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Abstract The harbour porpoise (Phocoena phocoena) is probably the most abundant small
cetacean in the northeast Atlantic and as such is an important top predator. It is also one of the
most threatened species, particularly as a consequence of fishery by-catch.

Porpoises feed mainly on small shoaling fishes from both demersal and pelagic habitats.
Many prey items are probably taken on, or very close to, the sea bed. Even though a wide range
of species has been recorded in the diet, porpoisesin any one area tend to feed primarily on two
to four main species (e.g. whiting (Merlangius merlangus) and sandeels (Ammodytidae) in
Scottish waters).

Evidence for selective predation is equivocal. Many studies provide evidence of geographic,
seasonal, interannual, ontogenetic or sexual differencesin prey typesor prey sizes, and such dif-
ferences are often (speculatively) interpreted in terms of prey availability. A few studies demon-
strate trends in diet selection that are consistent with changes in prey abundance. However, lack
of availability of prey abundance data at an appropriate spatial and temporal scale is often a
problem.

Porpoise diets overlap extensively with diets of other piscivorous marine predators (notably
seals). Many of the main prey species are also taken by commercia fisheries, athough por-
poises tend to take smaller fishes than those targeted by fisheries. Given their high abundance,
porpoises clearly remove substantial quantities of fish.

The literature on porpoise diets in the northeast Atlantic suggests that there has been a long-
term shift from predation on clupeid fish (mainly herring Clupea harengus) to predation on
sandeels and gadoid fish, possibly related to the decline in herring stocks since the mid-1960s.
Evidence from studies on seals suggests that such a shift could have adverse health con-
sequences.

Food consumption brings porpoises into contact with two important threats — persistent
organic contaminants and fishing nets, both of which have potentially serious impacts.

Introduction

The harbour or common porpoise, Phocoena phocoena (Linnaeus 1758), is one of the six
species recognised in the family Phocoenidae (Read 1999). Its common name, porpoise,
derives from the Latin porcus piscus (=pigfish) and was used in Ancient Rome. Linnaeus
(1758) distinguished it from the common dolphin by calling it Delphinus phocoena, from
the Greek word phokia (=seal), due to its lack of beak and its seal-like appearance.
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Harbour porpoises, one of the most common cetaceans in European waters (Watson
1985), are small with an average adult length of 150cm to 160cm and an average weight of
45kg to 60kg (Gaskin et a. 1974). Maximum sizes of animals stranded in the UK have been
reported as 163cm and 54kg in males and 189cm and 81kg in females (Lockyer 1995)
although more recent work by Santos et a. (2001a) reported maximum sizes for males and
females as 170cm (55kg) and 171cm (55.5kg), respectively, for porpoises stranded in Scot-
land. Harbour porpoises stranded in northwest Spain and Portugal seem to be larger, and
several specimens have measured more than 200cm (Donovan & Bjgrge 1995, Sequeira
1996).

There is some variation in the maximum ages reported for different harbour porpoise
populations: no porpoises over 17yr of age have been found in the Bay of Fundy (eastern
Canada) (Read & Gaskin 1990, Read & Hohn 1995) while animals up to 24yr old have been
reported in UK waters (Lockyer 1995) and off California (Hohn & Brownell 1990).

Harbour porpoises are widespread in coastal waters of the Northern Hemisphere; their
range extends northwards from 14-15°N in the North Atlantic and from 30°N in the North
Pacific (Evans 1980). They are also found in the Black Sea and some records suggest the
existence of a separate population off northwestern Africa (Smeenk et al. 1992). Historicaly,
the species was aso found in the western Mediterranean but there are no confirmed records
since the nineteenth century (Marchessaux 1980, Donovan & Bjarge 1995). The species is
also found over offshore shalows (e.g. the Georges and Grand Banks, stretching from New-
foundland to southern New England on the edge of the North American continental shelf) and
around islands such as the Fagroes and I celand. Individuals have also been recorded consider-
able distances up rivers (e.g. 320km up the river Mass in Holland, Gaskin 1984).

