between the observed
and theoretical values, largely as a result of the small sample sizes in the different age
classes. The observed growth in the first year after birth is 6.8cm and 16.6kg/month for
males, 5.9cm and 12.8kg/month for the females, which is an average increase of 20-23% of
the birth length, and 103-133% increase in weight.

The observed increase in length in the first year is lower than the 55-70% increase found
for several other odontocetes (e.g. Kasuya and Matsui, 1984; Hohn and Hammond,
1985). Growth in weight is high in the first year, when the whales more than double their
weight. In the second year, growth in both length and weight is slower for both sexes,
particularly in males with an average of about 4cm and 6-9kg/month (Table 9).

The overall growth rates for both sexes in the first two years are very similar so that at
the end of the first phase, males and females are about the same size.

PHASE 2

This includes the period of juvenile and pubertal growth until the onset of sexual maturity
at about 8yrs in females and until past maturity in males at 16yrs. It is characterized by high
growth rates (although considerably less than in phase (1)) of 1.46-1.54cm/month and
6.45—4.38kg/month for males and females, respectively (Table 9).

PHASE 3
This covers the period of high reproductive activity for females (Martin and Rothery,

1993) and ends at an age of 20yrs where growth is approaching the asymptotic length L.
For the males this period ends at an age of 25yrs when they have been histologically, but
not socially, mature for about 9yrs (Desportes et al., 1993b; In press-b). Growth rates are
considerably lower than in the previous phase, at 0.45-0.44cm/month and 3.58-2.39kg/
month for males and females, respectively (Table 9).
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Table 11

Average and fitted weights at age for G. melas off the Faroe Islands following the models of Laird/Gompertz.

Age 3-N 3-Mean 3-SE &-Laird ?-N ?-Mean ?-SE ?-Laird
0 15 174 12.7 190 16 152 12.0 173
1 11 249 16.4 247 11 263 18.1 227
2 14 344 21.3 312 11 313 29.2 285
3 22 411 23.7 384 20 373 12.5 345
4 11 501 39.0 462 19 434 18.6 406
5 15 610 18.6 544 8 507 23.7 466
6 18 648 21.1 629 20 545 217 524
7 11 688 46.1 715 11 496 43.5 578
8 8 812 66.2 801 16 690 324 628
9 7 837 46.5 887 8 691 14.0 674

10 8 1029 38.0 970 7 700 23.6 716
1 7 1000 67.2 1050 10 831 40.8 752
12 8 1110 48.6 1127 6 841 38.2 785
13 4 1013 57.4 1200 10 805 38.8 814
14 5 1397 138.1 1268 9 817 22.8 839
15 3 1173 135.3 1332 13 778 19.3 861
16 2 1190 130.0 1391 2 930 60.0 880
17 5 1411 96.1 1446 3 927 104.8 896
18 4 1480 120.3 1497 8 858 41.9 910
19 2 1425 25.0 1543 9 922 40.4 922

20 2 1608 187.5 1585 11 912 36.4 932

21 4 1569 79.6 1624 7 928 38.3 941

22 3 1785 59.6 1659 7 951 35.1 949

23 3 1593 38.3 1690 8 969 53.2 955

24 5 1679 181.6 1719 13 900 31.0 960

25 3 1880 109.1 1744 9 959 35.5 965

26 5 1804 87.8 1767 5 972 64.6 969

27 3 1959 95.8 1788 8 961 42.4 972

28 1807 4 998 36.8 975

29 1 1596 1823 2 889 79.0 977

30 2 1890 390.0 1838 6 1083 68.7 979
31 2 1963 62.5 1852 6 1000 74.0 981

32 2 2079 21.0 1863 3 1049 26.2 983

33 1 1754 1874 2 1030 100.0 984

34 1883 7 953 59.7 985

35 1 2098 1892 1 1110 986

36 1 2060 1899 3 1053 52.0 986

37 1 2020 1906 2 973 63.0 987

38 1 1820 1912 2 1150 50.0 988

39 2 1930 240.0 1917 2 900 40.0 988

40 1922 988

41 1926 2 1100 100.0 989

42 1930 1 1070 989

43 1933 1 1020 989

44 1936 989

45 1939 2 1088 192.0 990

46 1941 990

47 1943 990

48 1945 990

49 1947 990

50 1948 990

51 1949 990

52 1950 990

53 1951 990

54 1952 990

55 1953 1 1275 990

L 1959 990
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PHASE 4
In this last phase the males become socially mature (Desportes et al., 1993b; In press-b),
while the females are at the middle and end of their reproductive period (Martin and
Rothery, 1993). Both sexes reach physical maturity during this period (Fig. 13). There
appears to still be a very slight increase in length and weight, of 0.09cm/month and 0.56kg/
month for the males, 0.04cm/month and 0.22kg/month for the females.

The observed growth rates found for the four different periods are similar to those
found for G. macrorhynchus, except for the first year, when G. melas shows a slower
growth rate (Kasuya and Matsui, 1984).

Growth curves

The length-age and weight-age relationships were estimated for both sexes. Only the
Laird/Gompertz model was used to fit the weight-age relationship, while four different
models based on the Bertalanffy and Laird/Gompertz equations were used for the length-
age relationship shown below. Data from all 40 grinds were used for these calculations.
The results are given in Tables 10 and 11 from these equations and the mean length/weight
at age from the actual data. Fig. 14 plots the results for females. Equations I and II give the
best fit and are not significantly different from each other. Equation 1I only uses data sets
where the weight of the whale is known and was used to examine the level of agreement
between the weight-age and length-age relationships obtained from the Laird/Gompertz
model to the estimated length-weight power function. Equation I is used in all figures and
subsequent comparisons because of the low number of weighed animals.

I. Laird/Gompertz calculated from iterative least-square analyses.

For the weight at age:

33: W = 189.68 e°~2"°2'°"2°“‘0'12m’ W_ = 195%g
QQ: W = 173.05 e°'”3“°“““‘°0'168t’ W_ = 990kg
For the length at age:

33:L = 228.92 e°“2°9’°"3“‘0'13t ) L_ = 580cm
Q. L = 219.80 ‘:0.1411/0.20(”'0'?)Ot ) L, — 445cm

II. Laird/Gompertz obtained from the estimated weight-age function (Laird/Gomperiz) and the
weight-length power function.

-0.120t
33: L = 232.04 ¢ 1120012000 ) L = 590cm
0.1172/0416::(1{0'168t ) _
¥9:L =223.69¢ L = 440cm
- HI. Bertalanffy with LO as the mean of whales older than 20 and 25 for females and males

respectively.

33: L = 574(1-¢"11%") L_ = 574cm
Q9: L = 445(1-¢*1 %1% L_ = 445cm
IV. Bertalanffy with L as the longest whale in each group.

83: L = 6251”7 L_ = 625cm
Q9: L = 51214 L_=512cm
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Fig. 14. The average length *standard deviation, determined from tooth GLGs, in the
long-finned pilot whale females off the Faroe Islands. The 4 different fitted curves are
calculated after Laird/Gompertz I and 11, Bertalanffy III and IV, following Table 10.
Each age class (n) on the graphs is placed at year n, but contains all animals from age n to
age n+1, so that each year class in fact rcpresents the mean age (n+3)yrs.

Symbols: Empty square = observed means +SD, the same as Fig. 8c; 1 = Laird/
Gompertz I; 2 = Laird/Gompertz 1I; 3 = Bertalanffy 11l; 4 = Bertalanffy IV.

For the Newfoundland animals (Sergeant, 1962a; Kasuya et al., 1988b), growth was
divided into 3—4 phases: the first from 0-2.5yrs; the second from 2.5yrs until sexual
maturity; and after that a rapidly decreasing growth rate until physical maturity, with a
clear female L., but not one for males because of the small number of large animals. In
this study no clear asymptotic value for length or weight was found but rather a very slow,
but significant increase in length with age (Tables 9 and 10). Growth rates in length for
males over 25yrs and females over 20yrs are significantly different from zero (¢=2.619 for
males; t=5.804 for females). The same is true for weight for animals older than 20yrs for
both sexes (t=3.336 for males; r=4.228 for females). The correlation for the weight of
males older than 25yrs is not significant (+=1.054) but the sample size is small.

This pattern of protracted growth seems to be present in the pilot whales stranded in
Iceland (Sigurjénsson et al., 1993). However the British (Martin et al., 1987) or
Newfoundland (Kasuya et al., 1988b) material and the material for the short-finned pilot
whale (Kasuya and Matsui, 1984; Kasuya and Tai, 1993) all show a clear asymptotic value.
However, comparisons should be made with caution because few whales from
Newfoundland, Iceland or the British Isles were aged using cementum.
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Table 12

Maximum immature and minimum mature lengths and ages for long-finned pilot whales taken in grinds off the
Faroe Islands on 11 September 1986, 22 and 23 January 1987. L = length in cm, A = age in yrs and (N) =
number of individuals within the overlapping zone.

Date 11 September 1986 22 January 1987 23 January 1987

Parameters Length (N)  Age (N) Length (N) Age (N) Length (N)  Age (N)

Males 532-500 (4)  9-11 (0) 487 © 15 (0 462-460 (1)  12-13 (0)

Females 368-370 0) 9 (0) 369-350 (22)  15-11 (22) 390-369 (8) 8 7(1)
Table 13

Observed mean lengths + standard error and sample size (N), of male and female long-finned pilot whales larger
than 460cm and 360cm respectively, from Newfoundland and Faroe Islands.

Source Males, cm Females, cm

Newfoundland, 1962 538.0+£0.7(n=454) 421.1£0.8(n=1,364)
Faroe Islands, 1978 540.8+4.2(n=103) 441.0+£1.9(n= 249)
Faroe Islands, 1986-88 540.4+1.9(n=476) 429.240.8(n=1,296)

A number of possible explanations for this continued growth can be put forward. For
example, systematic overestimation of length, weight and age could result in the lack of an
asymptote to the growth curves. However, such problems, at least with respect to length,
seem to be unlikely, as shown by Bloch ez al. (1993a). Errors in individual measurements
would probably be swamped by the natural variation in the population, although the
smaller sample sizes in the older age classes may give such errors greater importance.

A second possibility is that the observed growth pattern might reflect density-dependent
changes in L., over time, perhaps as a result in the cyclic occurrence of prey (and thus
whales) in the Faroese waters (e.g. Joensen and Zachariassen, 1982; Bloch ez al., 1990;
Hoydal and Lastein, 1993). Some support for this theory is given by the fact that, for
females at least, the mean length of larger animals (females >360cm) in the Faroes was
higher in 1978 (about 440cm; Moore et al., 1978; 1979) than in 1986-88 (about 430cm) as
shown in Table 13, although this also may reflect population/sub-population differences
(see below).

Despite the variation in sample sizes, it appears that Faroese and British Isles pilot
whales reach greater lengths than those of Newfoundland and Iceland. If true, this may
reflect the greater productivity of the northeastern Atlantic (e.g. see Sergeant, 1977) and
the Faroes Bank is well known as a highly productive area (e.g. Hansen et al., 1990)
frequented by pilot whales (Buckland et al., 1993).

Another possible explanation is that more than one sub-population is found in the
Faroese sample, with different values of L., and age compositions. To consider this further
we compared the estimated Laird/Gompertz growth curve with the actual length
measurements for each grind. Three grinds differed significantly from the average.

The first grind, containing 220 whales, was landed at Sandoy on 11 September 1986 (see
Bloch et al., 1993a: fig. 1, no. 4). It had a higher growth rate and greater L., reached at an
earlier age for both sexes than the mean. The overall life span (Fig. 15a) was shorter and
the grind differed significantly in growth pattern from the average of all 40 pods (#,=8.87).
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Table 14

Mean lengths of adult pilot whales from Newfoundland and the Faroe Islands.

Parameter Newfoundland' Faroes, this study Faroes, 19782
Mean L. & >460cm 538.0+0.7 (n= 454) 540.41+4.9 (n= 476) 540.8+4.2 (n=103)
Mean L, € >360cm 421.140.8 (n=1,364) 429.2+0.8 (n=1,296) 441.0+1.9 (n=249)
Mean L, & >25yrs 557.0+8.9 (n= 5 570.0+4.9 (n= 125) -

Mean L, ? >25yrs 448.8+2.6 (n=  53) 446.440.9 (n= 323) -

'Sergeant, 1962a; Kasuya ef al., 1988; “Moore et al., 1978; 1979.

The other two grinds were landed on 22 and 23 January 1987 almost as far away as
possible from each other (see Bloch et al., 1993a: fig. 1). The first (no. 17) had 152 whales
and the second (no. 18) had 156 whales. Both had lower growth rates than the mean (t,;,=
-5.58; t13=-4.07), but had the same L. as generally observed (Figs 15b and c).

Males from school no. 4 matured at an earlier age than those from nos 17 and 18. This
pattern was not consistent for the females. Certain characteristics of these grinds are given
in Table 12.

Bloch er al. (1993b) and Bloch and Lastein (1993) have shown significant differences in
certain morphometric characters between Faroese and Newfoundland animals. A number
of other studies have suggested that different stocks might occur. They include evidence
from morphometry (Lockyer, 1993a), genetics (e.g. Andersen, 1988) and pollution
burdens (Andersen, 1993; Caurant ez al., 1993; Aguilar et al., 1993), although none of the
evidence is equivocal. Further work on pilot whales from several North Atlantic locations
is necessary before the stock structure can be elucidated.
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Summary comparison with the long-finned pilot whale around Newfoundland

Mean body lengths for pilot whales at the Faroes and Newfoundland are summarised in
Table 14. The length differences for animals >25yrs old are not significant for either males
or females. Previously, Moore et al. (1978; 1979) had found that the Faroese pilot whales
were longer (on average 1.9% in males, 4.8% in females) than those around
Newfoundland for males >460cm and females >360cm. The observed mean lengths for
the males are not significantly different (=1.0). The mean length of the Faroese females
from 1986-88 are significantly longer (1.9% ) than those from Newfoundland (¢=7.4), and
the 1978 mean length of Moore et al. (1978; 1979) is even greater. Only a more thorough
investigation will show if this may be caused by different growth patterns or survival rates
in the adult female group.

The growth pattern found in this study, with males having a larger body size (x1.22) and
a higher natural mortality rate and shorter life span (by 13yrs) than the females agrees not
only with the findings for the long-finned pilot whale off Newfoundland (Sergeant, 1962a)
but also the short-finned pilot whale (Kasuya and Matsui, 1984) and the sperm whale
(Ralls et al., 1980). However the Faroese pattern did not show the clear secondary burst of
growth found in Newfoundland (Sergeant, 1962a) and the sperm whale (Best, 1970;
Lockyer, 1981). The mean lengths at age (Fig. 8c) are mostly below the estimated growth
curve between ages 7-17yrs, especially between 11-14yrs. There may be a slowing of
growth up to age 12yrs followed by a spurt towards adulthood, but the validity of the
detailed growth curve has not been tested.

The mortality and survivorship rates are similar in the Faroese and Newfoundland
samples although longevity is greater in the former. The considerably greater ages found
in the Faroese schools compared with Iceland and the British Isles, may reflect the fact
that stranded schools may only represent sub-groups of the original schools. The pilot
whales taken off Newfoundland, although driven as entire schools, were not always
systematically and thoroughly sampled which may lead to error and/or bias. The observed
morphometric differences between Newfoundland and the Faroes regions and the many
similarities throughout the whole North Atlantic make the question of stock identity
extremely important. Information on distribution, movements and molecular biology are
required to resolve this.
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A Review of Molecular Evidence Relating to Social
Organisation and Breeding System in the Long-
Finned Pilot Whale
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ABSTRACT

Several studies have recently applied molecular methods to questions concerning pod
structure and mating system in the long-finned pilot whale, using material sampled from the
Faroese drive fishery. The methods include DNA fingerprinting, protein electrophoresis and
microsatellite polymorphisms. There is now firm evidence that pods contain related
individuals and that the adult males in a pod are rarely the fathers of the unborn foetuses they
accompany. Based on two pods that were studied in detail, it was concluded that there is little
or no dispersal of either sex from the natal group, even by mature males. This situation
parallells observations made on killer whales. Mating appears to occur reciprocally between
pods and there is no evidence of strong male reproductive dominance. These findings can be
explained in terms of inclusive fitness, but require work in order to establish generality.

INTRODUCTION

This volume contains papers concerning many aspects of pilot whale biology, making it the
most extensive study since Sergeant’s seminal work published three decades ago
(Sergeant, 1962). As such, it would be incomplete without a description of recent work
using molecular genetic techniques to elucidate aspects of pilot whale social organisation.
However, in contrast to the majority of papers in this volume, the work described in this
review has all been published recently elsewhere. We would therefore like to stress at the
beginning that this paper contains no new data and has been included primarily for
completeness in the context of the volume.

The long-finned pilot whale, Globicephala melas, is a medium-sized whale, relatively
abundant in the North Atlantic (Klinowska, 1991). Individuals swim in large groups or
pods, usually containing between 50 and 200 animals. The species is pelagic, apparently
following shoals of squid, its principal food. There is currently no evidence to suggest the
existence of local resident populations.

Pilot whales are extremely social and show strong herding behaviour (e.g. Joensen,
1976). This characteristic presumably accounts, in part, for the high frequency at which
pilot whales mass-strand. For centuries, the ease with which pilot whales may be herded
has been exploited by coastal peoples to capture entire pods for food. Today, only the
Faroe Islanders retain a traditional drive fishery, harvesting some 1,700 whales annually.
Between 1986 and 1988, this catch has formed the focus of an international programme of
research to examine many aspects of pilot whale biology including genetic analysis (Bloch
et al., 1993).

Observations concerning social organisation
Observations relating to social organisation are limited because of two factors. First,
individual pilot whales are difficult to identify in the field. Second, pods are wide-ranging
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2 Natural History Museum, Térshavn, Faroe Islands.

3 Kanalvej 114, DK-5000, Odense C, Denmark.
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and contain many individuals. Nonetheless, inferences can be drawn from circumstantial
evidence relating to both the pilot whale itself, and to two of its closest relatives, the short-
finned pilot whale (G. macrorhynchus) and the killer whale (Orcinus orca).

There are several lines of evidence to suggest that pilot whale pods are matrifocal. Both
of the related species mentioned above show a high degree of group stability over time. A
resident population of individually recognised killer whales in Puget Sound in the Pacific
Northwest, has shown no dispersal from natal groups in more than fifteen years of study
(for example Bigg et al., 1990). Over a shorter period, photo-identification has been used
to study a resident population of short-finned pilot whales in waters of the Canary Islands
(Heimlich-Boran and Heimlich-Boran, 1990). Relatively stable subgroups were
identified, although group membership does not appear to be as rigidly defined as it is in
O. orca. Further support for the long-term association of relatives is given by a study of the
reproductive physiology in G. macrorhynchus harvested in Japan. Kasuya and Marsh
(1984) found evidence of extended suckling, some older females still giving small amounts
of milk to their offspring up to 13 years after birth. Such a phenomenon is presumably
social in function since the calf’s nutritional needs are probably satisfied after a year
(Brodie, 1969). Extended suckling may also prove to be a characteristic of G. melas
(Brodie, 1969).

Most authors assume that G. melas is polygynous, drawing attention to sexual
dimorphism and evidence of male:male competition (e.g. Sergeant, 1962; Evans, 1987;
Martin, 1990). Mature males are up to a metre or so longer than mature females and
almost double their maximal weight. Despite sex ratio parity at birth, mature individuals
show a pronounced sex-bias towards females (Sergeant, 1962). This is thought to result
from a greater longevity among the females. Surface scarring on adult males is most likely
caused by intraspecific fighting (Sergeant, 1962). Head-butting fights, where males swim
towards each other and collide deliberately, melon to melon, have also been noted (Reilly
and Shane, 1986). Finally, anecdotal evidence also suggests the existence of a ‘leader’ or
dominant individual (their ‘pilot’), although such an animal could be of either sex.

Field observations of mating are unavailable. However, by extrapolating back from
foetal size to conception date, Martin and Rothery (1993) have concluded that mating is
broadly seasonal, with a diffuse peak in early summer, in agreement with Sergeant (1962).
In the polygynous mating system favoured by most authors, mature males are expected to
move between pods in search of receptive females. Such a system implies seasonal changes
in the mean pod size and composition. Again, observational evidence is sparse. Both
Faeroese records and Sergeant (1962), indicate that sightings of all-male pods are
extremely rare. Sergeant (1962) comments further that ‘bachelor herds’ (small groups
containing only mature males and ‘senile’ females) are more likely to be seen in late
summer. However, in view of the paucity of data concerning the behaviour of these
groups, it is perhaps unwise to leap immediately to the ‘obvious’ conclusion that they
represent mature males moving between pods.

Very large groups of pilot whales, numbering a thousand or more whales, are also seen
occasionally (e.g. P.G.H. Evans, pers. comm.). These gatherings appear to be fusions
between several pods and thus parallel observations made on the killer whale. Killer whale
pods are numerically much smaller, but are sometimes seen to merge for short periods
(Heimlich-Boran, 1988). At such times, observers have noted much surface activity, such
as breaching and tail-lobbing, and sexual arousal among the males. Presumably these
events provide potential mating opportunities.

In summary, sufficient information is available to speculate about several aspects of
pilot whale social organisation. The consensus view is that pilot whale pods are basically
matrifocal and that adult males move from pod to pod in search of mates. However, there
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are two important cautionary notes. First, there is a strong temptation to use terrestrial
parallells as a basis for interpreting patterns of behaviour. Given the unique marine
ecology of cetaceans, there may be occasions when this approach is misleading. Second,
for the study of many aspects of social organisation the ability to determine age and sex is
critical. For G. melas these parameters are usually only available when dealing with
stranded or harvested material. Given the convenience of working with the latter, it is not
surprising that most of our knowledge about pod composition derives from the
Newfoundland and Faeroese fisheries. Most of these whales were caught during the
summer months and all ventured close to shore. Sergeant himself (1962) notes that there is
a difference in the size of pods seen close to land compared with those found further out to
sea. Therefore, the possibility that the whales in these two studies are not representative
of the population as a whole must not be ignored.

Genetic analysis

Genetic analysis allows us to examine the relationships between pod members and to test
some of the predictions that have been made about social organisation in the pilot whale.
Data have been gathered using three principal techniques: DNA fingerprinting;
microsatellite polymorphisms; and protein polymorphisms.

(a) DNA fingerprinting

DNA fingerprinting is a method which involves the detection of polymorphism amongst
some of the most variable DNA sequences yet discovered, known as minisatellites
(Jeffreys et al., 1985). These sequences show sufficient variability for positive paternity
analysis and the unique identification of individuals. Furthermore, although minisatellites
were originally studied in humans, the methodology has since been found widely
applicable to other species (for a review, see Burke, 1989).

(b) Microsatellite polymorphisms

Microsatellites are short stretches of di— or trinucleotide repeats (e.g. the dinucleotide
repeat AGAGAGAGAG) which vary in the number of repeats they contain (Litt and
Luty, 1989; Tautz, 1989; Weber and May, 1989). The resultant variation in length may be
screened using the polymerase chain reaction (PCR; Sakai et al., 1988) and yields
intermediate levels of genetic variability (Schlotterer et al., 1991).

(c) Protein polymorphisms

Many proteins are polymorphic for amino acids which are not directly involved in the
catalytic process. These differences may be resolved by electrophoresis. The levels of
genetic variability uncovered are lower than either of the other methods but have the
advantage that they can be screened extremely rapidly and easily.

Detailed descriptions of these methodologies are available elsewhere and are not being
considered here more than is necessary. The genetic analysis of pilot whale social
organisation falls into two broad categories; that dealing with relatedness between pod
members and that concerning the pattern of mating. In the latter case, since females are
constrained in behaviour by the demands of gestation and lactation, this has concentrated
entirely on male mating behaviour.

Relatedness within groups

(i) Genetic differentiation of pods

All available evidence supports the idea that pilot whale pods comprise related
individuals. If pods were random assemblages of unrelated individuals, drawn from a
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panmictic population, we would expect to find few or no genetic differences between pgds.
The presence of relatives will change this. Any genes which are shared between relatives
will tend to be at a higher frequency in the pod compared with the population at large, and
will, therefore, tend to establish inter-pod differences. The greater the average degree of
relatedness, the larger will be the differences found between pods. Strong genetic
differentiation of pods has been observed at protein loci (Andersen, 1988; 1993), a
minisatellite locus (the sequence on which DNA fingerprinting depends) (Amos et al.,
1991), and at several microsatellite loci (Schlotterer et al., 1991; Amos, 1993). As an
example, at the highly variable HMW locus (Amos et al., 1991) the difference between
two pods of about 100 animals each was significant at the 0.1% level (x2=43.506, 9df.
0.001>>p; allelic classes pooled to provide expected values greater than 5).

(ii) Testing for the presence of mother:offspring pairs

If pilot whale pods are indeed matrifocal, each should contain a large number of
mother:offspring pairs. To examine how many such relationships exist using DNA
fingerprinting would involve a great number of comparisons, making the process
prohibitively time consuming. Highly variable single locus systems, for example
microsatellites, could be used to eliminate many possible combinations, but are unlikely to
identify the true mother with confidence. Instead, individual whales are likely to be
genetically compatible with zero, one, two or more females, any or none of which may be
the true mother. In order to use single locus genetic information to estimate the number of
whales in a pod which are accompanied by their mothers, a novel analytical approach was
used (Amos, 1993; Amos et al., 1993).

For each individual in a pod, the actual number of females which are both of sufficient
age and compatible genetically (O) is compared with the number that would be expected
to be present by chance alone (E). E is calculated assuming random assortment of alleles
amongst mature females in the pod. When the true mother is absent, O and E should be
equal, and {O-E} is distributed about zero. If the mother is present, however, {O-E} is no
longer zero, but is distributed about some value V. It can be shown that, using highly
polymorphic genetic markers, or if the number of possible mothers is large, V tends
towards 1. Thus, in a sample of individuals, some accompanied by their mothers and some
not, {O-E} will be distributed bimodally, with peaks at 0 and around 1. In such samples,
the mean value of {O-E} becomes an estimator for the proportion of individuals which are
with their true mothers. Fig. 1 shows how this analysis was applied to a pod containing 100
pilot whales. The estimated proportion of individuals accompanied by their mothers
declines from about 95% among younger whales to 30% among adults. The internal
control, a parallel analysis looking for paternity, yields values which do not differ
significantly from zero. Summed over all age classes and both study pods, the estimated
proportions of individuals with their mothers is 46% +10% (95% confidence limits) and
with their fathers is 3% *7% (95% confidence limits). These values are consistent with
the hypothesis that the majority of pilot whales remain for many years in their natal pod.

(ii) Relatedness between mothers

In order to eliminate the possibility that a pod comprises many unrelated mother/offspring
pairs, a second analysis was designed. In the absence of dispersal, a group of animals will
become enriched for those alleles carried by successful parents. Greatest enrichment will
usually be associated with the oldest females, that is, those with most descendants. In such
a group, the age of an animal should correlate with the probability of observing its
genotype, calculated on the basis of random assortment of the pod’s alleles. This
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Fig. 2. Regression of age against pod-specific genotype frcquency index for the pilot whale pod Leynar
220787 (n=87, r=0.41, p<0.001). Malcs are indicated by solid diamonds and females by open squares.
Age was determined from dental growth rings. Indices of genotype frequency were calculated as in Amos
(1993). Three individuals (all subaduit) were not typed for all loci due either to degraded DNA or PCR
amplification problems.

(iv) Relatedness of adult male to other pod members

In mammalian social organisation, inbreeding is usually avoided by dispersal of one or
other sex, usually the males. The finding that a high proportion of pod members are
related maternally is therefore to be expected. However, in Fig. 2, the data points
corresponding to adult males appear to be distributed in a very similar fashion to
equivalently aged females. If the adult males were born in another pod, their genotype
indices would be expected to be much lower. This suggests that the adult males were
caught in their natal pods.

For the two study pods, likelihood calculations were made to assess more rigorously
whether the adult males were with their natal pods. In both cases, the hypothesis that the
adult males are related to the pod in which they were caught is favoured strongly over the
alternative hypothesis that they are related to the other pod. Although only two pods were
considered, Midvagur (240787) and Leynar (220787), this evidence is nonetheless
persuasive. The microsatellite locus on which the likelihood calculations were performed
is extremely variable, with a total of 54 alleles recorded between the two pods. Since the
males themselves carried many different alleles (12 alleles in 7 individuals and 15 alleles in
11 individuals in pods Midvdgur and Leynar respectively) and each pod has a highly
complex allele frequency distribution, the fit of a group of individuals to a pod is highly
significant. Examined by simulation, the estimated probability of a group of males from
another pod fitting as well as, or better than, the adult males caught with the pod was
<0.001 and ~0.002 for Midvagur and Leynar respectively (Amos, unpublished; based on
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the following assumptions: that there are a total of 60 alleles in the population and that
males from another pod have the same allelic distribution as those in the ‘home’ pod).

Patterns of male mating

(1) Mating within pods

DNA fingerprinting and, subsequently, microsatellite analysis, have shown that adult
males are rarely, if ever, the fathers of the unborn foetuses they accompany (Amos et al.,
1991; 1993). To date, in thirty three or thirty four cases, spread over five pods, all adult
males in the pod could be excluded from being the father. The remaining case is equivocal,
paternity being probable, but by no means certain. In addition, an analysis designed to
estimate the proportion of offspring accompanied by either their mother or their father
(see above) confirmed that the proportion accompanied by their father was not
significantly different from zero. Results from the isozyme work are consistent with this
conclusion (Andersen, 1993).

(ii) Mating between pods

From the evidence presented above, it appears that pilot whale pods comprise high fidelity
extended families. Since the adult males do not mate with their female relatives,
presumably so as to avoid inbreeding, mating must occur between pods. However, it is
unclear whether few or many males are involved and whether the father(s) of each foetal
cohort derive from one or from several different pods.

Although the fathers of sampled foetuses are not known and hence not sampled, their
genotypes may be reconstructed by comparing foetal and maternal genotypes. At highly
polymorphic loci, the deduced paternal alleles can be very informative. Paternal alleles
were derived for two highly variable loci. At the less variable HMW locus (Amos et al.,
1991), the paternal alleles within a cohort appear to be more similar to each other than to
those in different cohorts. Precise probability calculations of the more extreme examples
(Amos et al., 1991), showed that it was unlikely that every foetus had a different,
unrelated father. This implies either that some foetuses within a cohort share the same
father, or that the males which father a cohort are related.

In contrast, the paternal alleles at locus 468/469, which is even more variable, are
predominantly unique within a cohort (Amos et al., 1993). Precise probability calculations
yield an estimate that each male, on average, mated with a maximum of 1.2 females within
a cohort (assuming conservatively that, in both instances in which mother and foetus have
the same genotype, the paternal allele is the one present in another foetus). This apparent
contradiction is best resolved by proposing that, in any one year, receptive females are
fertilised by a group of related males. This would result automatically if mating occurs
reciprocally between pods, the males of one pod fertilising the females from the other and
vice versa.

DISCUSSION

Molecular methods have allowed a tentative picture of social organisation in the long-
finned pilot whale to be constructed. It appears that pods are highly stable extended
families from which neither sex tends to disperse. At present, it is very difficult to rule out
limited dispersal, although there is no evidence of ‘foreign’ whales in the pods studied. If
dispersal does occur, we have to ask the question ‘where do the emigrants go?’. Mating
appears to occur reciprocally between pods. Surprisingly, there is no evidence of strong
reproductive dominance, although the sample sizes on which this assertion is based are

still small.



216 AMOS et al.: A REVIEW OF MOLECULAR EVIDENCE

This pattern of behaviour is unusual for mammals. Normally, adult males living in social
groups are expected to maximise their reproductive success by competing for access to
females. This may lead to harem polygyny, with one or a few dominant breeding male(s)
who either force subordinate males to disperse or prevent them from breeding (Emlen and
Oring, 1977; Clutton-Brock, 1989). Male pilot whales apparently show neither strong
reproductive dominance nor dispersal from their natal pod.

The particular ecology of the pilot whale provides possible explanations for this
behaviour. To begin with, there are three possible reasons why strong reproductive
dominance may be reduced or absent. First, the relative benefit of being dominant will be
decreased when competing males are related to each, as they would be if they were born in
the same pod. Second, the size of each pod, coupled with the three—dimensional marine
environment, may confound behaviour aimed at establishing control over access to
several females simultaneously. Third, if mating events do occur during brief inter-pod
encounters, the restricted time frame could itself limit individual mating success.

With respect to dispersal, theoretical considerations suggest that males may remain with
their natal pods as a consequence of the absence of reproductive dominance. If the
number of direct progeny a male obtains is likely to be small, he may do better by ensuring
that any benefits his presence can afford are accrued by the large number of known
relatives in his natal pod (Wittenberger, 1979). However, it is unclear in what way adult
males can help their relatives. Defence and assistance in a communal feeding strategy are
both possibilities, but they are not supported by direct observations. Indeed, in lions, the
greater burden of hunting falls on the females (Schaller, 1972), the males effectively
existing as social parasites. This raises an interesting alternative possibility; that male pilot
whales gain benefit from participating in group feeding strategies, but their presence is
tolerated only by close relatives. In either case, inbreeding is avoided by means of an
apparent incest taboo.

The picture which emerges from these molecular studies is thus plausible and internally
consistent, although necessarily somewhat circular. Pilot whales live in extended families
in which the adult males stay at home because the indirect benefits accrued from inclusive
fitness potentially outweigh direct strategies such as paternal care and increased mating
opportunities that might become available if they moved to another pod. However, this
does not explain the rare sightings of all-male groups. These might indicate an alternative
mating strategy, or perhaps represent either the beginning or end of a pod’s life. In any
case, the generality of the findings summarised here will need to be tested further by
examining a larger number of pods.
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ABSTRACT

A genetic investigation of 31 schools of Globicephala melas off the Faroe Islands, comprising
a total of 1,948 individuals, was performed using isozyme electrophoresis to test the
hypothesis of the existence of one or more stocks in the northeastern Atlantic. Three
polymorphic allozyme loci, Est-1, Sod-1 and Mpi were used for the analysis of the effect of
age-structure and sex on the genotypic composition. It was revealed that males showed
significant deviations from the Hardy-Weinberg expectations in some schools, and this could
be explained either by a migration of males between the schools or by selection. The 31
schools were pooled together, irrespective of age-classes and sex, and submitted to a
hierarchical contingency table analysis performed on gene count data to test the combined
effect of school and age/sex division. This revealed that the overall observed heterogeneity
was caused by the schools, which implied that it was appropriate to use the allele frequencies
from the individual schools to test the stock identity question in a pairwise multilocus G-test.
Before this test was performed, all mature males and the foetuses were removed from the
schools because of the expected migratory behaviour of the males. One school differed
significantly from 16 schools out of 31 schools, but no geographical trend could explain this
observation. Another hypothesis, that of the existence of two stocks off the Faroes, one
being stationary and the other coming inshore during summer or winter, was tested by
dividing and pooling the schools according to the season they were taken; no indication of the
existence of two stocks was detected. The presence of linkage disequilibrium further
supported the hypothesis of migrating males, although this could also be maintained by other
forces such as selection and random genetic drift. Allele frequency differences between
identical age-classes between the schools were analysed using the multilocus G-test. The test
showed that the allele frequency differences found between the schools were mainly due to
mature females, indicating that mature females comprise the core in the school. These
observations led to the hypothesis that the overall heterogeneity found between the schools
could be due to a combination of a regular pattern of school fusions and fissions, migration of
mature males between the schools and a strong maternal family structure within the schools.

KEYWORDS: PILOT WHALE-LONG-FINNED; NORTH ATLANTIC; GENETICS;
SOCIAL BEHAVIOUR; STOCK IDENTITY; MIGRATION.

INTRODUCTION

Andersen (1988) described a genetic study of local schools of long-finned pilot whales
(Globicephala melas) off the Faroe Islands; heterogeneity was detected among the nine
schools examined. One school (no. 7 at Vidvik) was found to be distinct from the others.
This was the northernmost school considered and the morphology of the individuals
within it seemed to be different from other schools. This study extends the previous one
and uses isozyme electrophoresis of 22 subsequent schools in order to examine hypotheses
on the existence of one or more stocks of long-finned pilot whales in the Northeast
Atlantic. A hierarchical analysis of the effects of school and age/sex combinations is
included in the study to further elucidate the hitherto observed heterogeneity in the long-
finned pilot whale population(s), as well as an analysis of the degree of linkage
disequilibrium (D) between the possible two loci-combinations of the three polymorphic
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loci based on school totals. The nine schools already examined are included, as they
expand the analysis incorporating age and maturity.

MATERIALS

Liver and muscle samples were collected as described by Andersen (1988). The total
sample comprised 31 schools caught in the Faroes during the years 1986, 1987 and 1988.
Liver samples were only collected from 24 schools. Fig. 1 illustrates the locations of the
whaling bays where the whales were caught, and the numbers in brackets indicate the
number of schools taken in the particular bay. The schools are numbered following Bloch
et al. (1993a), throughout this paper (see Table 1 on pp. 2234).

METHODS

Isozyme electrophoresis was used to study the population structure as described by
Andersen (1988). The three previously described polymorphic enzymes, liver esterase
(EST, EC 3.1.1.1), mannose phosphate isomerase (MPI, EC 5.3.1.8) and superoxide
dismutase (SOD, EC 1.15.1.1) were analysed using horizontal starch gel electrophoresis.
The schools where no liver samples were available were only examined for the Mpi and
Sod loci. The zymograms obtained were similar to those observed in the former study even
when material had been stored in the freezer at —20°C for a longer period.

Age was determined by counting the numbers of yearly growth zones in the teeth (Bloch
et al., 1993b). The females were divided into the three age-classes: 0-5yrs; 6-11yrs and
12+yrs. The first class is expected to contain immature females, the second a mixture of
sexually immature and mature females, and the last mature females. Males were divided
into two age-classes, 0-11yrs and 12+yrs; the first will contain immature and mature
males, and the latter mature males only. These classes were chosen as the sample size was
too small to use a finer division by age.

For the hierarchical contingency table analysis, the age-classes in females were reduced
to two classes, 0-11yrs and 12+yrs, as for males. This is discussed later, along with the age-
class division of males when examining the age/sex combination.

Sexual maturity in females was determined by looking for the presence of corpora in the
ovaries (Martin and Rothery, 1993), and sexual maturity in males was examined by
looking at the testis weight and smears of sperm (Desportes et al., 1993). Mature males
were excluded from the samples for some of the analyses as they are thought to migrate
between schools (e.g. Amos et al., 1993) thereby influencing a possible difference in allele
frequencies.

For each locus, the goodness of fit to the Hardy-Weinberg expectations was tested. The
genotypic proportions for the three loci were compared to Hardy-Weinberg proportions
for each of the 31 schools, after the known mature males, foetuses and undetermined
individuals had been excluded (the justification for this exclusion is discussed further
later). Likewise, the genotypic distribution for each age-class in the 16 largest schools was
compared with Hardy-Weinberg expectations, as were the genotypic distributions by sex
in all 31 schools. FVN is used as a test for the goodness of fit to the Hardy-Weinberg
proportions (Brown, 1970), where F is the maximum likelihood estimator of Wright’s
inbreeding coefficient. A negative FVN indicates a deficit of heterozygotes, whilst a
positive FVN indicates an excess of heterozygotes when the observed genotype
distributions are compared to the Hardy-Weinberg proportions. FV'N approximates a
normal distribution with zero mean and unit variance when the hypothesis of Hardy-
Weinberg proportions is true. F2N is equal to the chi-test.
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Fig. 1 Locations of the whaling bays where the whales were caught. Numbers in brackets indicate number
of schools taken.

The hierarchical contingency table analysis was performed on gene count data,
conditioned on school and age/sex divisions, and using a log-linear model (Christiansen
et al., 1984). This was done by testing the effect in hierarchically ordered hypotheses,
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starting with Hy being no effect of the combined school and age/sex division on the
common allele frequency, and H;, to test the hypothesis of no effect of school co-
ordinated with the hypothesis (H;*) of no effect of age/sex combination on the allele
frequency. The analysis was performed using a logit model and linear regression to test the
additive fitted model. The analyses were divided into three cases describing the Est-1, Mpi
and Sod-1 loci, respectively. First, school plus age/sex combination were fitted into the
additive logit model to test the Hy hypothesis. Second, the model was fitted with school
only, to test the H, and H;* hypotheses. This procedure is based on the assumptions that
the genotypic distributions are in Hardy-Weinberg proportions and the gamete
frequencies are in Robbins’ proportions.

Deviations from Robbins’ proportions (D) were tested in a two-locus analysis of the
three different combinations of the polymorphic loci using the gene-counting procedure
under the assumption of random union of gametes as described by Hill (1974) and Weir
and Cockerham (1979). If this assumption is violated, D cannot be estimated by the gene
counting method, and Burrow’s estimator should be used to estimate linkage
disequilibrium. Burrow’s estimator is composed of the contribution of gametes from
within individuals and between individuals to the total linkage disequilibrium (Weir and
Cockerham, 1979). In this study it is evaluated using a chi2-test and one degree of
freedom. The test statistics used in the cases where random union of gametes were
accepted, were the chiZ-approximation of the -2log (likelihood-ratio), abbreviated
LogLik. The test for the hypothesis of random union of gametes has five degrees of
freedom since the total number of observations for a pair of loci are 9-1=8 and the number
of free parameters estimated is three, p, g and D. The hypothesis of D=0 is also tested by
the likelihood ratio test with one degree of freedom. The hypotheses were first tested
within each school and thereafter the LogLik estimates were added to give the appropriate
totals.

Wright’s F-statistic (1951) was used to obtain a measure of F, for the total sample of
schools, which is a measure of genetic differentiation due to population subdivision.
Furthermore, as Fy =1/ (1+Nm) in Wright’s infinite Island model. if m << 1 ( m, the
probability that each gamete is an immigrant; N, the effective population size) it is
possible to use Fy to get a rough estimate of Nm. This is one way of quantifying the
amount of gene flow between subpopulations in terms of the numbers of individuals or
gametes that move between the subpopulations per generation. F,, over the three
polymorphic loci was estimated using Weir and Cockerham’s (1984) unbiased estimator,
8, for F;. According to Slatkin and Barton (1989), who compared Fy, rare alleles and
maximum likelihood methods for estimating average levels of gene flow, this F,, measure
gives a reasonable measure for Nm with moderate levels of gene flow and reasonably large
sample sizes. They found that all were useful methods for indicating current or recent
importance of gene flow relative to genetic drift, and were all in general equally sensitive
to both variation in population structure and selection.

The genetic differences between the 31 schools were also analysed using a G-test for
independence (Sokal and Rohlf, 1981) and pooling the three polymorphic enzyme systems
by adding the separate G-values. For this procedure the computer program accompanying
Biometry (1981) was used.

RESULTS

The hypothesis that the observed all-round heterogeneity could be ascribed to differences
between different age-classes divided into the two sexes within the schools was first
examined at the single locus level by looking at the genotypic distribution and the
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deviation from Hardy-Weinberg expectations. Only the 16 largest schools were chosen
and even then the division into the combination of sex and age-class had to be coarse and
the resultant sample sizes were likewise small (results not shown). Deviations from Hardy-
Weinberg proportions at the Est-1 locus, Sod-1 locus and Mpi locus were observed in a few
cases and distributed randomly among the age-classes and schools. As a whole, no
deviations were observed at the Est-1 locus, while for Mpi and Sod-1, deviations were
observed in 9.3% of the cases. This was found in both old mature females and males,
foetuses and young immature females and males.

The second hypothesis tested was that the heterogeneity could be due to differences
between the genotypic distribution by sex alone. The results of the goodness of fit to the
Hardy-Weinberg expectations in females and males and the sample sizes for the 31 schools
are given in Table 1. Both immature and mature individuals are included. Significant
deviations were observed in only a very few cases at the Est-I and Sod-1I loci, each time in
males. At the Mpi locus males displayed significant deviations in 13% of the schools,
showing a uniform distribution of an excess and deficit of heterozygotes, while in females
no significant deviation was observed.

Table 1

Sample size (N), test for the goodness of fit to the Hardy-Weinberg proportions,(FVN), and allele

frequencies (q) of the fastest allele for the two sexes at the Est-1, Sod-1 and Mpi loci. School numbers are as

allocated in Bloch e al (1993). Dates are in the form year, month, day. No mature male samples were
available from Térshavn (22) 870410.

Est-1 Sod-1 Mpi
Locality
(school no.) Date Sx FWN ¢ N FN g N FN g N
Geta (1) 860710 f -0.44 0.650 20 072 0348 23 -1.65 0413 23
m 037 0594 16 043 0400 15 -210* 0344 16
Leynar (2) 860712 f -1.41  0.641 39 015 0575 40 092 0400 40
m 0.55 0725 20 086 0458 24 -189 0283 23
Beur (3) 860730 f -0.66 0.635 37 014 0355 38 1.67 0361 36
m 0.44 0525 20 -1.46 0500 23 -043 0500 22
Sandur (4) 860911 f -0.74 0879 29 050 0470 33 -128 0546 33
m -0.52  0.620 25 -1.00 0.500 25 2.32*% 0442 26
Pravik (5) 860915 f -0.84 0.765 34 -1.65 0493 72 092 0500 76
m 0.72 0.688 32 021 0451 51 -044 0426 54
Geta (6) 860925 f 0.04 0.605 19 1.68 0400 20 089 0.500 20
m 030 0.692 13 -1.13 0367 15 -1.08 0563 16
Viovik (7) 860927 f undef. 1.000 9 -1.67 0500 9 -033 0500 9
m -038 0889 9 000 0333 9 030 044 49
Funningsfjgrour (8) 861025 f -0.19 0.600 20 054 0350 20 -0.19 0400 20
m 091 0643 14 052 0531 16 027 0375 16
Midvagur (9) 861101  f  -118 0632 34 -113 0373 106 000 0.495 106
m -1.18  0.767 15 097 0394 71 028 0451 7
Fuglafjgrdur (10) 861111 f 037 0921 19 0.13 0455 33 046 0397 34
m 024 0735 17 128 0.535 29 2.57* 0362 29
Hvalvik (11) 861114  f 000 0500 20 -143 0650 20
m -1.08 0231 13 076 0577 13

[continued]
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Est-1 Sod-1 Mpi
Locality
(school no.) Date Sx. KN g N FN ¢ N FN ¢ N
Vestmanna (12) 861115 f 029 0929 14 0.69 0407 70 -035 0443 70
m 036 0.688 8 080 0391 SS 1.00 0.409 55
Hvalvik (13) 861124 f 0.68 0474 19 181 0412 57 -070 0404 57
m -2.10% 0.563 16 146 0483 30 -054 0500 31
Fuglafjgrour (14) 861128 f 1.52 0786 7 037 0410 39 -130 0423 39
m 049 0833 6 034 0500 34 -005 0456 34
Térshavn (16) 861223 f 072 0.786 7 036 0313 8 0.67 0563 8
m undef. 1.000 2 1.15 0500 12 056 0542 12
Hvannasund (17) 870122 f -0.13 0439 74 139 0493 74
m 1.18 0441 51 -0.61 0421 51
Vigur (18) 870123 f -0.02 0464 14 025 0357 14
m -1.88 0395 19 1.17 0316 19
Leynar (19) 870131 f 1.20 0529 17 -0.12 0353 17
m 090 0389 9 090 0.611 9
Hvalvik (20) 870207 f 0.84 0386 57 089 0535 57
m 0.18 0.483 29 0.03 0414 29
Leynar (21) 870323 f -1.15 0351 47 041 0.531 47
m -0.47 0500 18  -2.12* 0333 18
Vigur (24) 870516 f -130 0405 21 -022 0500 21
m 2.03* 0300 15 -043 0400 15
Leynar (25) 870722 f 012 0773 55 -1.33 0350 60 1.14 0425 60
m 0.07 0.694 31 035 0484 32 1.73 0453 32
Midvégur (26) 870724 f 1.27 0759 56 -1.19 0377 57 081 0316 57
m -0.02 0775 40 -046 0500 43 -0.86 0384 43
Midvagur (28) 870802 f 096 0.732 28 -0.56 0411 28 1.89 0482 28
m 085 0833 18 2.12* 0333 18 042 0.556 18
Viégur (29) 870819 f -0.61 0.667 24 -0.16 0289 26 -0.86 0442 26
m 133 0.750 16 -0.65 0313 16 0.49 0469 16
Klaksvik (31) 870829 f -1.50  0.667 9 016 0318 11 -1.90 0364 11
m undef. 1.000 2 1.17 0.700 5 -0.07 0417 6
Viagur (32) 870918 f -0.79 0.800 10 053 0600 10 -1.05 0250 10
m -0.56 0800 S 037 0400 5 037 0400 5
Té6rshavn (33) 871008 f -0.49 0.776 29 024 0370 27 1.83 0679 28
m 0.15 0.700 10 033 0455 11 -1.51 0600 15
Vigur (34) 871020 f 021 0.700 20 0.86 0450 20 035 0425 20
m 0.63 0.750 10 -136 0300 10 -190 0500 10
Leynar (43) 880610 f -1.25  0.761 44 -0.60 0422 45 -037 0589 45
m -1.18  0.815 27 -088 0429 28 -0.76 0500 28

* Significant at the 5% level.

As no overall deviation from the Hardy-Weinberg proportions was observed in the
genotypical distribution of each age-class and sex combination in the 16 largest schools,
and no overall sex difference was found, all schools were pooled and submitted to the
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Table 2

Results from the hierarchical contingency table analysis of the gene count data, showing only test
probabilities for the given hypothesis (p-values given in %).

H H; H,*

0
System School + age-sex Age-sex School
EST 0.001* 21.7 0.001*
MPI 0.027* 28.7 0.023*
SOD 8.21 0.7* 41.5

*p< < 5%.

hierarchical contingency table analysis. The results are shown in Table 2. There seemed to
be an effect of schools+age/sex combination at the Est-I and Mpi loci on the allele
frequencies, as the Hy hypothesis was rejected. This effect can be described by schools and
not by the age/sex combination as seen from the table. At the Sod-I locus, H, was
accepted, indicating no effect of schools+age/sex combination on the Sod-I allele
frequencies. Instead, there appeared to be an effect with age/sex combination. If this is
excluded, the effect of schools may also be excluded.

Table 3 compares the genotypic distribution to the Hardy-Weinberg proportions
(FV'N), allele frequencies of the fastest migrating allele (q) and the sample sizes for the 31
schools when the known mature males, foetuses and undetermined individuals in the three
polymorphic enzyme systems are excluded. No significant deviation was observed at Est-1
and Sod-1. At the Mpi locus significant deviations from the Hardy-Weinberg proportions
were seen in 6.5% of the schools, which is more than expected. This deviation is observed
at the Mpi locus in schools 1 and 31.

The results of the analyses of allele frequencies between identical age-classes between
the 16 schools are shown in a reduced form in Fig. 2. Four age-classes 0-5 and 12+yrs for
females, and 0-11 and 12+yrs for males revealed, not surprisingly, deviations significantly
more frequent than expected.

The results of Wright’s F-statistic showed Fy, = 0.010, Nm = 25 for the total sample of 30
schools including mature males and foetuses (school 22 contains only females and young
individuals), F, = 0.009, Nm = 28 for the total sample of 31 schools excluding mature
males and foetuses, and F, = 0.017, Nm = 14 for the total sample of 31 schools only
containing mature females.

20
}

Frequency %
P

—
05 6-11 12+ 0-11 12+
Females Males Foetuses
AGE CLASS

Fig. 2. The frequency of significant deviations found for each age-class when comparing them pairwise in
the multilocus G-test between the 16 schools.
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Table 3

Sample size (N), test for the goodness of fit to the Hardy-Weinberg proportions, (FVN), and allele
frequencies (q) of the fastest allele for the two sexes at the Est-1, Sod-1 and Mpi loci. Mature
males, foetuses and undetermined individuals were excluded.

Est-1 Sod-1 Mpi
School
Locality no. FYN q N FYN ¢ N FYN q N
Gota 1 -0.14 0.621 29 020 0371 31  -2.68* 0422 32
Leynar 2 094 0.698 48 029 0510 48 -1.28 0354 48
Beur 3 -0.17 0.606 47 0.19 0404 47 086 0411 45
Sandur 4 -0.07 0.769 39 0.00 0.500 44 0.14 0477 43
Oravik 5 0.76 0.720 50 -1.07 0495 105 0.76 0.476 106
Geta 6 -0.13 0.630 23 1.53 0360 25 057 0540 25
Vidvik 7 -0.14 0962 13 086 0462 13 -1.08 0385 13
Funningsfjgrour 8 -0.53 0.577 26 005 0375 28 -047 0357 28
Midvagur 9 -145 0.638 29 054 0378 123 045 0492 123
Fuglafjgrour 10 -0.81 0.860 25 1.11 0.446 46 1.72 0370 46
Hvalvik 11 -0.11 0429 28 -1.05 0.607 28
Vestmanna 12 1.29 0861 18 062 0398 98 -0.18 0434 98
Hvalvik 13 022 0.500 21 190 0417 60 -0.67 0433 60
Fuglafjerdur 14 152 0.786 7 083 0430 57 -1.24 0465 57
Térshavn 16 -049 0833 6 0.90 0.389 9 0.30 0.556 9
Hvannasund 17 0.17 0420 94 1.03 0489 94
Vigur 18 012 0412 17 -012 0353 17
Leynar 19 1.28 0500 22 028 0.409 22
Hvalvik 20 -0.25 0379 66 0.00 0492 66
Leynar 21 -0.86 0.400 60 -0.01 0483 60
Té6rshavn 22 040 0342 38 -004 0461 38
Vigur 24 016 0362 29 -0.19 0500 29
Leynar 25 061 0.761 71 015 0383 77 138 0442 77
Midvagur 26 1.52 0775 89 -1.06 0.428 90 047 0333 90
Midvéigur 28 1.56 0803 38 0.05 0395 38 1.94 0513 38
Viagur 29 049 0729 35 -1.00 0.297 37 0.13 0.460 37
Klaksvik 31 -1.36 0.700 10 043 0333 12  -2.08* 0375 12
Vigur 32 -1.02 0.786 14 1.06 0536 14 -055 0321 14
Térshavn 33 -0.01 0.764 36 026 0397 34 141 0657 35
Viagur 34 080 0.712 26 028 0423 26 -042 0462 26
Leynar 43 -0.88 0.800 50 127 0392 51 -1.53 0588 51
Total 099 0.730 750 0.88 0.413 1467 0.96 0.458 1467

* Significant at the 5% level.

The test for sex differences in allele frequencies in the three polymorphic systems was
performed by a G-test for independence. The data are not shown, but significant
differences were only observed in schools 4 and 31, which are not significantly frequent in
comparison to the total number of schools.

Results of the tests for linkage disequilibrium and random union of gametes in the two-
locus analyses are shown in Table 4. The hypothesis of random union of gametes was
accepted in the Mpi/Sod-1 and Mpi/Est-1 combinations and Hill’s estimate of D can be
used here. For the Sod-1/Est-1 combination, deviation from random union of gametes was
observed in two cases. These two schools, therefore, were excluded in the test for linkage
disequilibrium, D = 0, and Burrow’s estimator, A= 0, is used instead. Linkage
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Table 4

Test for random union of gametes, and linkage disequilibrium (D) between combinations of the
three polymorphic loci Mpi, Sod-1 and Est-1 for the 31 schools.

Log-likelihood

Loci LogLik p df
) Mpi/Sod-1 154.26 0.389 150
Random union of gametes Sod-1/Est-1 130.09* 0.049 105
Mpi/Est-1 127.70 0.197 115
Total 412.04 0.065 370
Mpi/Sod-1 49.51* 0.014 30
D=0 Sod-1/Est-1 31.26 0.069 21
Mpi/Est-1 33.06 0.080 23
Total 113.83* 0.002 74
*p < 0.05.
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Fig. 3. Histogram depicting the frequency of significant deviations found for each school, when comparing
them pairwise in the multilocus G-test. Figures from Table 1.

disequilibrium was detected in the Mpi/Sod-1 and Sod-1/Est-1 combinations and retained
when adding across the three possible combinations of polymorphic loci.

Fig. 3 shows the results of the pairwise multilocus G-tests after pooling the immature
females and males and mature females. Only the significance is indicated. It is assumed
that the results from the age-structure analysis for the 16 schools can be extrapolated to the
31 schools. Here school 33 diverges from the others by being significantly different in

51.6% of the cases.

DISCUSSION AND CONCLUSION

Pilot whale schools are known to have an ‘excess’ of mature females to mature males, the
males probably being polygynous (Sergeant, 1962; Martin et al., 1987). They are probably
composed of several family entities, which is why the age-structure within the schools
might influence the allele frequencies by either differential migratory behaviour of the
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different age-classes or zygotic selection. This is one possible hypothesis for explaining the
heterogeneity found so far off the Faroe Islands (Andersen, 1988).

In the present study, analysis by individual age-classes for each sex within the 16 largest
schools revealed no significant deviations in genotypic distribution from Hardy-Weinberg
expectations. The age-classes were therefore pooled and the whales were divided by sex
alone within the 31 schools and tested in the single locus analysis. The female and male
samples both comprised a mixture of immature and mature animals.

Although the Hardy-Weinberg expectations were fulfilled for females, significant
deviations were found for males at the Mpi locus (Table 1). This might be due to migration
of males between schools or selection giving higher mortality to certain genotypes. If
males migrate between schools regularly then we would not expect mature males or males
close to maturity present within a school at any time to accord with the Hardy-Weinberg
proportions. If uniform selection is working on one of the alleles at the Mpi locus and there
is no migration between schools, then we would expect the selection to work in the same
direction in all schools, causing identical effects on the genotypes in relation to the Hardy-
Weinberg expectations. This possibility cannot be excluded as there is some tendency
towards disparity in the distribution of the two alleles at the Mpi locus towards allele 2, the
slower migrating allele.

When dividing the genotypes of the different schools by age and maturity, in one of the
schools, school 11, none of the genotypes of possible fathers represented in the Sod-I
locus corresponded to the genotype for a one-year-old animal. This supports the theory of
migratory behaviour of mature, long-finned pilot whale males. This has been suggested
and confirmed in the study of Amos et al. (1991) who examined five pilot whale schools
with a total of 34 mother-offspring pairs using DNA-fingerprinting. For 88% of the
foetuses, the accompanying mature males could be excluded as fathers, indicating a high
degree of gene flow between the schools. They also found that in one school, four out of
five foetuses in one length-class had an identical paternal allele. This allele was only
present in 11% of the examined whales and rather rare. This suggests that only one or two
males fathered these foetuses. Furthermore, the remainder of the older foetuses in the
same school could not have had these fathers. This agrees well with our observations.

The hierarchical contingency table analysis shows that the age/sex combination has no
effect on the allele frequencies of Est-I and Mpi, but that the observed heterogeneity is
due to the social structure within the schools. The Sod-1 locus does not display the same
effect of schools+age/sex combination on allele frequency, but indicates an effect of age/
sex combination and not of schools (Table 2). It seems likely that the foetuses cause this
effect on the allele frequency of Sod-1.

These observations led to the pooling of young animals and old mature females in the 31
schools (i.e. excluding mature males, foetuses and undetermined individuals) to consider
the stock identification question by examining the allele frequency differences (see
below). No significant deviations from Hardy-Weinberg proportions at the Est-1 and Sod-
1 loci were found (Table 3). The significant deviation at the Mpi locus (Table 3) for both
schools 1 and 31 might be because these whales belonged to larger schools, where the rest
of the whales had been seen to escape.

Wright's F-statistics suggest high gene flow rates between schools, irrespective of which
of the total samples are used, and consequently suggest a rather homogeneous population
of pilot whales off the Faroes. However, the significant deviations frequently found when
testing the allele frequencies of identical age-classes pairwise between schools (Fig. 2)
contradict this expectation, as does the analysis of genetic differences between the 31
schools (Fig. 3) if only young animals and mature females are considered. The result of
this pairwise comparison between the 31 schools using the multilocus G-test confirms the
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view of Andersen (1988) that there is a heterogeneous population of pilot whales off the
Faroe Islands. As in the former study, one school (no. 33) diverges from the others by
being significantly different in 51.6% of the cases.

Gene flow or migration is generally regarded as inhibiting genetic differentiation
between a local population and an infinite population in equilibrium, although this
depends on how migration is defined (Fix, 1978). In the present study we assume that pilot
whales comprise either several definite populations or sub-populations or schools of
several families. In such circumstances migration might be kin-structured. If the migrating
individuals are related to some extent this would not have the ‘expected’ stabilising effect
on allele frequencies.

Most of the observed allele frequency deviations between identical age-classes amongst
schools are due to old mature females (Fig. 2), confirming earlier suggestions that mature
females comprise the ‘core’ of the school (Sergeant, 1962; Martin et al., 1987). This was
also found by Amos et al. (1991). However, results for mature males suggest that they
form a rather homogeneous total population.

Significant differences in allele frequencies for young males and females may reflect the
significant differences in allele frequencies between the mature females and suggest that
different males have fathered the young in different schools.

The hypothesis of migrating males is supported by the results of the linkage
disequilibrium test shown in Table 4. Other factors such as selection and random genetic
drift may also cause or influence linkage disequilibrium. For example, in small
populations, gamete frequencies fluctuate from generation to generation, causing
variation in D, while selection in a large, randomly mating population may favour certain
combinations of alleles, thereby producing linkage disequilibria. Continuous migration of
mature males between schools may also maintain the detected level of linkage
disequilibrium, especially in combination with selection and random genetic drift (Hartl,
1980).

There are five factors which imply that selection might operate on males after
conception and influence the allele frequencies: (1) the skewed sex-distribution within the
schools; (2) the lack of confirmed observations of bachelor groups; (3) the homogeneity in
the mature male population; (4) the higher male mortality rate (Sergeant, 1962; Kasuya
et al., 1988) and (5) the absence of a skewed sex-ratio immediately after conception
(Andersen et al., 1992).

In a study of heavy metal loads in the Faroese pilot whale, Caurant et al. (1993) found
higher mean levels of cadmium per ug/g wet weight compared to other marine mammal
species. They examined four schools (numbers 5, 22, 25 and 33) and detected a
significantly lower level of cadmium in the liver in school 33. This suggests that the
cadmium levels could be used as tracers of school history and may indicate the existence of
sub-populations. The fact that school 33 was significantly different in both our study and
that of Caurant et al. (1993) suggests that this school had been feeding in another area and
may represent a different sub-population. This hypothesis awaits further investigation.

In an earlier study, Andersen (1988) found school 7 to be different from the other
schools. Because it was also the northernmost school, one hypothesis was that it
represented a hitherto unknown stock of G. melas in the Northeast Atlantic. The present
study shows a southern school (no. 33) as being different and the two schools (nos. 1 and 7)
still diverge clearly from the additional schools considered here. However, no obvious
geographical distribution is detected when pooling presumed northern, southern, eastern
and western localities. This is perhaps not surprising since the localities are whaling bays
selected by the Faroese Government as being suitable for catching whales, and do not
reflect exactly where the whales were first seen.
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One hypothesis is that two stocks of pilot whales are found in Faroese waters, one that is
present year-round and one that comes inshore seasonally. This was examined by
seperating schools by season, pooling the summer and winter schools, and carrying out a
homogeneity test at each locus. The results of the test (not shown) did not support the
hypothesis based on these two seasons. Similarly no annual trend was detected.

The observed differences in allele frequencies between the schools in spite of the
indications of migratory males are also seen between groups of Cayo Santiago rhesus
monkeys (Melnick and Kidd, 1983) and Japanese macaques (Nozawa et al., 1982). The
social structure of these cercopithecines is well understood. As in pilot whales, the adult
sex ratio is skewed towards females. This is partly due to their earlier maturation and
partly due to the emigration of the males from their natal group which exposes them more
than females to predation and disease (Melnick and Pearl, 1987). The females usually stay
in their natal group thus forming matrilines within the groups. On some occasions, such as
in the case of the Cayo Santiago rhesus monkeys, the groups split up according to their
maternal relatedness, causing an increase in the relatedness within the groups and an
increase of genetic difference between the groups, which gives rise to significant
differences in allele frequencies (Cheverud et al., 1978). Given the similarities in social
structure, the different factors influencing the allele frequencies in the monkeys might well
be those that influence the pilot whale as well.

Consequently, one hypothesis to explain the population structure of the long-finned
pilot whale off the Faroe Islands based on the observed heterogeneity found in the species,
1s that it could be generated by a regular pattern of fusions and fissions of schools,
combined with the migration of mature males between schools and a strong maternal
family-structure within schools, possibly consisting of several female-lineages. This
hypothesis is supported in the present study by the results of the test for allele frequency
differences between identical age-classes in different schools, by the estimate and test for
linkage disequilibrium, and by deviations from Hardy-Weinberg proportions in the total
male sample from some schools.
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Reproductive Maturity and Seasonality of Male
Long-Finned Pilot Whales, off the Faroe Islands
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ABSTRACT

Reproductive activity and scasonality of male long-finned pilot whales is described, based on
material collected from 39 schools landed in the Faroe Islands in the period July 1986-
December 1989. Determination of sexual maturity and activity is based on morphological
and histological examination of testis, density of spermatozoa on smears, plasma
testosterone titration, and social factors correlated with life-history data such as body length,
body weight and age. Puberty begins at an average age of 13.4yrs and histological maturity is
reached at an avcrage age of 17yrs; social maturity seems to be delayed for several years.
Most parameters examined showed a substantial overlap between maturity stages. Age,
body length and weight are unreliable indicators of maturity; testis length appears to be the
best. Testicular activity is diffusely seasonal and peaks between March and September. No
cessation of activity is observed and a non-negligible proportion of males is capable of
reproducing outside the main breeding season. Testis weight increases 1.5 times during the
period March-September. Testosterone concentrations increased by about 2.5 times in the
period March-September minus July, showing a bimodal pattern with a dip in July. School
structure indicates that males may move away from their natal school after puberty and join
other schools or segregate, at least temporarily.

KEYWORDS: PILOT WHALE—LONG-FINNED; REPRODUCTION: SEXUAL
MATURITY; SEASONALITY; NORTH ATLANTIC; BEHAVIOUR; SOCIAL;
WHALING-MODERN.

INTRODUCTION

Until recently, little was known about the reproductive biology of male long-finned pilot
whales, Globicephala melas. The only available information for the northeastern Atlantic
concerned estimates of length and age at sexual maturity based on small sample sizes
(Morton, 1963; Cowan, 1966; Desportes, 1982; 1983; Collet, 1987; Martin et al., 1987;
Bloch, 1992; Sigurjonsson et al., 1993). Sergeant (1962) carried out a more thorough
investigation of animals taken in the fishery off Newfoundland, but the limitations of the
data and the narrow seasonal spread of the sampling only allowed him to give approximate
estimates of age and length at sexual maturity and to report an apparent decline in
spermatogenetic activity in late summer. Moreover, problems in age estimation had
rendered the estimated life history parameters inaccurate (Kasuya et al., 1988). Male
reproduction in the related short-finned pilot whale, Globicephala macrorhynchus, has
been more comprehensively studied (Kasuya and Marsh, 1984; Kasuya and Tai, 1993).
Although Kasuya and Marsh (1984) detected signs of seasonality in sperm production, the
seasonally-limited sampling period again prevented a complete investigation.

Estimates of age and size at sexual maturity and knowledge of reproductive cycles are
essential to our understanding of the reproductive strategy and ecology of a species and
may provide valuable information for the rational management of exploited populations.

l present address: Stejlestraede 9, Bregnpr, DK-5300 Kerteminde, Denmark
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A unique opportunity to carry out detailed studies of the reproductive biology of male
long-finned pilot whales arose from the initiation of a two-year international programme
on the ecology and status of the species focusing on the Faroese pilot whale drive fishery
(Desportes, 1990; Desportes et al., 1993b). The catch is non-commercial, opportunistic
and non-selective (see for review: Bloch et al., 1990; Sanderson, 1991). In particular, the
programme provided an opportunity to examine seasonality, as complete schools were
sampled throughout the year. Access to a large number of animals compensated partly for
the impossibility of conducting longitudinal studies, as is usually the case when
investigating the reproductive seasonality of land mammals. Changes in testis weight and
plasma testosterone concentrations throughout life have been previously examined
(Desportes et al., In press). The present study correlates these changes with histological
examination and investigates the question of seasonality. It also attempts to evaluate the
best criteria for routinely assessing sexual maturity in pilot whales and to determine the
actual age at which males reached breeding status, taking into account physiological and
social factors.

MATERIALS AND METHODS

Data were collected from 1,148 males from 39 schools of long-finned pilot whales caught in
the Faroese drive fishery over a three-year period, July 1986-December 1989. Testes and
blood samples were obtained from 672 and 214 specimens respectively. Other sample sizes
are given in the following section or in tables and figures. For logistical reasons, complete
data and sample sets were not obtained from all the whales. This explains discrepancies in
sample sizes which may exist between tables when dealing with combined parameters.

Field procedures
Field procedures for the general programme are described by Bloch et al. (1993a) and only
those specific to the present study are mentioned here.

Blood samples were taken immediately after the animal was killed. They were collected
from the neck vessels in 50ml heparinized tubes and kept on ice until laboratory
processing. On a few occasions samples were taken directly from the heart, but these were
heavily haemolysed. Plasma samples were divided into aliquots and stored at —25°C until
assays.

Desportes (In press) found that the asymmetry in weight and tissue maturation within a
testis and within a pair of testes was sufficiently small to allow a single testis and a single
histological sample to be used to routinely assess sexual maturity in long-finned pilot
whales. Thus a single testis from whichever side was the most accessible for sampling was
collected and histological examinations were performed on a single sample from the mid-
length cross section of the testis taken from the side opposite to the epididymis.

Fresh testes and epididymis were weighed separately to the nearest gram. Testis length,
width and height were recorded to the nearest millimetre.

Histological samples were fixed and preserved in 10% buffered formalin. Initially they
were taken and fixed within 24 hours of the death of the whales. This procedure did not
give satisfactory results for any more detailed histological diagnosis than the presence or
absence of mature seminiferous tubules. Thereafter, histological samples were taken and
fixed in formalin as soon as a testis was removed. Even so, there were still noticeable
differences in tissue degradation between whales of the same school according to how
quickly after death the sample had been collected.
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When the testes were removed, smears were taken with a cotton stick from the mid-
length cross section of the testis and the epididymis, and the beginning of the ductus
deferens, and air-dried.

Microscopic examination

Samples for histology and cytology were processed using standard techniques in the
laboratory of Anatomo-cyto-pathology of the Faroese Central Hospital. Histology slides
were stained with Hematoxylin-Eosin and smears with Papanicolaou stain.

Testicular slides from 478 individuals were examined at a magnification of 100-400x.
Maturity of testicular tissues was assessed by observing an entire section of about 1cm? and
following criteria used for other mammals (e.g. Courot et al., 1970). The stages of
histological maturity used for the short-finned pilot whale (Kasuya and Marsh, 1984;
Kasuya and Tai, 1993) were followed for comparative purposes. They were defined
according to the proportion of seminiferous tubules being mature, i.e., containing
spermatocytes, spermatids and spermatozoa, among at least 100 tubules circular in outline
and randomly selected:

immature: 100% of the tubules are immature;

maturing: both mature and immature tubules are found, subdivided into early maturing
when less than 50% of tubules are mature and late-maturing when between 50% and 100%
of tubules are mature;

mature: 100% of the tubules are mature.

Testicular tissue was also examined for relative quantity of interstitial tissue, lumen size,
tubule elongation and abundance of spermatozoa.

Tubule diameters were measured with an ocular micrometer. Mean diameters were
taken as the average of at least six randomly chosen round tubules, each one measured on
two diameters at right angles. When both mature and immature tubules were present, six
tubules of each category were measured. Each resulting mean was weighted by the
corresponding proportion of mature/immature tubules, thus taking into account the
varying distribution of mature and immature tubules. The overall mean diameter was
taken as the sum of these two weighted values.

The sample of smears comprised 133 testicular smears, 325 epididymal smears and 83
ductus deferens smears. They were scanned at a magnification of 10—40x using a field
diameter of 1.82mm. The relative density of spermatozoa was classified as follows:

none: no spermatozoa present;

low: less than 10 spermatozoa per field;

intermediate: above low with no fields showing packed spermatozoa;
high: at least some fields exhibited layers of densely packed spermatozoa.

Estimation of sexual maturity

Techniques used to estimate the average age at attainment of sexual maturity (ASM) have
been reviewed by Cooke (1984), DeMaster (1984) and Hohn (1989). Two different
methods are used here to estimate both ASM and LSM (the average length at attainment
of sexual maturity) and estimates from both are presented in the Results section.

(a) The non-parametric method of the sum of fraction immature, Hohn (1989)

ASM is estimated as the sum of the fraction of animals immature in each indeterminate
age class added to the age of the first indeterminate age class. The method was applied to
the proportion immature within 1-year age class and Scm length class, and for the LSM the
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sum of fraction immature and the variance were multiplied by five, i.e. the number of cm
per length-class.

(b) The age at which 50% of the specimens are sexually mature
This is predicted from a two parameter logistic curve fitted to the fraction-mature-at-age/
length (midpoint of classes from — and including — the highest class for which all individuals
were sexually immature up to the lowest class for which all individuals were mature).
Hohn (1989) noted that variations in curve-fitting techniques will lead to changes in
estimates. Values obtained from the sum of fraction immature method are more suitable
for comparative purposes, and we preferred them as ‘best’ estimates. Since different
criteria are used to assess male sexual maturity in various studies, the age and length at the
attainment of each of the three stages of sexual maturity were estimated.

Index of testis development

An index of testis development was calculated as the testis weight in grams (excluding the
epididymis) divided by the testis length in millimetres, thus defining maturity in terms of
unit of testis weight per unit of testis length.

Testosterone assay

Plasma testosterone concentrations were measured in duplicate by radio-immunoassay
and intra— and inter-assay; coefficients of variation were 6 and 13% respectively. Details
of the procedure are given in Desportes et al. (In press).

Age estimation

Age estimation was performed by counting growth layer groups (GLGs) in both dentine
and cement on thin stained sections of decalcified teeth as described and presented in
Bloch et al. (1993b).

School structure

The structure of 39 schools landed during the study period was examined in terms of male
sexual maturity in an attempt to determine when males reach social maturity, i.e. obtain
access to females for breeding. Of these, 19 were selected, for which no escapees were
reported and all males were of known age and sexual maturity. These schools were landed
in January (2), February (2), March (2), May (1), June (1), July (3), September (1),
October (2), and November (5). One of the schools was the male-only school described in
Desportes er al. (1993a). Females were considered mature when they had ovulated at least
once (Perrin and Donovan, 1984). Females probably close to ovulation were those with a
corpus luteum but no detectable foetus, i.e., probably a corpus luteum of ovulation
(CLO).

Four factors were considered: (a) the proportion of males at each stage of maturity; (b)
the age structure of mature males; (c) the relative proportion of males and females capable
of reproducing; and (d) the seasonal changes of these parameters in relation to the two
periods of sexual activity defined from testis weight and testosterone concentration.

Statistical analysis

The results are expressed as mean *standard error (SE). One way ANOVA, t and chi?
tests were performed for statistical comparisons, following Sokal and Rohlf (1981).
Pearson’s correlations and regressions were used except in analyses related to social
structure where Spearman’s rank correlations were used. Sample sizes are not mentioned
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in the text when they are given in tables or figures. The commercial software package
SYSTAT (Wilkinson, 1988) was used for statistical analyses and curve fitting.

Presentation of results

For ease of legibility, data from immature animals are only partly presented since the full
set is shown in Desportes et al. (In press). Data for mature males are shown by periods of
testicular activity (described below) to illustrate the effect of seasonality.

RESULTS

Histological examination

Immature testes (n=187; Fig. 1a)

The tubules were tightly packed with no lumen and embedded in abundant interstitial
tissue. Tubule diameters ranged from 40 to 80w (Table 1). A single layer of
undifferentiated cells, similar in appearance, lined the periphery of the tubules. As the
testis developed, the space between tubules decreased from >1 to <0.25 of a tubule
diameter and the proportion of ‘circular’ tubules decreased from 50% to only a few per
histological field. The number of peripheral undifferentiated cells also decreased; Sertoli
cells were found in testes heavier than 240g. Gonocytes could be observed central to the
peripheral layer, their number increasing with the size of the testis from <1 to 4-6 in
circular sections of tubules. In some testes heavier than 150g, spermatogonia showed
major mitotic activity and spermatocytes could be observed, mainly in the zygotene or
pachytene stages. Leydig cells were present singly or in clusters of a few cells in the
interstitial tissue of small testes. They seemed to regress or dedifferentiate as the testis
grew and were rarely observed in testes heavier than 200g.

Fully mature testes (n=241; Fig. 1f)

Testes classified as mature had very little interstitium, large elongated seminiferous
tubules with open lumen and a complex germinal epithelium consisting of spermatogonia,
Sertoli cells and other cells in various stage of spermatogenesis. Tubule diameter ranged
from 113 to 299um (Table 1). The interstitium was less cellular than in immature testes.
Leydig cells were not numerous and appeared usually in a perivascular position in small
clusters of 4-10 cells. The extensive elongation of the tubules made ‘circular’ tubules
appear rare, making the sections appear different from those observed for example in rats,
hedgehogs, bulls or humans. It was difficult to observe any cellular association issued from
aregular and coordinated development of new germ cell generation, and the area covered
by groups of similar cells was small. The spermatogenetic pattern was more similar to that
in humans with presumably a helical movement of spermatogenesis along the long axis of

the tubule.

Maturing testes (n=50, Fig. 1b-¢)

Maturing testes contained various proportions of both immature and mature tubules;
areas of typically immature tubules were observed near areas of fully mature tubules
producing spermatozoa (Fig. 1b, €). Although the appearances of the immature and
mature areas were similar to those in immature and mature testes, the size of the tubules
differed (Fig. lc, d). In 31 maturing testes the mean diameter was 76.2um=2.4 for
immature tubules (range:48.3-112.1) and 148.2um=+3.7 for mature tubules (range: 111.3-
199.5) as opposed to 58.0um in immature testes and 219.7um in fully mature testes (Table
1). The immature tubules were on average half the size of the mature ones of the same
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testis (51.8% +1.9, range: 29.6-75.5%). Leydig cells were more easily observable in
immature zones.

Given the clear zonation of mature and immature seminiferous tubules, the mean
tubule diameter of maturing testes was calculated as described earlier and ranged from 89
to 184um (Table 1).

Table 1

Gon_adal characteristics, age, body length and body weight by maturation stage as determined by
histological examination of testis tissue; t-test values compare means from one stage to the next.

Characteristic

and maturity stage Mean (sem) Range Sample size T-tests, P

Testis weight (g)
Immature 88.3 (88.4) 9- 346 187 0.000
Early maturing 525.1 (30.7) 248 - 760 20 0.000
Late maturing 1027.5 (60.7) 575-1922 30 0.000
Mature 2840.7 (69.7) 807 - 6150 241

Epididymis weight (g)
Immature 280 (2.1) 6- 115 79 0.000
Early maturing 110.9 (12.0) 76 - 161 6 0.008
Late maturing 193.6 (20.4) 131 - 297 8 0.000
Mature 414.5 (14.7) 166 - 658 51

Testis length (mm)
Immature 126.4 (3.3) 55- 195 89 0.000
Early maturing 228.5 (7.9 195- 245 6 0.002
Late maturing 280.0 (9.7 258 - 312 6 0.000
Mature 407.5 (5.3) 347 - 500 53

Index of testis development (g/mm)
Immature 0.6 (0.0 0.1- 14 89 0.000
Early maturing 2.1 (0.3) 1.2 - 3.1 6 0.012
Late maturing 42 (0.6) 2.3 - 6.7 6 0.000
Mature 7.2 (0.3) 3.0 -11.9 53

Seminiferous tubule diameter (um)
Immature 58.0 (0.9 40- 80 98 0.000
Early maturing 105.1 (4.0) 89- 133 12 0.000
Late maturing 137.0 (5.2) 101 - 184 19 0.000
Mature 219.7 2.7) 113- 299 166

Age (year class)
Immature 5.8 (0.3) 0- 15 158 0.000
Early maturing 14.3  (0.5) 11- 18 18 0.004
Late maturing 16.4 (0.5) 11- 22 26 0.000
Mature 254 (0.4) 14- 46 225

Body length (cm)
Immature 361.5 (5.8) 174 - 506 187 0.000
Early maturing 493.8 (4.6) 458 - 545 20 0.001
Late maturing 519.5 (4.8 464 - 565 30 0.000
Mature 561.0 (1.8) 475- 625 240

Body weight (kg)
Immature 703.5 (60.7) 92 - 1300 34 0.001
Early maturing 1277.2 (32.3) 1210 - 1356 5 0.275
Late maturing 1426.6 (105.4) 1100 - 1980 7 0.002

Mature 1794.7 (39.6) 1175 - 2320 49
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Gonadal and individual characteristics for each stage of histological maturity .
Table 1 gives the arithmetic means and ranges of certain gonadal and individual
measurements for each stage of histological maturity. Although mean values for one stage
were significantly smaller than for the following one for all criteria (t-tests, p<0.02; Table
1), except for mean body weight, there was a substantial overlap between stages for most
criteria, particularly for age, body length and body weight. All criteria except testis length,
showed considerable overlap between early maturing and late maturing specimens making
these two stages difficult to separate by other than histological methods. Although testis
length appeared to be a good indicator of sexual maturity, this may be an artifact of the
small number of maturing specimens.

22 26 20 20 16 17 22 19 15 17 12 15 14 11 12 13
™ - A A A A
] A =
o)
B
e .
=
© © |
=)
o
O
5
33
a |
N
o
4
O— I‘L»#“;l"l T T T L T T T T T T
9 11 13 15 17 19 21 23 25

Age (year class)

Fig. 2. Logistic curve fitted to the fraction-mature in successive age classes for early and late maturing and
mature stages in G. melas. Numbers of males in each class are given at the top of the figures. Symbols:

solid triangle, early and late maturing and mature males; solid square, mature males (dots for late
maturing stages have been omitted for clarity).

Average age (ASM) and length (LSM) at the attainment of sexual maturity
Sexual maturity for the 178 animals for which no tissue samples were available was
deduced from the combination of the available criteria (gonad measurements, age, body
length and weight) and the ranges defined for each stage of histological maturity given in
Table 1.

Estimates of ASM and LSM are given in Table 2. Fig. 2 shows the logistic curve fitted to
the fraction-mature-at-age relationship for early and late maturing and mature stages.
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Table 2

Estimates of the average age (ASM) and length (LSM) of male pilot whales at the attainment of the
three stages of sexual maturity. Standard errors are in parentheses.

Stages of sexual maturity

Methods Early maturing Late maturing Mature
ASM sum of fraction immature 13.8 (0.2) 15.0 (0.2) 17.0(0.3)
(years)
50% of fraction mature 13.9 (0.1) 15.0 (0.1) 16.8(0.1)
LSM (cm) sum of fraction immature 485.9 (1.2) 499.2 (1.3) 516.2(1.3)

Testis growth

A sharp increase in testis weight (from 0.25 — >1.5kg) occurred between about 460-520cm
in body length (Fig. 3a), 1,000-1,500kg (Fig. 3b) in body weight and 11-18yrs of age (Fig.
3c). Most of these animals were classified as maturing, confirming the view that this
growth spurt corresponds to puberty. Beyond this period, testis weight continued to
increase with body length and body weight (r=0.43, n=236, r=0.618, n=45 respectively,
p<0.001), but was no longer correlated with age in males older than 21yrs (n=153,

(a)

Testis weight (kg)

L T

54 56 58 60 62 64

44 46 48 5 52
Body length (m)

Fig. 3a. Weight of testis as function of body length (n=382), in G. melas. Symbols: cross, immature male;
solid triangle, early maturing male; X, late maturing male; solid square, mature male caught between
March and September; square with X, mature male caught between October and February. The lines
connect the arithmetic means of testis weight for each class.
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p=0.07). Individual variation in testis weight with age, body length and weight became
important from puberty onwards, and could only partly be explained by seasonality.

The testis length (Fig. 4a) and index values (Fig. 4b) showed the same sharp increase as
testis weight. Testis length and index values were not significantly correlated with body
length in males longer than 520cm (p=0.052, n=48).
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Fig. 5. Mean diameter of seminiferous tubules as a function of testis weight (n=295) in G. melas. Symbols
as in Fig. 3.

The diameter of seminiferous tubules increased as the testis matured (Fig. 5). It was
correlated with testis weight in immature males (p<<0.001, n=98, r=0.70), maturing males
(p<0.001, n=31, r=0.71) and mature males with testis weighing less than 2.5kg (p=0.001,
n=60, r=0.43). The enlargement in tubule diameter made only a limited contribution to
the increase in testis weight in immature males. In testis weighing more than 2.5kg, tubule
diameters and testis weight were no longer correlated (p=0.076, n=104).

Sperm production
The density of spermatozoa increased from testicular to epididymal to ductus deferens
smears. Sperm density on epididymal smears increased as the testis matured (Table 3).

Table 3

Correspondence between histological maturity of testis and abundance of spermatozoa on epididymal
smears. The numbers represent the percentage of testes in each category.

Epididymal sperm density

Sample
Histological maturity None Low Intermed. High size
Immature (%) 82 18 - - 22
Early maturing (%) - 81 19 - 21
Late maturing (%) - 33 49 18 33
Mature (%) - 18 43 39 249
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Fig. 6. Proportion of mature males showing a high density of spcrmatozoa on epididymal smear as a
function of age and scason in mature males of G. melas (n=232). Symbols are as follows: square with X,
mature male caught between March and September; solid square, mature male caught between October
and February. Sample sizes are given above symbol.

Only for immature testes was the density ‘none’ recorded of the 22 males identified as
immature from histological examination and for which epididymal smears were also
available; four (all =8yrs old) showed low densities of spermatozoa on epididymal smears.
High densities were found only in late maturing (18% of smears) and mature testes (39%
of smears).

As would be expected, the increase in sperm density with testis maturation was reflected
in an increase with increasing age. The density ‘none’ was observed in males between (
and 15yrs. Smears showing low sperm density were observed from the age of 8yrs and their
proportion decreased dramatically between 12 and 18yrs of age. Smears showing
intermediate sperm density were observed from the age of 12yrs, and smears with high
sperm density from the age of 14yrs with one exception, an 11yr old late maturing male.

The influence of age on sperm density in mature males was examined for the epididymal
smears. The sample was arbitrarily stratified into 3-year age classes and divided into two
seasons, October-February and March-September, to remove any seasonal (see below)
bias (Fig. 6). In both periods, the age classes 29-31 and 32-34 combined showed
significantly higher sperm density than the younger classes combined (chi? tests, p<0.01).
Sperm density seemed to decrease from the age class 35-37 in the winter period (no data
available for the summer period) but sample sizes were too limited to test whether this
decrease was significant. '
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Table 4

Plasma testosterone concentrations by stage of sexual maturity. The periods take into account the
seasonality shown in Fig. 6 (no data available in May and June); t-test values compare arithmetic
means between one stage and the next.

Maturity stage and season Mean (sem) ng/ml Range ng/ml Sample size T-tests P
October - February, plus July
Immature 0.4 (0.5) 0.0- 2.8 82 0.000
Early maturing 1.4 (0.3) 0.5- 2.7 8 0.094
Late maturing 2.6 (0.6) 1.1- 6.2 9 0.035
Mature 4.4 (0.3) 1.2-13.4 51
March - September, minus July
Immature 2.5 (0.9 0.1-29.4 40 0.201*
Early maturing 2.5 1
Late maturing 7.32.7) 2.2-11.2 3 0.283
Mature 10.7 (1.1) 2.7-22.1 20

* In this case the t-test compares means between immature and late maturing stages.

Endocrine testicular function: testosterone concentration

Plasma testosterone concentrations ranged from 0.01 to 29.4 ng/ml (Fig. 7). They became
significantly correlated with age in males older than 10yrs (p=0.049, n=104, r=0.194).
Most immature males younger than 8yrs showed low (<1ng/ml) concentrations. After

28 32

24

20

L
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| 12 16
X
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20 24 28 32 36 40 44 48
Age (year class)

Fig. 7. Plasma testostcrone concentrations as a function of age (n=195) in G. melas. Symbols: cross.
immature malc; solid triangle, carly maturing male; X, latc maturing male; square with X, mature male

caught between March and Scptember (except July); solid square, mature male caught between October
and February plus July. The linc connects the arithmetic means of testis weight for each class.
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8yrs levels began to increase with a sharp increase between 12 and 20, i.e. simultaneously
with that in testis weight. Plasma concentrations >10ng/ml were observed only in males
15-32yrs old, except for two immature males (Syrs and 6yrs) showing concentrations
higher than 28ng/ml. With one exception these high concentrations were observed in the
period March-September minus July (see below).

Individual variation was a major factor with considerable overlap between all stages,
even immature and mature, year round (Fig. 7, Table 4). In the period October-February
plus July, the mean concentration was significantly smaller for immature whales than for
any other stages. Means differed also between early maturing whales and mature ones (t-
tests, p<<0.001) and late maturing whales and mature ones, but not between early and late
maturing stages. In the period March-September minus July, individual variation
increased and mean concentrations differed significantly only between immature and
mature males (t-test, p<<0.001).

Seasonality of sexual activity in mature males

Reproductive seasonality was investigated by analysing changes in testis weight,
testosterone level, histological appearance of testicular tissue and sperm density on
epididymal smears. Testis weight showed a clear seasonal pattern in mature pilot whales
(Fig. 8a), although there was some individual overlap even between January and June.
Testis weights were low in January and February and increased in March (March >
February: t-test, p<<0.001). They were high from March to September, with no significant
differences between months although they peaked in June. Testis weights began
decreasing in September (August > October, t-test, p=0.014), and from October to
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Fig. 8a. Monthly variation of mean testis weight (8a, n=247) in mature male G. melas. Sample sizes are
below the crror bars, which represent one standard error from the mean.
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February values were low and not significantly different. Mean testis weight increased
about 1.5 times (t-test, p<<0.001) between the periods of low (October — February) and
high (March to September) testicular activity.

Testis length (TL) and index of testis development (ITD) data were only available in
February (8), March (11), April (2), June (9), October (18) and November (5). Mean
values of both parameters differed significantly between the periods of low and high
testicular activity (p=0.009 and p<0.001 for TL and ITD respectively).

Despite the absence of data for May and June, testosterone concentrations showed a
clear bimodal pattern (Fig. 8b). Ranges overlapped substantially between most months,
but not between April and August, and December. Testosterone concentrations were low
from October-December, with no significant differences between means. They began
increasing in January (February > December: t-test, p=0.007) and rose steadily to April
(March > January: t-test, p=0.027). In July concentrations dipped to January-February
levels (April > July: t-test, p=0.003). They rose again in August (August > July: t-test,
p=0.035), remained at a similar level in September then declined in October (August-
September > October: t-test, p=0.031). Mean concentrations did not differ significantly
in the period of low activity, (October to February plus July) or in the period of high
activity (March to September minus July) and concentrations increased about 2.5 times
between these two periods (t-test, p<<0.001).

Testis weights were correlated with body length in mature males and with age in young
mature males; testosterone concentrations were correlated with age. Any seasonal
variation in the length or age composition of the mature male sample could, therefore,
have accounted for some or even all of the seasonal variation observed. There was,
however, no significant monthly variation in mean age or body length for the male sample
related to testosterone concentration nor any significant difference between means for the
high and low periods of endocrine activity. There were significant monthly variations in
body length and age for the male sample related to testis weight (ANOV As, p<0.010),
but no seasonal trend, and there was no significant variation between periods of testicular
activity as defined above.

Testis histology also showed a seasonal pattern although the general picture was
somewhat blurred by significant individual variation. A decrease in spermatogenesis was
noticeable from September until January, with low levels of spermatogonia and
spermatocyte density, a lack of ‘intermediate’ stages between spermatogonia A-B and
spermatozoa (Fig. 1h). A reduced lumen persisted, even in December and January, in
involuted tubules containing only a few spermatogonia and degenerating primary
spermatocytes. The cells were often clumped together and the lumen of the tubules
contained their degenerating remains. The lowest densities of germ cells and spermatozoa
were observed in January. In February ‘intermediate’ cells and spermatozoa reappeared,
announcing the onset of a new wave of spermatogenesis. Greatest activity was observed in
May and June with numerous deeply stained and condensed chromatins lining the
periphery of the tubules (Fig. 1f). All males showed intense spermatogenic activity in May
and June. However, in autumn and winter, males with and without involuted tubules
could be observed within the same pod (Fig. 1g-h), involuted and non-involuted tubules
were seen on the same slide and, in a few cases, one testis of a pair could show signs of
involution while the other did not. This individual variation may partly explain the unclear
seasonal pattern of tubule diameters (Fig. 8c).

Monthly differences were significant (ANOVA, p=0.001); means differed significantly
between February and March, March and April, June and July, November and December
(t-tests, p<0.001, p=0.005, p=0.031, p=0.050 respectively), and between the periods
March-September and October-February (t-tests, p=0.049). When data were pooled over
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School structure in terms of male sexual maturity

As all 38 mixed schools examined contained, in various proportions, immature and
mature males and immature, pregnant (except one), lactating and resting females, they
can be considered breeding schools.

The average composition of the 19 schools selected for this analysis is given in Table 5.
There were more females than males in all mixed schools except one (average, 1.6 females
per male) and more mature females than mature males (average, 6.1 mature females per
mature male). Four schools (22%) landed in March, May and June (2) contained no
maturing males, while all schools contained at least one mature male.

The number of individuals in each of the social categories listed in Table 5 was
correlated with school size, except the number of early maturing males (p>0.50). All the
parameters examined in Table 5 were independent of school size. The number of mature
males and mature males 22yrs old and older was weakly correlated with the number of
ovulating (CLO) females (p<0.05, Fig. 10).

Between-school variation was important for all parameters considered, but only the
proportion of CLO females, mature males and maturing males + mature males < 22yrs
differed significantly between schools (chi2, p<0.001, p<0.050, p<0.025 respectively).
Consequently the number of CLO females per mature male and per mature males 22yrs
old and older also differed significantly between schools (chi2, p<0.005). Possible
differences between the periods of high and low activity defined earlier were examined.

Table 5

Compositions of 18 mixed and one male-only schools of long-finned pilot whales landed in the Faroes

between July 1986 and December 1989. CLO females are those possessing a corpus luteum but no

detectable foetus, i.e. probably a corpus luteum of ovulation. Other abbreviations are explained in
the Table.

Mixed schools (n=18)

Male-only
School composition Mean (sem) Range school
School size 69.4 (7.8) 26 - 156 8
Females Total 61.1% (1.3) 49.1 -70.3 -
(% Total) Mature (MF) 41.3% (1.2) 27.3-51.7 -
CLO (CLO)* 7.5% (1.7) 0.0-41.3 -
Males Total 38.9% (1.3) 29.7 - 50.9 100%
(% Total) Immature 25.5% (1.3) 15.6 - 36.6 25.0%
Early maturing 1.6% (0.5) 0.0- 7.7 -
Late maturing 1.4% (0.4) 0.0- 44 12.5%
Mature (MM) 10.5% (1.2) 1.6 -19.3 62.5%
Mature <22yrs(MM21) 3.2% (0.6) 0.0-10.2 37.5%
Maturing + MM21 6.1% (0.9) 0.0-15.3 50.0%
Mature= >22yrs(MM22) 7.3% (1.0) 1.6 -15.8 25.0%
Sex ratios Female/Male 1.6 (0.1) 09- 23 -
MF/MM 6.1 (1.5 1.8-26.0 -
MF/MM?22 8.3 (1.9 2.2-26.0 -
CLO/MM* 1.0 (0.3) 0.0- 6.0 -
CLO/MM22* 1.2 (0.4 0.0- 6.0 -

* In this case the sample size is only 17 schools.
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Fig. 10. Number of mature males 22yrs or older as a function of the number of ovulating females in 17
schools of G. melas. Symbols: solid square, mature male caught between March and September; square
with cross, mature male caught betwecn October and February.

No seasonal pattern was detectable for any of the parameters, except for the proportion of
late maturing males. This decreased significantly from 2.2% (SE=0.5, range 0-4.4%,
n=9) in the period October-February to 0.3% (SE=0.2, range 0-1.5% , n=8) in the period
March-September (t-test, p=0.006).

In the two schools that contained only one mature male, the males were 25 and 26yrs
old. The youngest mature male was 14yrs old in a school containing two mature males,
17yrs old in a school containing three mature males, and 17 and 20yrs old in two schools
containing four mature males. Thus, single mature males were several years older than the
youngest mature males in schools containing two mature males or more.

The age structure of the mature males in the 18 mixed schools was as follows:

— 16 schools contained mature males in the age class 14-21 (i.e., all except the two schools
with a single mature male),

— 17 schools (94%) contained mature males in the age class 22-26,

— 5 schools (28%) had mature males between 22 and 26yrs of age as the oldest male,
— 13 schools (72% ) contained mature males in the age-class 27-34, and all these schools
contained males in the age class 31-34,

— 7 schools (39%) contained mature males 35yrs old or older.

The five mature males from the male-only pod were 16, 16, 18, 22 and 24yrs old. Thus,
mature males <22yrs were always in the company of older mature males, and the age-class
31-34 was represented in all schools containing animals older than 26yrs.
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DISCUSSION

Criteria for assessing sexual maturity

If the sexual maturity of a large sample of males is to be assessed, it is important to try and
identify criteria with the least possible overlap between stages and for which the necessary
data/samples can be collected and processed easily and rapidly.

Histological examination for spermatogenesis is usually considered as the only positive
identification of maturity, but is time-consuming. In addition, in species with
comparatively large testes, such as cetaceans, histological sections correspond to only a
small area of testis. This may lead to inaccurate assessment of maturity for individual
whales. In our sample, for example, 18% of males classified as immature from histology
alone had spermatozoa in the epididymal smears and had thus already reached the early
maturing stage. Examination of epididymal smears is more like sampling an entire testis
and might be more accurate, but it is also time-consuming and may pose problems if the
production of spermatozoa is cyclical.

Although data on body length, weight and age are relatively easily and routinely
collected, the large overlap in values between all maturity stages makes them inaccurate
single indicators of maturity in most cetacean species. This is particularly true for pilot
whales where overlap was found even between immature and fully mature males.

The physical characteristics examined in this study overlap considerably between
maturation stages. The best indicator (i.e., with the smallest overlap) was the length of the
testis. The reduced overlap may reflect less sensitivity to seasonal variations or simply be
an artifact of the small sample size. Given its ease of collection, however, further effort
should be applied to assessing its value as an indicator of sexual maturity in pilot whales,
and indeed other cetacean species.

For land mammals, testosterone concentrations are usually used to determine sexual
maturity. In pilot whales, however, the degree of overlap between maturation stages
renders this approach unreliable. Desportes et al. (In press) discussed the reasons for this
level of variation and listed several factors known to affect testosterone secretion in other
mammalian species. Seasonality only accounted for part of the variation in pilot whales
since data overlapped in both seasons of activity even between immature and mature
stages. A high degree of individual variation was also reported in fin whales (@lafsson and
Kjeld, 1986; Kjeld and Arnason, 1989), in minke whales (Yoshioka and Fujise, 1992) and
in three longitudinal studies of dolphins (Harrison and Ridgway, 1971; Judd and Ridgway,
1977; Wells, 1984). Although testosterone concentrations provide a good tool for
following the sexual activity of male cetaceans over time, they cannot be used as a single
indicator of sexual maturity. In addition, the highest levels of testosterone observed in
mature males were found in males younger than 20 years which we do not consider as
being socially mature (see below). Thus high testosterone levels may not be an indicator of
social status and successful mating.

The age and length at attainment of sexual maturity cannot be compared directly on the
basis of testis weight or testosterone levels among species or even stocks of the same
species (Desportes et al., In press; Perrin and Henderson, 1984; Perrin and Reilly, 1984;
Brownell and Ralls, 1986; Aguilar and Monzon, 1992). Hohn et al. (1985) suggested that
an index of testis development normalising testes weight by testes length, thereby
removing the variability in testis weight due to differences in body length, may provide a
tool for comparison of maturity between stocks or species. They found, as an example,
that the spotted dolphins in their study and the common dolphins studied by Collet and St.
Girons (1984) had similar values for immature and mature stages despite the relatively
heavier testes of common dolphins. The index values in our study, however, are more than
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three times those given for spotted dolphins although Hohn e al. (1985) use combined
testicular and epididymis weight.

Studies of primates (e.g. Harcourt et al., 1981; Harvey and Harcourt, 1984; Kenagy and
Trombulak, 1986; Krebs and Davies, 1987) and more recently cetaceans (e.g. Brownell
and Ralls, 1986; Aguilar and Monzon, 1992) have related differences in breeding systems
and sperm competition to differences in testis size. Such studies should be continued
particularly for small odontocetes since they may provide valuable information on
breeding systems of species for which behavioural data are difficult and costly to obtain.

Sexual maturity and breeding longevity

Several definitions of sexual ‘maturity’ can be considered: (i) physiological (i.e. the ability
to produce at least some spermatozoa); (ii) histological (i.e. as defined earlier); (iii)
functional (i.e. fertile); and (iv) social (access to ovulating females and successful
fertilisation occurs — see Best, 1969). In pilot whales, physiological maturity corresponds
to the early maturing stage and is reached at an ASM of 13.8yrs; histological maturity is
reached about 3.5yrs later at an ASM of 17.0yrs. The attainment of functional and social
maturity are much more difficult to assess without behavioural observations.

Male pilot whales can produce spermatozoa when as small as 438cm and as young as
eight years (cf. smears). Most early maturing males had very little or no seminal fluid
microscopically detectable in the epididymis, and less than 20% of them exhibited
‘intermediate’ densities of spermatozoa while 67% of late maturing males exhibited at
least intermediate densities of spermatozoa. Sperm density on epididymal smears
continued to increase well into the late maturing stage, i.e., until 20-21yrs. Thus, the
fertility of early maturing males can be considered lower than that of late maturing and
mature males, even though the minimum density of spermatozoa required for ‘fertility’ is
not known. Early maturing males have most likely not reached functional maturity, while
most late maturing males are probably functionally mature. Functional maturity thus
corresponds roughly to the late maturing and mature stages and is reached at an ASM of
about 15yrs.

The available evidence suggests that social maturity is not equivalent to either
functional or histological maturity, i.e., that the youngest ‘mature’ males may not be
socially mature. Although the examined pilot whale schools always contained mature
males, maturing, in particular late maturing, males were not always represented. This may
be because they are unable to substitute for mature males. Body weight (Bloch et al.,
1993b), testis weight and tubule diameter continued to increase until about 25yrs, i.e.,
some seven years after histological maturity was reached. Single mature males were
several years older than the youngest mature males in schools containing more than one,
and mature males younger than 22yrs always occurred in the company of older ones. It
thus seems likely that successful mating may not take place until several years after
histological maturity is reached and be delayed to the age of 22yrs or even 25yrs.

It was also found that sperm density was significantly higher in the age class 29-34. The
age class 27-34 was represented in all the schools containing males older than 26yrs (72%),
suggesting that the age class 29-34 might be the main breeding group in males.

The high values of testosterone and testis weight found in some young mature males do
not contradict this view. High levels of plasma testosterone are observed during puberty in
several mammalian species (McCann et al., 1974; Ghanadian er al., 1975; Berger et al.,
1976; Saboureau and Dutourné, 1981). In the case of wolves, although only one pair
reproduces in a pack, endocrinal and behavioural data show that all mature animals
appear physiologically capable of reproduction and during the reproductive season
subordinate females ovulate and subordinate males show testicular development (Packard
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et al., 1985). Spermatogenesis occurs in non-breeding male naked mole-rats, although the
testosterone levels are lower than in breeding males (Faulkes et al., 1991).

In Newfoundland pilot whales, Sergeant (1962) took the macroscopical presence of
seminal fluid in the epididymis as the criterion for functional maturity (in testes weighing
1.7g or more). He estimated the LSM to be 490cm, i.e., the mean length between the
largest immature (510cm) and the smallest mature (465cm). ASM was estimated at 12yrs
based on the histological detection of seminal fluid. If the macroscopical detection of
seminal fluid is kept as the criterion for maturity, both the largest male with no seminal
fluid and the smallest male with seminal fluid had testes weighing about 1.7kg, which
corresponds roughly to the age of 15yrs on Sergeant’s plot of testis weight against age. In
the Faroes, most late maturing and mature males had seminal fluid in the epididymis while
early maturing males usually did not, and the attainment of the functional maturity as
defined by Sergeant thus corresponds approximately to the attainment of the late
maturing stage (ASM = about 15yrs and LSM about 500cm).

The values of ASM and LSM for Faroese and Newfoundland males are not
incompatible, given the disparity in the methods used, the small Newfoundland sample
size and the fact that Sergeant (1962) sometimes used estimated and not direct values.

Comparison with other studies dealing with North Atlantic male pilot whale
reproduction is difficult, since they are based on very limited samples and did not estimate
ASM and LSM (Cowan, 1966: 27 males; Desportes, 1982: 8 males; Martin et al., 1987: 11
males; Bloch, 1992: 41 males; Collet, 1987: 11 males; Sigurjonsson ez al., 1993: 12 males).
The pattern of testis growth they presented, however, was not inconsistent with the
Faroese data, and testicular growth spurts took place within the same range of body length
and age data (Desportes et al., In press).

Comparison is possible, however, with studies of the southern and northern forms of the
related short-finned pilot whale (Kasuya and Marsh, 1984; Kasuya and Tai, 1993) since
sample sizes were large and similar or related methods and criteria were used. Many
results were similar, including the correlation of age and body length with maturity, the
tendency of larger males to mature at a younger age and the cessation of testis growth at
about 25yrs, with larger mature males having heavier testes than smaller ones. The
attainment of the late maturing stage was also considered as the attainment of functional
maturity in short-finned pilot whales, and histological maturity occurred later at an ASM
of 17.0yrs for both forms. A major difference is that we considered that long-finned pilot
whales reached social maturity some five years after histological maturity, whereas
Kasuya and Marsh (1984) and Kasuya and Tai (1993) considered that histological maturity
and social maturity were equivalent in short-finned pilot whales, as has been described for
striped dolphins (Miyazaki, 1984) and sperm whales (Best, 1969; Best et al., 1984).

Although the maturing stage included males between 11 and 22yrs of age, the low
percentage of maturing males in schools suggests that either testicular maturation occurs
rapidly or that animals in this stage are under-represented in the harvested schools.
Humans progress through the pubertal stage at a rapid rate, and not in synchrony with
their chronological peers (Sinclair, 1973). This is likely to be the case in long-finned pilot
whales and it has also been suggested for short-finned pilot whales (Goebel-Diaz, 1986).
This implies that the overall group information will underestimate the rate of changes and
overestimate the period over which they take place.

In our sample, sperm density appeared lower in males over 34yrs, possibly reflecting a
decline in potential reproductive success. No evidence for such a decline was observed in
short-finned pilot whales (Kasuya and Marsh, 1984; Kasuya and Tai, 1993). However, the
oldest male long-finned pilot whales did undergo spermatogenesis and testis weight did
not appear to decline with age, thus the decline in density may not mean that older males
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could no longer successfully reproduce. Further examination with a larger sample size is
required. Harman and Talbert (1985) point out in their review of reproductive ageing, that
although there is considerable evidence that males in many species do show an overall
reduced reproductive capacity with age, there is a high degree of individual variation and
some males retain their full reproductive function into old age.

Seasonality

Testicular activity clearly has a strong seasonal component in Faroese pilot whales. It is
highest between March and September with an overall 1.5 fold increase in testis weight
and an overall 2.5 fold increase in testosterone concentrations. There is, however, no
period of complete cessation of activity; high testis weights and testosterone
concentrations were found from October-February when 23% of males exhibited high
densities of spermatozoa. These results agree with the findings on female reproductive
activity where conceptions and births were estimated to occur mainly from spring to early
autumn, but also in winter months (Martin and Rothery, 1993). Reproductive activity is
thus diffusely seasonal in males and females.

The mean testosterone concentrations showed a clear bimodal pattern (although no
data were collected in May and June) with a monotonic increase from January to April, a
dip in July and a second peak in August-September. Bimodal patterns in testosterone
levels have been reported for bottlenose dolphins (Harrison and Ridgway, 1971) and
many avian and mammalian species (e.g. Gulamhusein and Tam, 1974; Boissin et al.,
1980; Atkinson and Gilmartin, 1992). The pattern is consistent with the bimodal
distribution of breeding events proposed by Martin and Rothery (1993) for the Faroese
long-finned pilot whale, with a secondary peak of conceptions in September. Since foetal
mortality is important in pilot whales (Brault et al., 1993; Martin and Rothery, 1993;
Desportes et al., In press) and particularly at the beginning of pregnancy (Brault er al.,
1993), the protracted period of elevated testicular activity of seven months with a bimodal
pattern of testosterone concentrations may be an adaptive feature allowing females
miscarrying early in pregnancy to reconceive in the same season.

Comparison with the results of Sergeant (1962) for Newfoundland is problematic. He
describes a cessation of male sexual activity in late summer and the restriction of nearly all
conceptions to a six-month season limited by the period of male reproductive activity.
However, his sampling period was limited to the period July-October, and this may
explain the apparent difference with the Faroese results.

Similar diffuse seasonality in testicular activity has been reported for the spotted
dolphin (Hohn ez al., 1985) and suggested for the common dolphin (Harrison ez al., 1969;
Harrison, 1972; Hui, 1979), the bottlenose dolphin (Harrison and Ridgway, 1971) and the
short-finned pilot whale (Kasuya and Marsh, 1984; Kasuya and Tai, 1993).

This diffuse seasonality is interesting because it contrasts with the patterns accepted for
land mammals. Mauget et al. (1981) believe that the concept of a reproductive ‘cycle’
requires the existence of a resting period in sexual activity. Boissin er al. (1980) and
Mauget et al. (1986) define two possible patterns: — definite reproductive seasonality with a
strict involution of testicular activity in autumn and winter concomitant with a lack of
sexual activity; or a continuous or long breeding period or a breeding period controlled by
temporal variation in forage availability and temperature, with males remaining
physiologically capable of reproduction throughout the year. Definite seasonality with a
limited period of testicular activity and a resting period with complete involution of
spermatogenesis has been described for harbour porpoises (Sgrensen and Kinze, In press;
Sgrensen, pers. comm.).

The diffuse seasonality observed in Faroese long-finned pilot whales may be a species or
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family, adaptative feature, but may also be partly due to the non-geographical
homogeneity of the sample. Geographical variations in breeding seasons have been
reported for land mammals, and sometimes among populations close geographically, but
isolated (Novoa, 1970; Neaves, 1973). Similar variations have also been described in
odontocetes (short-finned pilot whales — Kasuya and Tai, 1993; spotted dolphins - Barlow,
1984; Hohn et al., 1985; spinner dolphins — Barlow, 1984; common dolphins — Collet and
Saint Girons, 1984; sperm whales — Best et al., 1984; harbour porpoises — Gaskin et al.,
1984; killer whales — Matkin and Leatherwood, 1986).

Pilot whales are found throughout the North Atlantic, and it is not yet known whether
the Faroese drive fishery operates on one or more populations. Significant differences
have been found between pods in organochlorine loads (Aguilar et al., 1993), heavy metal
loads (Caurant et al., 1993; In press), parasitic loads (Balbuena, 1991; Desportes ez al.,
1993a; Raga and Balbuena, 1993) and allele frequencies of electrophoretic markers
(Andersen, 1988; 1990; 1993). These differences support the idea of a non-homogeneous
population with at least three groups of schools in those landed during the period 1986—
1988 (Desportes et al., 1993b). A preliminary comparison also showed that testis weight of
mature males varied significantly among the four schools landed in September although
there were no significant differences in age or body length (ANOVA, p=0.032;
Desportes, unpublished), also supporting the idea of non-homogeneity in Faroese
schools. Variations in school geographical history may imply asynchrony in the timing of
reproductive events determined by environmental factors, and hence a drift from the main
peak of testicular and breeding activities. This would help to explain the high degree of
individual variability observed in most parameters studied. Further analysis and
comparison of various parameters are clearly needed to verify this hypothesis.

School structure and sexual behaviour

In mammalian species it is usual for maturing offspring of one or both sexes to leave their
natal groups (Greenwood, 1980). In numerous species males disperse (Jensen, 1969;
Ridgway and Harrison, 1981; Clutton-Brock et al., 1982; Mauget et al., 1986), but they can
also become subordinate individuals which do not reproduce (Rasa, 1984; Packard et al.,
1985; Trivers, 1985; Mauget et al., 1986: Faulkes and Abbott, 1991; Faulkes et al., 1991).
In odontocetes, male dispersal has been found for sperm whales, striped dolphins, hump-
backed dolphins and bottlenose dolphins (Best, 1969; Norris and Dohl, 1980; Wells et al.,
1980; Best et al., 1984). Kasuya and Marsh (1984) suspected dispersal of maturing short-
finned pilot whale males on the basis of the uneven distribution of maturing males among
schools and the lack of males in the age-range 10-20yrs. In killer whales, dispersal was
observed in ‘transient’ pods but not in ‘resident’ pods (Bigg et al., 1990).

Amos et al. (1991a; b; 1993) postulate on the basis of genetic analysis that male long-
finned pilot whales do not disperse from their natal groups. They neither father offspring
within their own pod nor show strong reproductive dominance. Groups of related males
(i.e. from one pod) must mate when two or several pods meet or when adult males visit
other pods. These events must be transitory since paternity testing has failed to reveal
fathers (Amos et al., 1993). These results are, however, based on detailed analysis of only
two pods, landed two days apart in close proximity and likely to be related (Amos et al.,
1991a) and thus may not be representative of all of the sampled pods. Both schools
included, for example, very few maturing (0 and 1) and young mature males (3 and
0<22yrs) among their 90 and 102 individuals, respectively.

In fact, we believe that the structure of Faroese pods suggests that maturing and young
mature males move away from their schools and aggregate in others, at least temporally,
since the population of maturing males and mature males <22yrs ranged from 0 to 8% and
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15% respectively and the proportion of these two groups combined varied significantly
among schools. The existence of a male-only group composed of males <25yrs (Desportes
et al., 1993a) and the significantly lower proportion of late maturing males in the period
March-September also supports this hypothesis.

The proportion of mature males and mature males 22yrs old and older varied between
schools from 0 to 19% and 16% respectively. Their numbers were weakly correlated with
the number of ovulating females, suggesting that mature males may aggregate in certain
schools at certain times and that one of the controlling factors might be the female
reproductive cycle. Schools consisting mainly of large males, if not only of males, and
without calves, have also been caught in the past by the Faroes drive fishery (Bloch, 1992),
and have been observed in other places (e.g. see review in Evans, 1987). Sergeant (1962)
also postulated some segregation by mature male long-finned pilot whales off
Newfoundland, at least in late summer, citing a school comprising nine mature and one
immature male and four probably senile females and two groups of mature males
separated from other individuals, one at sea and the other during a drive.

There is, thus, some evidence that male long-finned pilot whales from puberty onwards
may, at least temporarily, move away from their natal schools, aggregate in others and/or
form non-breeding schools which may include some immature males and old females. This
feature may play a role in the bias sex ratio observed from puberty onwards, although
probably less importantly than the higher male mortality described by Martin et al. (1987)
and Bloch et al. (1993b).

If some segregation does occur in pilot whales and males move between pods, even for
short periods, it is perhaps surprising that non-breeding or male-only groups are not more
often identified. Several factors may explain this. The non-breeding schools observed in
Newfoundland and the Faroes reveal that they may comprise immature as well as adult
males. These schools will not be recognised as having a special composition, unless the
sex, age and reproductive status of all the individuals is known, particularly at sea since
only large bulls are positively identifiable. Reaction to vessels has been found to vary for
different growth stages, sex and reproductive state in the Dall’s porpoise (Kasuya and
Jones, 1984), and it is possible that this may also occur for pilot whales. Furthermore,
solitary pilot whales or small groups are more likely to be missed by observers. Of the 18
mixed schools analysed from the Faroes, 67% contained less than 10 mature males, so any
group of related males leaving a school for mating is likely to be small. Thus it is infact not
surprising that such individuals and groups are under-represented in fisheries, since
opportunistic drive fisheries do not target such small units. In the Faroes, the smallest
complete school landed between July 1986 and June 1988 contained 26 animals. The
average for 43 schools was 84.7£8.0, although several of them were known to be part of
bigger groups (Bloch et al., 1990). Over the period 1709-1992, the average size of 1,629
schools was 147.8 whales; 2.5% of them were single whales (Zachariassen, 1993). Non-
breeding schools may also be under-represented in catches or strandings because of a
geographical or offshore segregation as has been described for the sperm whale and the
harbour porpoise (e.g. see review in Evans, 1987).

In conclusion, the social behaviour and mating system of pilot whales has not yet been
elucidated and more information is needed from genetic studies, detailed analysis of
school structure in fisheries and at sea, and an examination of the behaviour of individuals.

ACKNOWLEDGEMENTS

This study was made possible by the invaluable participation in the field sampling and the
laboratory processing of the staff of the Faroese Natural History Museum and the Centre



REP. INT. WHAL. COMMN (SPECIAL ISSUE 14) 1993 259

d’Etudes Biologiques des Animaux Sauvages. We sincerely wish to thank all of them and
particularly R. Mouritsen, S. Skaaning, E. Stefansson, H. Gaasedal, S. Marillet and C.
Trouvé. Thanks also to all the other scientists involved in the sampling notably F.
Caurant, J.A. Balbuena, L. Venturino and last but not least D. Bloch, with a very special
mention to our late British colleague, T.D. Waters. The technicians of the Laboratory of
Anatomo-Cyto-Pathology of the Central Faroese Hospital took care of the histological
preparations, special thanks to R. Sgrensen. Thanks also to Dr. Egholm of the same
laboratory for his advice in the histological examination. We would especially like to
express our gratitude to M.T. Hochereau-de Reviers, Laboratory of Physiology and
Reproduction of Nouzilly, Institut National de la Recherche Agronomique, who
examined a standard sample consisting of 100 selected slides. Thanks to T.B. Sgrensen for
his support and many fruitful discussions. We are indebted to A. Collet, G. Donovan, A.
Hohn, T. Kasuya and an anonymous reviewer for commenting upon and reviewing
previous manuscripts. The funding authorities were the Faroese Government. We are
especially grateful to K. Hoydal, Director of Fisheries, who made the whole project
possible.

REFERENCES

Aguilar. A. and Monzon, F. 1992. Interspecific variation of testis size in cetaceans: a clue to reproductive
behavior? Eur. Res. Cetaceans 6:162—4.

Aguilar, A., Jover, L. and Borrell, A. 1993. Heterogencities in organochlorine profiles of Faroese long-
finned pilot whales: indication of segregation between pods. (Paper published in this volume.)

Amos, B., Barrett, J. and Dover, G.A. 1991a. Breeding behaviour of pilot whales revealed by DNA
fingerprinting. Heredity 67:49-56.

Amos, B.. Barrett, J. and Dover, G.A. 1991b. Breeding system and social structure in the Faroese pilot
whale as revealed by DNA fingerprinting. Rep. int. Whal. Commn (special issue 13):255-68.

Amos, B., Schiotterer, C. and Tautz, D. 1993. Social structure of pilot whales revealed by analytical DNA
profiling. Science 260(5108):670-2.

Amos, W., Barrett, J., Bancroft, D., Majerus. T., Bloch, D., Desportes, G. and Dover, G.A. 1993. A
review of molecular evidence relating to social organisation and breeding system in the long-finned pilot
whale. (Paper published in this volume.)

Andersen, L.W. 1988. Electrophoretic differentiation among local populations of the long-finned pilot
whale, Globicephala melaena, at the Faroe Islands. Can. J. Zool. 66(8):1884-92.

Andersen, L.W. 1990. The population structure and sex determination of the long-finned pilot whale,
Globicephala melas, and the harbour porpoise, Phocoena phocoena. Ph.D. Thesis, Aarhus University,
Denmark. 50pp.

Andersen, L.W. 1993. Further studies on the population structure of the long-finned pilot whale,
Globicephala melas, off the Faroe Islands. (Paper published in this volume.)

Atkinson, S. and Gilmartin, W.G. 1992. Seasonal testosterone pattern in Hawaiian monk seal (Monachus
schauinslandi). J. Reprod. Fertil. 96:35-9.

Balbuena, J.A. 1991. Estudio taxénomico y ecolégico de la parasitofauna del calderén comdn,
Globicephala melas (Traill, 1809), en las aguas de Europa. Doctoral Thesis, University of Valencia.
i-viii+305pp.

Barlow, J. 1984. Reproductive seasonality in pelagic dolphins (Stenella sp.): implications for measuring
rates. Rep. int. Whal. Commn (special issue 6):191-8.

Berger, M., Chazaud, J., Jean-Faucher, C., De Turckeim, M., Veyssi¢ére, G. and Jean, C. 1976.
Developmental patterns of plasma and testicular testosterone in rabbits from birth to 90 days of age.
Biol. Reprod. 15:561-4.

Best, P.B. 1969. The sperm whale (Physeter catodon) off the West Coast of South Africa. 3. Reproduction
in the male. Investl Rep. Div. Sea Fish. S. Afr. 72(3):1-20.

Best, P.B., Canham, P.A.S. and MacLeod, N. 1984. Patterns of reproduction in sperm whales, Physeter
macrocephalus. Rep. int. Whal. Commn (special issue 6):51-79.

Bigg, M.A., Olesiuk, P.F., Ellis, G.M., Ford, J.K.B. and Balcomb, K.C. 1990. Social organization and
gencalogy of resident killer whales (Orcinus orca) in the coastal waters of British Columbia and
Washington State. Rep. int. Whal. Commn (special issue 12):383-405.



260 DESPORTES et al.: MALE REPRODUCTION

Bloch, D. 1992. Studies on the long-finned pilot whale in the Faroe Islands, 1976-1986. Frddskaparrit 38—
39:35-61.

Bloch, D., Desportes, G., Hoydal, K. and Jean, P. 1990. Pilot whaling in the Faroe Islands. July 1986 —July
1988. North Atl. Stud. 2(1+2):3644.

Bloch, D., Desportes, G., Mouritsen, R., Skaaning, S. and Stefansson, E. 1993a. An introduction to
studies of the ecology and status of the long-finned pilot whale (Globicephala melas) off the Faroe
Islands, 1986-1988. (Paper published in this volume.)

Bloch, D., Lockyer, C. and Zachariassen, M. 1993b. Age and growth parameters of the long-finned pilot
whale off the Faroe Islands. (Paper published in this volume.)

Boissin, J., Jallageas, M. and Assenmacher, I. 1980. Cycle annuel du fonctionnement testiculaire des
oiseaux et des mammiferes. Régulation par les facteurs de 'environment et influence des interrelations
testothyroidiennes. pp. 141-56. In: R. Ortavant and A. Reinberg (eds.) Rythmes et Reproduction.
Masson, Paris. '

Brault, S., Desportes, G. and Caswell, H. 1993. Estimates of foetal mortality rates in long-finned pilot
whales. Paper WG-4 presented to the ICES study group on long-finned pilot whales, Copenhagen,
August-September 1993 (unpublished). 15pp + figures.

Brownell, R.L. and Ralls, K. 1986. Potential for sperm competition in baleen whales. Rep. int. Whal.
Commn (special issue 8):97-112.

Caurant, F., Amiard-Triquet, C. and Amiard, J.C. 1993. Factors influencing the accumulation of metals in
pilot whales (Globicephala melas) off the Faroe Islands. (Paper published in this volume.)

Caurant, F., Amiard-Triquet, C. and Amiard, J.-C. In press. Ecological and biological factors controlling
the concentrations of trace elements (As, Cd, Cu, Hg, Se, Zn) in delphinids (Globicephala melas) from
the North Atlantic Ocean. Mar. Ecol. Prog. Ser.

Clutton-Brock, T.H., Guinness, F.E. and Albon, S.D. 1982. Red Deer: Behavior and Ecology of Two
Sexes. University of Chicago Press, Chicago. 378pp.

Collet, A. 1987. Data on pilot whales from the coast of France. Paper SC/39/SM21 presented to the IWC
Scientific Committee, Junc 1987 (unpublished).

Collet, A. and Saint Girons, H. 1984. Preliminary study of the male reproductive cycle in common
dolphins, Delphinus delphis, in the eastern North Atlantic. Rep. int. Whal. Commn (special issue
6):355-60.

Cooke, J.G. 1984. The estimation of mean ages at sexual maturity from age samples. Paper SC/36/0 22
presented to the IWC Scientific Committee, May 1984 (unpublished). 8pp.

Courot, M., Hochereau-de Reviers, M. T. and Ortavant, R. 1970. Spermatogenesis. pp. 339-432. In: A.D.
Johnson, W.R. Gomes and N.L. Vandemark (eds.) Vol. 1. The Testis. Academic Press, New York,
London. 684pp.

Cowan, D.F. 1966. Observations on the pilot whale Globicephala melaena: organ wcight and growth.
Anat. Rec. 155:623-8.

DeMaster, D.P. 1984. Review of techniques used to estimate the average age at attainment of sexual
maturity in marinc mammals. Rep. int. Whal. Commn (special issuc 6):175-9.

Desportes, G. 1982. Contribution a I'étude de la biologic de Globicephala melaena T. en Atlantique Nord
Est. D.E.A. de Biologie ct Physiologie animales, Universit¢ de Poitiers. Rapport de Stage 1981-1982.
78pp. [In French].

Desportes, G. 1983. Croissance foctale et juvenile de Globicephala melaena en Atlantique Nord-Est.
Paper C.M. 1983/N : 7 presented to the Marine Mammal Committee of ICES, Gotcborg 1983
(unpublished) 6pp. [In French with English summary].

Desportes, G. 1990. Pilot whale research in the Faroc Islands: presentation and preliminary results. North
Atl. Stud. 2(1+2):47-54.

Desportes, G. In press. Symmetry in testicular development in long-finned pilot whales. Mar. Mammal Sci.

Desportes, G.. Andersen, L.W.. Aspholm, P.E.. Bloch, D. and Mouritsen, R. 1993a. A note about a
male-only pilot whale school observed in the Faroc Islands. Frédskaparrit 40:31-8.

Desportes, G., Bloch, D., Andersen, L.W. and Mouritsen, R. 1993b. The international research
programme on the ccology and status of the long-finned pilot whale off the Faroe Islands: Prescntation,
results and refcrences. Frddskaparrit 40:9-30.

Desportes, G., Sabourcau, M. and Lacroix, A. In press. Growth-related changes in testicular weight and
plasma testostcrone concentrations in long-finned pilot whales, Globicephala melas. J. Reprod. Fertil.

Evans, P.G.H. 1987. The Natural History of Whales and Dolphins. Christopher Helm, London.
xvi+343pp.

Faulkes. C.G. and Abbott, D.H. 1991. Social control of reproduction in breeding and non-breeding male
naked molerats (Heterocephalus glaber). J. Reprod. Fertil. 93:427-35.

Faulkes, C.G.., Abbott, D.H. and Jarvis, J.U.M. 1991. Social suppression of reproduction in male naked
molc-rats, Heterocephalus glaber. J. Reprod. Fertil. 91:593-604.



REP. INT. WHAL. COMMN (SPECIAL ISSUE 14) 1993 261

Gaskin, D.E., Smith, G.J.D., Watson, A.P., Yasui, W.Y. and Yurick, D.B. 1984. Reproduction in the

g;)rg;i_s::s (Phocoenidae): implications for management. Rep. int. Whal. Commn (special issue
: 8.

Ghanadian, R., Lewis, J.G. and Chisholm, G.D. 1975. Serum testosterone and dihydrotestosterone
changes with age in rats. Steroids 25(6):753-62.

Gocebel-Diaz, C.A. 1986. The relationship between age and spermatogenesis in the male short-finned pilot
whale, Globicephala macrorhynchus (Gray 1846). Msc Thesis, University of Washington. 97pp.

Greenwood, P.J. 1980. Mating systems, philopatry and dispersal in birds and mammals. Anim. Behav.
28:1140-62.

Gulamhusein, A.P. and Tam, W.H. 1974. Reproduction in the male stoat, Mustela erminea. J. Reprod.
Fertil. 41:303-12.

Harcourt, A.H., Harvey, P.H., Larson, S.G. and Short, R.V. 1981. Testis weight and breeding systems in
primates. Nature, Lond. 293:55-7.

Harman, S.M. and Talbert, G.B. 1985. Reproductive aging. pp. 457-510. In: C.E. Finch and E.L.
Schneider (eds.) Handbook of the Biology of Aging. 2nd edition. Edn. Van Nostrand Reinhold
Company, New York.

Harrison, R.J. 1972. Functional Anatomy of Marine Mammals. Vol. 1. Academic Press, London and New
York. 451pp.

Harrison, R.J. and Ridgway, S.H. 1971. Gonadal activity in some bottlenose dolphins (Tursiops
truncatus). J. Zool. 162:355-66.

Harrison, R.J., Boice. R.C. and Brownell, R.L.J. 1969. Reproduction in wild and captive dolphins.
Nature, Lond. 178:1934.

Harvey, P.H. and Harcourt, A.H. 1984. Sperm competition, testes size, and breeding systems in primates.
pp. 589-600. In: R.L. Smith (ed.) Sperm Competition and the Evolution of Animal Mating Systems.
Academic Press, Orlando.

Hohn, A.A. 1989. Comparison of methods to estimate the average age at sexual maturation in dolphins.
Paper SC/41/0 28 presented to the IWC Scientific Committee, May 1989 (unpublished). 20pp.

Hohn, A A., Chivers, S.J. and Barlow, J. 1985. Reproductive maturity and seasonality of male spotted
dolphins, Stenella attenuata, in the castern tropical Pacific. Mar. Mammal Sci. 1(4):273-93.

Hui, C.A. 1979. Correlates of maturity in the common dolphin, Delphinus delphis. Fish. Bull., US
77:295-300.

Jensen, B. 1969. Preliminary rcsults from the marking of foxes (Vulpes vulpes) in Denmark. Dan. Rev.
Game Biol. 5:1-18.

Judd, H.L. and Ridgway, S.H. 1977. Twenty-four hour patterns of circulating androgens and cortisol in
malc dolphins. pp. 269-77. In: S.H. Ridgway and K. Benirschke (eds.) Breeding Dolphins: Present
Status, Suggestions for the Future. US Department of Commerce. 308pp. Report No. MMC-76/07, PB-
273 673.

Kasuya, T. and Jones, L.L. 1984. Behaviour and segregation of the Dall’s porpoise in the northwestern
North Pacific. Sci. Rep. Whales Res. Inst., Tokyo 35:107-28.

Kasuya, T. and Marsh, H. 1984. Life history and reproductive biology of the short-finned pilot whale,
Globicephala macrorhynchus, off the Pacific coast of Japan. Rep. int. Whal. Commn (special issue
6):259-310.

Kasuya, T. and Tai, S. 1993. Life history of short-finned pilot whalc stocks off Japan. (Paper published in
this volume.)

Kasuya, T., Sergeant, D.E. and Tanaka. K. 1988. Re-examination of life history parameters of long-finned
pilot whales in the Newfoundland waters. Sci. Rep. Whales Res. Inst., Tokyo 39:103-19.

Kenagy. G.J. and Trombulak, S.C. 1986. Size and function of mammalian testes in relation to body size. J.
Mammal. 67:1-22.

Kjeld, M. and Arnason, A. 1989. Serum progestcrone and testosterone valucs in fin whales caught off
Iceland: a progress report for 8 years. Paper SC/41/Ba9 presented to the IWC Scientific Committee, May
1989 (unpublished). 7pp.

Krebs, J.R. and Davies, N.B. 1987. An Introduction to Behavioural Ecology. 2nd Edn. Blackwell Scientific
Publications, Oxford. ix+389pp.

Martin. A.R. and Rothery, P. 1993. Reproductive parameters of femalc long-finned pilot whales
(Globicephala melas) around the Faroe Islands. (Paper published in this volume.)

Martin, A.R.. Reynolds, P. and Richardson, M.G. 1987. Aspects of the biology of pilot whales
(Globicephala melaena) in recent mass strandings on the British coast. J. Zool. (Lond.) 211:11-23.
Matkin, C.O. and Leatherwood, S. 1986. General biology of the killer whale: a synopsis of knowledge. pp.
35-68. In: B.C. Kirkevold and J.S. Lockard (eds.) Behavioral Biology of the Killer Whales. Alan R. Liss

Inc.. New York. 457pp.



262 DESPORTES er al.: MALE REPRODUCTION

Mauget, R., Boissin-Agasse, L. and Boissin, J. 1981. Ecorégulation du cycle annuel de la fonction de
reproduction chez les mammiféres sauvages. Bull. Soc. Zool. Fr. 106(4):431-43. )
Mauget, R., Maurel, D. and Sempere, A. 1986. Seasonal aspects of endocrine control of space-time
utilization in wild mammals. pp. 497-507. In: 1. Assenmacher and J. Boissin (eds.) Endocrine

Regulations as Adaptative Mechanisms to the Environment. CNRS, Paris.

McCann. S.M.. Ojeda, S. and Negro-Vilar, A. 1974. Sex steroid, pituitary, and hypothalamic hormones
during puberty in experimental animals. pp. 1-31. In: M.M. Grumbach, G.D. Grave and F.E. Mayer
(eds.) Control of the Onset of Puberty. John Wiley and Sons, New York.

Miyazaki, N. 1984. Further analyses of reproduction in the stripcd dolphin, Stenella coeruleoalba, off the
Pacific coast of Japan. Rep. int. Whal. Commn (special issuc 6):343-53.

Morton. W.R.M. 1963. Obscrvations on the testes of the Ca’ing whale (Globicephala melaena Traill). J.
Anat. 97:143.

Neaves, W.P. 1973. Changes in testicular Leydig cells and in plasma tcstostcrone levels among seasonally
breeding rock hyrax. Biol. Reprod. 8(4):451-66.

Norris, K.S. and Dohl, T.P. 1980. The structarc and function of cetacean schools. pp. 211-61. In: L.M.
Herman (ed.) Cetacean Behaviour: Mechanisms and Functions. John Wiley & Sons, New York.
xiii+463pp.

Novoa, C. 1970. Reproduction in Camelidac, a review. J. Reprod. Fertil. 22:3-20.

Olafsson, 1. and Kjeld, M. 1986. Serum progestcrone and testosterone levels in fin whales (Balaenoptera
physalus). Isr. J. Vet. Med. 42(4):300-6.

Packard, J.M., Seal. U.S., Mech., L.D. and Plotka, E.D. 1985. Causes of reproductive failure in two family
groups of wolves (Canis lupus). Z. Tierpsychol. 68:24-40.

Perrin, W.F. and Donovan, G.P. 1984. Report of the Workshop. Rep. int. Whal. Commn (special issue
6):1-24.

Perrin, W.F. and Henderson, J.R. 1984. Growth and reproductive rates in two populations of spinner
dolphins, Stenella longirostris, with different histories of exploitation. Rep. int. Whal. Commn (special
issue 6):417-30.

Perrin, W.F. and Reilly. S.B. 1984. Reproductive parameters of dolphins and small whales of the family
Delphinidae. Rep. int. Whal. Commn (special issue 6):97-133.

Raga, J.A. and Balbuena, J.A. 1993. Parasites of the long-finned pilot whale, Globicephala melas (Traill,
1809), in European waters. (Paper published in this volume.)

Rasa, A. 1984. Die Perfekte Familie — Leben Und Socialverhalten Der Afrikanischen Zwergmungos.
Deutsche Verlags-Anstatl GmbH, Stuttgart. 360pp.

Ridgway. S.H. and Harrison, R.J. (eds.). 1981. Handbook of Marine Mammals. Vol. 1 and 2. Academic
Press, London. 235 and 359pp.

Sabourcau, M. and Dutourné, B. 1981. The reproductive cyclc in the male hedgehog ( Erinaceus europaeus
L.): a study of endocrine and exocrine testicular functions. Reprod. Nutr. Dev. 21:109-26.

Sanderson, K. 1991. Whales and Whaling in the Faroe Islands. Department of Fisheries, Torshavn, Faroe
Islands. 38pp.

Sergeant, D.E. 1962. The biology of the pilot or pothead whale Globicephala melaena (Traill) in
Newfoundland waters. Bull. Fish. Res. Board Can. 132:1-84.

Sigurjonsson, J., Vikingsson, G. and Lockyer, C. 1993. On two recent mass strandings of pilot whales
Globicephala melas on the west and southwest coast of Iceland. (Paper published in this volume.)

Sinclair, D. 1973. Human Growth After Birth. Oxford University Press, New York. 212pp.

Sokal, R.R. and Rohlf, F.J. 1981. Biometry. 2nd Edn. W.H. Frceman and Co., San Francisco. 859pp.

Sgrensen, T.B. and Kinze, C.C. In press. Reproduction and reproductive seasonality in Danish harbour
porpoises, Phocoena phocoena. J. Reprod. Fertil.

Trivers, R. 1985. Social Evolution. Benjamin Cumings, Menlo Park, California. xvii+462pp.

Wells, R.S. 1984. Reproductive behavior and hormonal correlates in Hawaiian spinner dolphins, Stenella
longirostris. Rep. int. Whal. Commn (special issue 6):465-72.

Wells, R.S.. Irvine, A.B. and Scott, M.D. 1980. The social ecology of inshore odontocetes. pp. 263-317.
In: L.M. Herman (cd.) Cetacean Behaviour: Mechanisms and Functions. John Wiley & Sons, New York.
xiti+463pp. Wilkinson, L. 1988. SYSTAT: The System for Statistics. SYSTAT Inc, Evanston, Illinois.

Yoshioka, M. and Fujisc, Y. 1992. Serum testosterone and progesterone levels in southern minke whales
(Balaenoptera acutorostrata). Papcr SC/44/SHB13 prescnted to the IWC Scientific Committee, June
1992 (unpublished). 4pp. :

Zachariassen, P. 1993. Pilot whale catches in Faroe Islands 1709-1991. (Paper published in this volume.)



Reproductive Parameters of Female Long-Finned
Pilot Whales (Globicephala melas) Around the
Faroe Islands

A _.R. Martin

Sea Mammal Research Unit, Natural Environment Research Council, c/o British
Antarctic Survey, High Cross, Madingley Road, Cambridge, CB3 OET, UK

P. Rothery

British Antarctic Survey, Natural Environment Research Council, High Cross,
Madingley Road, Cambridge CB3 OET, UK

ABSTRACT

Nearly 2,000 female long-finned pilot whales, Globicephala melas, from the Faroese catch
were examined, measured and sampled between July 1986 and June 1988. Females of this
stock ovulate for the first time at an average age of 8yrs and average body length of 375cm.
The attainment of a minimum body length, rather than a minimum age, seems to trigger
menarche. The pattern of ovulation varies considerably within and between animals, but the
average rate of one ovulation every 4yrs varies little through life. Ovulation and pregnancy
may occur in even the oldest animals, but the interval between births increases throughout
life, and pregnancy beyond 40yrs of age is rare. The average reproductive cycle is 5.1yrs in
duration, but the youngest mature females shorten the lactation and ‘resting’ phases to the
extent that pregnancy often occurs while they are still producing milk for the previous calf.
Gestation lasts about 12 months; the calf is born at a mean length of 177cm and mass of 74kg.
Conceptions and births are diffusely seasonal, peaking in summer and autumn. There is no
evidence of consistent breeding synchrony within pods. Little difference could be found
between the reproductive characteristics of this stock and that of the Newfoundland stock
which was studied in the late 1950s.

KEYWORDS: PILOT WHALE-LONG-FINNED:; NORTH ATLANTIC;
REPRODUCTION; SEXUAL MATURITY; SEASONALITY.

INTRODUCTION

The long-finned pilot whale was one of the first odontocete species to be the subject of a
quantitative study based on the examination of animals killed in a directed fishery. The
results of Sergeant’s (1962) study of whales taken off Newfoundland, Canada are still
widely quoted and most of the analytical techniques he employed remain in use three
decades later. This species occurs in temperate waters throughout the North Atlantic,
usually remaining in deep oceanic waters. It is one of the most commonly stranded
cetaceans along the Atlantic coast of Europe, and such strandings have offered limited
opportunities for investigating its biology in this region (e.g. Martin et al., 1987;
Sigurjonsson et al., 1993). Nevertheless, a comprehensive study with large sample size has
hitherto been lacking for northeastern Atlantic pilot whales.

The long-established drive fishery of pilot whales by Faroe islanders (c.62°N, 7°W)
differs from that of the now defunct Newfoundland industry, in that it is operative
throughout the year and usually takes entire social groups of whales without any
selectivity. A collaborative study of nearly all the whales captured in the Faroes between
July 1986 and July 1988 (Bloch er al., 1993a), including 1,680 females, thus offered a
unique opportunity to derive estimates of population reproductive parameters from
detailed carcase examination and sampling. This paper deals with reproduction in
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females; males are discussed separately in another paper in this volume (Desportes ez al.,
1993).

MATERIALS

All primary data analysed in this paper were derived from long-finned pilot whales taken
in the Faroese drive fishery between 10 July 1986 and 10 June 1988. A total of 3,061
animals, and a further 331 foetuses, were examined and sampled during this period.
Animals from 38 separate kills (grinds in Faroese) are represented (Appendix 1) and in
most cases the entire group of whales originally sighted was driven ashore, killed and
made available for examination. A few whales from some grinds were known to have
escaped or to have been unavailable for sampling for various reasons, but their loss is very
unlikely to have a significant impact on the analyses. However, several grinds were known
to have been incompletely examined (Bloch et al., 1993a) and the samples of animals from
these drives are likely to be biased in some way. Data from these grinds has only been used
in analyses where such possible biasses cannot influence the result. For this reason, sample
sizes vary between analyses presented below. Because of the nature of the material, the
methods used to collect it, and steps taken to avoid possible biasses, we feel justified in
assuming the dataset to be largely representative of the population from which these
whales were taken. Anomalous results from some of the analyses presented in this paper
indicate, however, that some bias probably exists in the representation of adult females at
particular stages of the reproductive cycle; this is discussed, where appropriate, in the text.

METHODS

1. Sampling and laboratory protocol

Whales were examined as soon as possible after the drive was completed. On the basis of
an initial examination in the field, and later analysis of measurements and samples
described below, females were classified as either sexually immature, pregnant, pregnant
and lactating, lactating, ovulating, or resting, using the criteria of Perrin and Donovan
(1984). Ovulating females were defined as those with a very large follicle or large corpus
luteum but without a macroscopic foetus in either uterine horn. Tissue sampling was
normally carried out within 12 hours post mortem. but in some large or remote grinds the
process was not completed for a further 12 hours. Nevertheless, no relevant changes
occurred to tissues used in this study within this period of time. Standard techniques for
measuring, sampling and examining whale carcasses were adopted by the Faroese
research programme and are described in detail elsewhere in this volume (Bloch et al.,
1993a). Here, we will deal only with those observations, measurements and tissues
specifically related to the examination of reproduction in females.

Animal age was determined from dentinal and cemental laminae in the teeth, using
decalcified thin stained sections (Bloch er al., 1993b; Lockyer, 1993). All were examined
by D. Bloch, and a sample of these by C.H. Lockyer and T. Kasuya. Age was recorded as
an integer, this being the number of completed years represented in the laminae assuming
that a pair of light and dark layers are equivalent to one year. This rate of deposition was
inferred from known-age short-finned pilot whales, G. macrorhynchus (Lockyer, 1993). A
whale in age class n could therefore be between n and n+1 yrs of age, and we have
assumed an average of n + 0.5 in some analyses. Evidence of lactation was looked for
internally by sectioning the mammary gland and often externally, by pressing the area
around the mammary slits and noting any fluids emanating from the nipples. Pregnant
females with colustrum in their mammary glands were identified as such, and the term
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‘lactating’ is used in this paper for mothers judged to be producing milk for a free-
swimming calf. Maximum mammary gland depth, and its colour and condition was
recorded. Uterine horn diameters, in their collapsed state, were measured at the point
where the uterus divides into two and helped identify females that had recently calved.
Both uterine horns were carefully searched for the presence of foetuses, and the
condition of the uterine mucosa was noted. The body length and weight of all foetuses was
recorded. If the sex of the foetus was not obvious visually, it was preserved for
microscopical or biochemical sex determination in the laboratory (Andersen et al., 1992).
If the possible presence of a foetus was indicated by the condition of the uterus or a large
ovarian corpus, but nothing was found, special care was taken to look for (a) a very small
foetus and (b) evidence of a recent birth, e.g. from the condition of the mammaries.
Both ovaries were briefly examined on site, carefully cut from the reproductive tract and
preserved in 10% buffered formalin. They were later washed, weighed, examined by eye
for the presence of surface scars and hand-sectioned in slices of 0.5-2mm thickness.
Corpora lutea were measured on three perpendicular axes and weighed. Corpora
albicantia were measured on two axes and graded into one of five age classes on the basis
of form, colour and structure (young, medium young, medium, medium old, old). An
index of the abundance of macroscopic follicles (5 classes: few, few-moderate, moderate,
moderate-many) and the mean diameter of the two or more largest follicles was recorded.

2. Statistical techniques and assumptions

Unless otherwise stated, data were pooled between years and between pods. Variation in
the size and structure of pods was considerable (see Appendix 1), but the catch was
apparently non-selective and we assume that the grinds examined are representative of the
population(s) occurring in Faroese waters. The assumption of a uniform pattern of
reproduction between years is made in many analyses, partly on the basis that no
differences could be found between the years in which the sample was collected. Some
groups of animals were sampled and measured incompletely because of time constraints in
the field, so sample sizes vary between analyses presented below.

2.1 Estimating the average age, length and weight at sexual maturity

We define the onset of sexual maturity in females as the time of first ovulation. It was, of
course, rare that an animal was captured and examined during the short period that it was
ovulating for the first time, so it was necessary to adopt methods of estimating these values
indirectly. We used three such methods:

(a) Back-calculation from animals in their first ovulatory cycle

Females with a single corpus luteum and no other corpora in either ovary must be
ovulating or pregnant for the first time. If pregnant, we have used the estimation of foetal
growth rate (see Results section 2.3) to calculate the length of time prior to death (at which
time their age was known) that the animal ovulated.

(b) Sum of fraction immature

Cooke (1984), DeMaster (1984) and Hohn (1989) described an almost unbiased non-
parametric method of estimating the average age of attainment of sexual maturity (ASM).
This was calculated as the sum of the fraction of animals immature in each age class
between that of the youngest mature and that of the oldest immature, added to the age of
the first indeterminate age class. Thus,

k
ASM =j + 2 PiX;
i=j
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p; = fraction of immature specimens in age class i
q; = fraction of mature specimens in age class i (p; + q; = 1)
x; = number of age classes combined to obtain a sample size of > 2 in age class i
I; = number of immature specimens in age class i

M; = number of mature specimens in age class i
N; = number of specimens in age class i (N; = I; + M,)

This technique is equally applicable to the assessment of length and weight at sexual
maturity.

(c) Agellength/weight at which the proportion mature is 0.5

We fitted a logistic curve to a plot of the proportion of animals in each age/length/weight
class that had attained sexual maturity and took the point at which the curve predicted
50% maturity.

2.2 Estimating the foetal growth rate: Modelling the distribution of foetal lengths at each
sample date

Maodel formulation

The method uses a mathematical model to describe the distribution of foetal lengths
observed on a given sample date. The basic idea is that the variation in foetal length stems
mainly from the seasonal variation in the times of conception. The approach involves the
following assumptions:

Assumption 1

The growth of the foetus is linear with constant rate, except for the initial period of
curvilinear growth. This assumption ignores any random variation in growth both within
an individual and between those individuals conceived at the same time. More
realistically, we assume that this variation is small relative to the variation in foetal length
arising from the seasonal variation in the time of conceptions. The assumption implies that
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over the period of linear growth, length at time ¢; and the conception time are related by
li=b (t; — t - 1), where b is the linear growth rate and ¢, refers to the initial period of
curvilinear growth from the model of Huggett and Widdas (1951) discussed more fully
under Results section 2.3 (see Fig. 1). In other words, a foetus of length /; at time ¢; is
assumed to have been conceived at time t=t; — t, — [i/b.

Assumption 2

The main source of variation in foetal lengths on a particular sampling occasion is due to
the seasonal variation in conception times. We assume that the conception rate has an
annual pattern and consider the following two models.

Von Mises distribution
This is a periodic exponential curve of the form

c (t) — AeKCOSZJ‘t(t-Mc)

where the unit time interval corresponds to one year. Peak conception rates occur
annually at times r=p,, u.+1, u.2, etc. The parameter x measures, inversely, the spread
of conception times in one year; 1/x is the variance of the von Mises distribution. A4 is a
scaling factor which depends on «x.

Mixture of two von Mises distributions

Estimation of the times of conception for each individual using the estimated growth rate
from the fitted von Mises model suggests two peaks in the seasonal pattern (see Results
section 2.3.1). This bimodal effect is apparent with any reasonable value of the foetal
growth rate, so the value chosen only influences the position of the peaks and, to a lesser
extent, their separation in time. To model this distribution we consider a conception curve
comprising a mixture of two von Mises distributions given by

Cm(t) — pAeKCOSZJT(t-Md) + (1 _p) AeKCOSZH(t-ucz)

mean length at birth

c
]
4
) curvilinear growth
-
linear growth
-
t, tg

Time
Fig. 1. Model of foetal growth pattern, after Huggett and Widdas (1951). Conception occurs at the x/y
interccpt. The embryo initially grows slowly and curvilinearly, then reaches a linear rate of body growth

which continues throughout the remainder of the foetal period. Birth occurs at time t, and the period of
linear growth is taken to be ty-t,.
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where p.; and u.; are the times of the early and late peaks of conception and p is the
proportion of conceptions in the early group. The spread of conception times is assumed
to be the same in each group.

Assumption 3

The overall mortality rate (adults + foetuses) is constant, at least during the phase of
linear growth. Thus, of the foetuses conceived at time ¢, the proportion which survive to
time ¢; is equal to ™'Y where A is the instantaneous mortality rate per unit time.

Assumption 4

The foetuses measured on a particular sampling occaston are a random sample from the
population. This assumption implies independence of observations on females in the same
pod and may therefore be upset by any synchrony in the times of conception of females in
the same pod. This point is discussed further in Results section 2.5 on testing for synchrony
within pods.

In the application of the model we restrict foetus lengths to the range 0.2-1.62m. The
lower limit is chosen to exclude the effects of the initial period of curvilinear growth and
the upper limit is imposed so that few if any foetuses will have been born; the smallest
neonate in our sample was 1.63m in body length. Combining the above assumptions gives
the distribution of the length of foetuses in the range (0.2m-1.62m) at time ¢; for the
unimodal von Mises model as

eKCOSZn(I,—IAIb‘M) -A\l/b

f(ll ti’b’ “"K) =

1.62 eKcosZn(t,-x/b-u)—}\x/h dx ? 020<l’<162

0.20
Note that 7, has been absorbed into the parameter p=p. + f,, where u is the modal time of
intercept of the linear part of each foetal growth trajectory and the time axis, and p. is the
time of peak conception rate. The corresponding expression for the mixture model
contains a sum of two exponential terms in the numerator and in the integrand of the
denominator.

Fitting the models

The above models were fitted to the samples of foetus lengths in the range (0.2-1.62m) by
the method of maximum likelihood. This involves finding the values of the parameters
which maximise the likelihood

L(b,p.x) = Mf(/|t;,b,u.k)

where fis given above and the product is taken over all the foetus lengths. To maximise the
likelihood we used the quasi-Newton iterative search algorithm. The method provides
approximate standard errors for the parameter estimates although these are based on the
assumption that the model holds and therefore does not allow for possible biases due to
failure of one or more of the above assumptions. We ran the iterative process using nine
combinations of starting values: growth rate of 1.6, 2.0 and 2.8 my-!, position of first peak
0.4, 0.6 and 0.8y. The second peak was fixed at 0.9y. In each case the iterative search
converged on the same solution. We made no attempt to estimate the mortality rate A
because the model is not very sensitive to this parameter. Instead, we fitted the models
using a range of values A=0.0, 0.20 and 0.50 to assess the effect of our uncertainty in the
mortality rate.
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Table 1

Estimates of the average age, length and weight of female pilot whales at the attainment of sexual
maturity. For details of methods employed, see text.

Age Length Weight
Method (years) (cm) (kg)
Back-calculation from 8.38
state of pregnancy SE = 0.253

n =31
Sum of fraction immature 8.50 375 609
SE = 0.140 SE = 1.43 SE =113

Proportion mature = 0.5, 8.02 374 600
predicted from SE = 0.150 SE = 1.50 SE = 12.6
fitted curve
Weighted mean 8.3 375 605

RESULTS

1. Commencement and subsequent patterns of ovulation

1.1 Age at sexual maturity (ASM)

The youngest mature female in our sample was aged 5.5 (£0.5) yrs, and the oldest
immature was aged 15 (% 0.5)yrs, although this was an aberrant animal in that it was 4yrs
older than the next oldest immature female. Almost all pilot whales in our sample
ovulated for the first time between age classes 6 and 9.

Estimates of the average ASM from the three methods of assessment (see Methods
section 2.1) are shown in Table 1; Fig. 2a shows the fitted curve for method (c). Since there
is no reason to believe that any of these methods is more or less biased than any other, it is
most appropriate to adopt the weighted mean of these three estimates (weighted by the
reciprocal of the variance). Our estimate of the mean age at sexual maturity is therefore
8.3yrs.

From the fitted logistic curve, we estimate that 50% of the population matures within
21% of the ASM.

1.0;
g
5 0.8
£ 0.6
&
£ 0.4
o)
g0.2;

% 0.0

| !

| |
0 5 10 15 20
Age (years)
Fig. 2a. Logistic curve fitted to the proportion of females that were sexually mature in successive age

classes. Corrected for the fact that animals in age class n can be between n and n+1 yrs of age, the curve
predicts that 50% of animals are mature at an age of 8.0yrs (SE =0.15).
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Fig. 2b. Logistic curve fitted to the proportion of females that were sexually mature in successive 3cm body
length classes. The curve predicts that 50% of animals are mature at a length of 374cm (SE=1.5).
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Fig. 2c. Logistic curve fitted to the proportion of females that werc sexually mature in successive 25kg body
weight classes. The curve predicts that 50% of animals are mature at a weight of 600kg (SE=12.6).

1.2 Body length at sexual maturity

The shortest mature female measured 350cm (pregnant with a 22cm foetus) and the
longest immature female was 418cm in body length. Estimates of the average length at
sexual maturity from methods (b) and (c) are given in Table 1; the fitted curve for method
(c) is shown in Fig. 2b. We believe it reasonable to adopt the weighted mean of 375cm as
our best estimate of the body length at attainment of sexual maturity of an average female
pilot whale in this population. Fig. 2b indicates that 50% of the population reaches
maturity at body lengths within 5% the average length at maturity.

1.3 Body weight at sexual maturity

In our sample, sexual maturity occurred at body weights of between 524 and 715kg. Fig. 2¢
shows the fitted curve for method (c), which predicts that 50% of animals mature within
13% of the average weight. From Table 1, we estimate the average weight at sexual
maturity to be the weighted mean of 605kg.
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Fig. 3. Number of corpora on both ovaries, with age, for 1,443 females.
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Fig. 4. Mean number of corpora on both ovaries by age class, for all sexually mature females.

1.4 Ovulation rate

Plotting the number of corpora in both ovaries against age for the 1,402 females with 2
sampled ovaries (Fig. 3) demonstrates a great deal of variation within each class on both
axes, and it is clear that there must be variation between individuals in the rate at which
ovulations occur in addition to the age at which ovulation first occurs (Results section 1.1).
The picture becomes a little clearer if we look at the mean number of corpora for each age
class of sexually mature females (Fig. 4), for which a straight-line regression predicts an
average accumulation rate of 0.25 (SD=0.01) corpora per female per year, or one every
four years, for both the entire age range (5-59yrs, n=851 animals) and a restricted age
range to avoid small sample sizes (ages 640, n=820). This result can be taken as evidence



272 MARTIN & ROTHERY: REPRODUCTION IN FEMALES

that, in this species as in other cetaceans, corpora persist throughout the lifetime- of the
animal as a macroscopic body in the ovary (Marsh and Kasuya, 1984; Perrin and
Donovan, 1984).

1.5 Ovulatory senescence

An important question is whether ovulation continues throughout life or ceases many
years before death in the oldest animals. We tested this by looking at the relationship
between age and corpora number in the oldest animals in our sample. The number of
females in the very oldest age classes (>40yrs) is very small and the scatter of points (mean
number of corpora against age) commensurably wide. The regression of corpora number
on age, where age is >40, did not produce a slope significantly different from zero
(p=0.17). The sample size was increased, and any difference from G. macrorhynchus
explored, by extending the lower limit of age classes included in the regression to that
beyond which Kasuya and Marsh (1984) found no ovulating or pregnant females. The
straight-line regression of mean corpora number on age, where age >36 and weight is
proportional to sample size, is significant and positive (p<<0.001) with a slope (0.29,
SD=0.06) indicating that a new corpus is added every 3.45yrs on average. This is not
significantly different from the figure for all mature females.

Further evidence that ovulation can occur at an advanced age is that, of the 33 females
aged more than 40yrs, two (aged 41 and 55) had a corpus luteum and were pregnant, two
(aged 43 and 44) had at least one “young’ corpus albicans and a further 6 (aged 40-55) had
at least one corpus albicans categorised as ‘medium young’.

For comparison, the criteria tentatively put forward by Marsh and Kasuya (1984) to
indicate reproductive senescence (i.e. no macroscopic follicles, no corpora lutea and all
corpora albicantia classified ‘old’) were applied to the ovaries in our sample; 54 animals
(4.8%) out of the 1,070 mature females for which we have both ovaries were categorised
as senescent, i.e. would not ovulate again.

An independent method of checking the validity of this tentative result, providing an
upper bound of the number of females in our sample likely to have ovulated for the last
time, was devised as follows. We assume for the purposes of this calculation that all
females of =40yrs of age have ovulated for the last time. Then, an animal in this category
with, say, 15 corpora must have been capable of ovulating again when it had accumulated
14, 13, 12 etc. corpora, and it is simple to combine such information for all of these older
females to construct a list of probabilities of an animal being senescent with a given
number of corpora. Applying this formula to the current sample of 1,070 mature females,
the prediction is that 47 females (4.4%) would not have ovulated again had they lived.
Given that we know the original assumption (that all animals of =40yrs of age have ceased
to ovulate) is incorrect, we conclude that fewer than 4%, and thus a very small proportion
of the mature females alive at any time, have ceased to ovulate.

1.6 Discussion

The age at first ovulation is one of the few parameters in which there would appear to be a
difference between the Faroese population of pilot whales in the late 1980s and the
Newfoundland population in the 1950s. Albeit from a small sample, Sergeant (1962), later
supported by Kasuya er al. (1988b), reported a mean age at sexual maturity of 6-7yrs.
Using method (a) of the current paper (back-calculation from primiparous females), the
mean for the Canadian sample is 6.5yrs (SD=0.87, n=12), compared to our best estimate
for the Faroese population of 8.3yrs (SD =1.4, n=31). These values are significantly
different (p<<0.001) but in the absence of accurate estimates of population size before and
after exploitation, comparable measures of ASM before exploitation and the relative
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nutrition of the two stocks, it would be hazardous to predict the reasons for Newfoundland
pilot whales reaching maturity almost two years earlier than their Faroese counterparts.

Without detailed histological examination of the reproductive tract, it is difficult to
determine whether any individual female has definitely ovulated for the last time, and
even more difficult to say if any subsequent ovulation would lead to a pregnancy or not.
Nevertheless, the evidence presented in this paper is adequate to conclude that fewer than
5% of the mature females alive at any time have ceased ovulation.

Judging by the degree of synchrony with which the population reaches maturity, it
appears that the first ovulation is triggered more by the achievement of a critical body
length than by either a minimum age or gross body mass. This characteristic has been
noted in other cetaceans, e.g. Balaenopterids (Lockyer, 1984).

2. Conception, gestation and parturition

2.1 Body length at birth

The smallest neonate in our sample measured 163cm in body length, and the largest foetus
was 191cm long, so there is a considerable range of body size at which birth can occur,
amounting to 17% of length and some 60% of mass. A logistic curve fitted to the
proportion of animals born in successive Scm length classes (Fig. 5) predicts that 50% of
births have occurred at a body length of 176.8cm (SE=2.1).

Proportion born
© o o =
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Fig. 5. Logistic curvc fitted to thc proportion of animals in successive S5cm body length classcs that had been
born. The curve predicts that 50% had been born at a length of 176.8cm. which was adopted as the mean
length at birth.

2.2 Body weight at birth

Fig. 6 shows a log-log plot of foetal body weight on length, for 238 foetuses considered to
have reached the linear phase of growth (=0.2m in length) and 44 calves of up to 2.5m
(approximating to one year of age). The fitted regression line has the equation
In(W)=2.63 + 2.89 In(L), (12=99.1%, p<0.001), and therefore W=13.87L28 where
W=body weight in kg and L=Dbody length in m. The SE of the slope is 0.016.
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Fig. 6. Log-log plot of body weight on length for 238 foetuses and 44 calves up to 2.5m in body length. The

regression line defines the relationship W=13.87. L2:8%, where W=body weight in kg, L=length in m.
The SE of the slope is 0.016.

Substituting the mean length at birth (1.768m) (see Results section 2.1) into the
regression equation gives an estimate of mean body weight at birth of 72.1kg. Adjusting
for variance in the length at birth and about the allometric relationship in the back-
transformation to a linear measure (2.3% ), we arrive at an estimate for the mean weight at
birth of 73.8kg. The tight grouping of points around the regression line indicates that the
allometric relationship holds good through the latter part of the gestation period. This is
confirmed by restricting the dataset to the 61 foetuses and 21 calves of a body length within
0.5m of the mean length at birth. The regression equation on this subset gives a steeper
slope (3.6) but also predicts a mean weight at birth rounded to 74kg.

2.3 Foetal growth, the duration of gestation and seasonality of breeding

It is convenient to consider mammalian foetal growth in two stages (Huggett and Widdas,
1951). In the first, the early weeks of development after conception, the embryo/foetus
accumulates mass slowly and its length increases non-linearly. The second stage
commences when foetal body length begins to increase at an approximately constant rate.
This ‘linear’ phase is thought to continue throughout most or all of the remaining gestation
period (Fig. 1). We followed the lead of Huggett and Widdas (1951) and most subsequent
studies of cetacean foetal growth in dividing the gestation period (f,) into an initial non-
linear portion () and a period of linear growth (t,-fy) which starts at the point where the
slope of body length growth is extrapolated backwards onto the time axis (Fig. 1). We will
refer to the absolute time at which this intercept occurs as 7. In the analyses below, the
value of (t,-1y) for this population of pilot whales is calculated by dividing the mean length
at birth by the average rate of foetal growth.

Clearly, no foetus could be measured other than at the time of its mother’s capture, so
the rate of growth in the uterus has to be inferred indirectly. A plot of the body length of
each foetus against the date on which its mother was killed is shown in Fig. 7. It is
immediately apparent that on many sampling days foetuses ranged from barely
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Fig. 7. Length of foetuses ( + ) and calves of one year old or less (®) plotted against date of capture. Notc
the wide spread of foetal lengths observed on many sampling days. The horizontal line indicates the
estimated mean length at birth (176.8cm). The diagonal lines indicate the foctal growth trajectorics fitted

by the ‘mixture’ von Mises model for the main annual peak of conceptions (solid linc) and secondary
peak (dashed line).

macroscopic to near-term with many of intermediate size, and small foetuses can occur
throughout the year, so conceptions and births are not well synchronised within the
population.

A clearer picture of the temporal spread of conceptions within an annual ‘cohort’ and its
subsequent growth was gained by plotting all foetal lengths against day of year (Julian
day), then concatenating three copies of the pattern to mimic three consecutive ‘years’
(Fig. 8). The eye immediately picks out diagonally oriented concentrations of points,

separated by regions with few points, demonstrating that conceptions and births are
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Fig. 8. Three concatenated copies of a plot of foetus length on Julian day of capture. The purpose of this
exercisc is to show the development of a nominal ‘cohort” which, because of poor breeding synchrony,
spans a considerable period of time between conception of the earliest foetus and birth of the latest.



276 MARTIN & ROTHERY: REPRODUCTION IN FEMALES

seasonal to some extent, and provides a basis for allocating foetuses to one cohort or
another for the purposes of estimating the rate of foetal growth using regression analysis
(method 2 below). Thus, cohorts were discriminated by lines of slope 1.78 (my-!) with an
intercept on the time axis of day 60 in each year for the regression analysis only. No
assumption of cohort discrimination is required for the modelling work.

2.3.1 Estimation of (t,-tp), approximating to the duration of the linear phase of growth
In order to avoid considering foetuses which have not yet reached the stage of linear
growth, we arbitrarily ignored all those smaller than 0.2m in this analysis. Furthermore, to
overcome any possible bias related to some foetuses being born at shorter body lengths
than others, we included only those with a body length less than that of the shortest
neonate (1.63m). Excluding the longest foetuses in this way should also help to overcome
bias caused by any possible flattening of the growth trajectory in near-term foetuses. We
employed two analytical methods to estimate the foetal growth rate:

Method 1. Modelling the distribution of foetal lengths at each sample date (see Methods 2.2
for a description of the technique.)

Using a mortality rate of A=0.20, the parameter estimates for the single von Mises model
were as follows: b=2.13 my! (SE=0.31); (i=0.641 (SE=0.06) x=0.94 (SE=0.12).
Estimated growth rates using different mortality rates were A=0, b=2.14; A=0.50,
b=2.16. So, the estimates are not particularly sensitive to the precise choice of the
mortality rate. Note, however, the relatively large standard error for the estimated growth
rate. This model predicts the peak birth rate to occur on Julian day 172 (21 June) and,
using a mean length at birth of 1.768m (Results section 2.1), that (¢, — £,) =300 days if foetal
mortality is as high as 50%, which seems likely (Desportes et al., In press).

To check the assumed form of the seasonal pattern of breeding we estimated the
distribution of birth dates (DOB) using the estimated growth rate, i.e. DOB=¢; + (BL-l))/
b, where BL=mean length at birth. Fig. 9(a) shows a histogram of the estimates together
with the fitted single von Mises curve. This suggests a second later peak in the conception
rate, and a likelihood ratio test to compare models shows a statistically significant
improvement in fit for the mixture model (deviance x§=33.90, p<<0.001).

Using a mortality rate of A=0.20, parameter estimates for the mixture model are as
follows: b=2.44 my-! (SE=0.16); 1,=0.601 (SE=0.03); (i,=0.938 (SE=0.03); x=2.36
(SE=0.26); p=0.66 (SE=0.05). Using different mortality rates, the estimated growth
rates are: A=0.0, b=2.45 my-! ; A=0.50, b=2.43 my-! .

Fig. 9(b) shows a histogram of the estimated birth dates using an estimated foetal
growth rate of 2.43 my-! together with the fitted underlying bimodal conception curve and
demonstrates a reasonably close agreement between the distribution of estimated times
and the model distribution. With a bimodal conception curve, (¢, - #))=266 days and peaks
of the birth rate are predicted on Julian days 119 (29 April) and 243 (31 August).

Although the assumption of a temporally bimodal pattern of breeding gives a better fit
to the data, we cannot completely exclude the possibility that this is the result of a
sampling artefact. We therefore consider both options in parallel in the analyses below.

Method 2. Linear regression analysis

The standard method of estimating the foetal growth trajectory, and thus both the rate and
duration of linear growth, is to apply a least squares linear regression to either the raw plot
of foetus length on sampling date or mean lengths of, say, monthly samples (e.g. Sergeant,
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Fig. 9a. Frequency distribution of births predicted by the single von Mises model (see text for details). Each
vertical bar represents one week.
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Fig. 9b. Frequency distribution of births predicted by the ‘mixture’ von Mises model (see text for details).
Each vertical bar represents one wecek.

1962; Kasuya and Marsh, 1984; Perrin and Reilly, 1984). Unfortunately, this method will
always underestimate the rate of growth in species with a low degree of breeding
synchrony, and thus lead to an overestimate of gestation time, because in both early and
late gestation one tail of the distribution is necessarily missing (late conceptions and early
births). Both these omissions act to depress the estimated rate of growth. When
conceptions are highly synchronized it may be possible to apply a correction factor to
allow for the bias (Philo et al., 1992) but this approach does not apply to the pilot whale
data for which the seasonal variation in conception times is large.

Much of the bias can be removed by recognising that sampling date is actually an
estimator of foetal age (albeit one with large error), and regressing sampling date on body
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length. This theoretically removes any sensitivity to the (necessarily almost arbitrary)
body lengths chosen to delimit the foetal sample used. Using a reconstructed single
‘cohort’, regression of date on length gives an estimated daily growth rate of 0.5335 cm/
day (SE=0.085) or 1.947 my-! (r2=0.52, p<0.001), giving (t,-t))=331.4 days.

To examine the properties of the method we applied it to simulated data using the same
sampling occasions as in the Faroese fieldwork. First, we used a model in which the
conception times followed a Normal distribution with mean 0.64 and standard deviation
0.2 (these values are suggested by the fitted von Mises model described above). Simulated
conception times were transformed to length measurements using a growth rate of 1.947
my-! and constrained to lie in the range 0.2-1.62m. For each set of simulated data the
regression method was used to estimate the growth rate. From 1,000 such estimated
growth rates the mean was 1.859 my-!, showing that the regression method
underestimated in this case by an average of 1.947-1.859=0.088 my-!. In a second set of
simulations, using a growth rate of 2.15 my-! , the mean of 1,000 estimates was 1.92 my-!,
so the method underestimated by 0.23 my-! (equivalent to an increase in gestation time of
36 days). We then modified the model to mimic the effect of a second peak in the
conception curve by sampling from a mixture of two Normal distributions with means 0.60
and 0.94, standard deviation 0.1, with a proportion 0.66 in the first group, and using a
growth rate of 2.43 my-! (these values were based on the fitted von Mises mixture model).
From 1,000 sets of simulated data the mean estimated growth rate was 1.892 my-! ,
equivalent to an overestimate of 76 days in gestation time. Lowering the modelled growth
rate to 1.947 my-! produced a mean estimated growth rate of 1.774 my-l, i.e. an
underestimate of 0.173 my-! or 32 days of gestation. Because of the bias in the method and
its insensitivity to changes in the growth rate of the sampled population, we conclude that
regression is not, in general, a satisfactory method for estimating foetal growth rate in this
and similar mammal populations. Nevertheless, it provides a useful lower bound to the
range of possible values.

2.3.2 Estimation of the duration of the initial non-linear phase of growth (t,)

It is not possible to directly determine the date of conception for any foetuses in our
sample, and no doubt some tiny embryos were missed, so we cannot accurately describe
either the shape or the duration of early foetal growth from the current data. We are
dependent, therefore, on published estimates of the relationship of # to t,, (t; - ty), or
some other parameter and there is no universally accepted formula to adopt. Strict
adherence to the guidance of Huggett and Widdas (1951) would give ty=0.2tg,1.€.1=0.25
(tg — tv), but Laws (1959) suggested a correction for length rather than weight data which
would yield

lhy = 022 (tg - t()). (1)
Calder (1982) proposed:
ty=7.25 . My, 019, (2)

where m,,., is the body weight at birth in g.

Substituting a value for (¢, - 1)) in equation (1) of: 300 days (unimodal model), 1,=66.0
days; 266 days (bimodal model), £,=58.5 days.

Substituting a value for m,,,, of 74kg (see Results section 2.2), into equation (2) gives
Iy=61 days. It seems reasonable to adopt a round figure of 60 days as a working value for ¢,
but to bear in mind that this rather arbitrary value is subject to error.
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2.3.3 Estumation of the total gestation period based on the foetal growth model
Total gestation period (t5) = (1, — ty) + &

= 300 + 60 = 360 days (11.8 months, 0.99yrs) unimodal
model

= 266 + 60 = 326 days (10.7 months, 0.89yrs) bimodal
model

2.3.4 Seasonality of conceptions based on the foetal growth model

Evaluation of the pattern and timing of conceptions is critically linked to the estimate of
gestation length. If breeding in the population as a whole has only one peak, then our
adopted model predicts that the highest rate of conceptions occurs on Julian day 175 (24
June, Fig. 10a). If breeding is bimodally distributed, then it predicts peaks on day 159 (8
June) and day 283 (10 October, Fig. 10b). In both cases, the lowest rates of conception
occur in January and February.
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Fig. 10. Frequency distribution of conceptions predicted by the single von Mises model (a) and the
‘mixture’ von Mises model (b), assuming that the initial non-linear portion of growth (f) lasts for 60 days
(see text for details). Each vertical bar represents one week.
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Fig. 11. Approximatc frequency distribution of conceptions, by month, based on direct cxamination of the
pilot whalc catch. (a) Percent of maturc females ovulating or very near ovulation, (b) Percent of non-
prcgnant maturc females with a large (=10mm) follicle, (c) Percent of pregnant females carrying a tiny
(=5cm) foctus. Notc that distribution (c) should be moved to the left by. perhaps, 1-3 months
(representing the time since ovulation to achicve this foctal size) to become comparable with (a) and (b)
(offsct estimated by reference to Snow, 1986).
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2.3.5 Seasonality of conceptions based on biological sampling data

(a) Timing of ovulations

A total of 147 females were considered to have been examined at, or near, ovulation based
on examination of the reproductive tract. Expressed as a percentage of the total number of
mature females examined in each month, the prevalence of ovulation is shown in Fig.
11(a), in which a main season of June-September and a peak in June are clear.

(b) Follicle sizes

Follicle development, as indicated by the proportion of non-pregnant mature females
which had a large (=10mm diameter) follicle on either ovary, was greatest in March,
April, June and September, with a peak in April (Fig. 11b).

(c) Occurrence of very small foetuses

Taken as a proportion of mature females or pregnant females examined in each month,
foetuses of Scm or less were most common in May, June and July, with a peak in June.
Conception preceded the examination date by an unknown time, but an estimate of 1-3
months would seem reasonable (Snow, 1986) putting the conception peak, based on this
small sample, around March-May (Fig. 11c¢).

2.3.6 Seasonality of parturition based on biological sampling data

(a) Using data on neonates

A method of assessing the timing of births is to back-calculate from the length and date of
capture of young calves. Doing so for animals of one year of age or less should avoid
biasses resulting from non-uniform sampling across the year. In doing so, we assume that
pilot whales of this ‘stock’ are about 2.5m in body length at 1 year of age (Bloch et al.,
1993b) and, in the absence of adequate information to the contrary, that the rate of growth
is constant over this time at approximately 2.5m-1.77m (length at 1 year — length at
birth)=0.73 my-!. The results of this exercise are shown in Fig. 12, in which the estimated
birth dates of 215 animals of 1 year of age or less have been plotted on one nominal ‘year’.
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Fig. 12. Frequency distribution of birth dates derived by back-calculating to the mean length at birth from
the length and date of capturc of 215 calves. The animals were estimated to be of onc year of agc or less
and a uniform growth ratc of .73 my-! was assumed.
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The apparently low frequency of births in September and October may be an artefact since
the pattern as a whole does not differ significantly from a uniform distribution throughout
the year.

Ayuniform temporal distribution of births seems unrealistic, so another attempt was
made, this time reducing possible bias due to inter-animal differences in growth or errorin
estimating the average rate of growth. This was done by lowering the length threshold
below which neonates were considered, from 2.5m to 2.0m, so reducing the length of time
since birth. This produced a pattern of births with a peak in August and a smaller one in
January (Fig. 13a).

(b) Using data on large foetuses

Employing the same argument, that the actual growth rate chosen for extrapolation is less
critical when animals are near birth, foetuses of 150cm or more in length were chosen to
provide a frequency distribution of the dates at which they would have reached the mean
length at birth had they lived. A growth rate of 2.15 my-! (from the unimodal model) was
adopted and the distribution shown in Fig. 13b was derived, with peaks in April/May and
September. This distribution is significantly different from that of Fig. 13a (y2=42.1,
d.f.=11, p<0.01) and is not materially altered by using growth rates of 1.947 my-! (from
the regression analysis) or 2.43 my-! (from the bimodal model).

2.4 Synchrony of conceptions within pods
Establishing the degree of synchrony of conceptions within pods is important because: (a)
it has implications for the genetic structure of the pod; (b) the method for modelling the
distribution of foetal lengths assumes that the foetuses sampled on a given day are a
random sample from the population of foetuses alive at the time of sampling; this
assumption would not hold if there was differential synchrony of conceptions within pods.
We tested for synchrony by comparing the variation in foetus lengths between pods with
that within pods. Large variation would result from systematic differences in conception
times between pods or from clustering of conception times within pods. The data do not
allow this analysis on a day by day basis since each day’s catch normally consists of only
one pod. An approximate method, which allows for the seasonal pattern of variation in
conception times, is to group the catches by month and test for synchrony within each
month. A potential problem is that individuals within a pod may belong to different
annual cohorts, thereby increasing the variation within pods and decreasing the potential
for detecting synchrony effects. To allow for this, data on each sampling occasion were
split into ‘high’ and ‘low’ groups using a dividing line with an intercept 6 months out of
phase from the