Intraspecific differences in morphometric and meristic skull characters have been
demonstrated between the North Pacific, North Atlantic and Black Sea (Tomilin 1957,
Kinze 1985, Miyazaki et al. 1987, Yurick & Gaskin 1987, Amano & Miyazaki 1992). The
differences between these three areas, suggesting reproductive isolation, have been con-
firmed by studies on mitochondrial DNA (Rosel et a. 1995, Wang et al. 1996). Rosel et .
(1995) suggested that there are at least three subspecies: P. phocoena phocoena (Atlantic),
P. phocoena vomerina (Pacific) and P. phocoena relicta (Black Sea). The existence of
further population subdivisions within these three major areas has been proposed by several
authors using a variety of methods (e.g. Yurick 1977, Gaskin 1984, Yurick & Gaskin 1987,
Andersen 1993, Rosel et al. 1995, 1999, Tiedemann et al. 1996, Wang et al. 1996, Borjesson
& Berggren 1997, Walton 1997, Wang & Berggren 1997, Berrow et al. 1998, L ockyer 1999,
Westgate & Tolley 1999, Tolley et al. 1999, 2001, Tolley & Heldal 2002) and putative stock
boundaries have been suggested by the International Whaling Commission’s (IWC) Scient-
ific Committee (Donovan & Bjarge 1995).

Historically, harbour porpoises have been taken in European waters for human consump-
tion and for fish bait (Watson 1985). It is believed that, in some areas, the porpoise hunt
goes back to the Stone Age (e.g. inner Danish waters, Mohl 1970 quoted in Kinze 1995).
Porpoise meat was greatly appreciated during the Middle Ages. It was served in the English
court at coronation banguets and on other important occasions (Whymper 1883). In
Denmark, a harbour porpoise fishery was first mentioned in 1357 and continued until the
Second World War (Kinze 1995). Kinze estimated an average catch of at least 1000 animals
took place every year in Danish waters for three centuries. Along the coast of Norway, large
numbers were taken as early as the eleventh century (Watson 1985). At present hunting con-
tinues, on asmall scale, only in Greenland and the Faeroes (IWC 1996).
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Accidental (by-catch) mortality in fishing gear is recognised as the main threat at present
for harbour porpoise populations in the northeast Atlantic (ASCOBANS 1994, IWC 1994,
1996, Donovan & Bjgrge 1995, Tregenza et a. 1997, Vinther 1999). The harbour porpoise
suffers a high degree of by-catch mortality across its range (Read & Gaskin 1988). In north-
ern Europe, it is the most frequently caught cetacean species in fishing nets and it is caught
in awide variety of fishing gear, mainly gill nets but also salmon drift nets, pound nets for
herring and salmon and mid-water trawls (Lindroth 1962, van Utrech 1978, Andersen &
Clausen 1983, Kinze 1990a, Northridge & Lankester 1992, Clausen & Kinze 1993 quoted in
Lowry & Teilmann 1994, Tregenza et a. 1997, Vinther 1999). There are historical records
of porpoises caught in gill nets as long ago as the sixteenth century in Europe (Belon 1551,
quoted in Harmer 1927), but it is clear that increased fishing effort together with innovations
in net design and use of thinner synthetic fibres (which reduces detectability) have resulted
in steeply increased catch rates.

The impact of by-catches on harbour porpoise populations is, at the moment, difficult to
assess but there is concern about the sustainability of these catches. In 1990 and 1991, the
Scientific Committee of the IWC recommended, with the “highest priority”, the reduction of
by-catch for harbour porpoise (IWC 1991, 1992). It also noted the need to improve know-
ledge of stock identity and migration, and obtain reliable figures on by-catches and on abun-
dance.

An additional cause of harbour porpoise mortality in Scotland is the bottlenose dolphin
(Tursiops truncatus), particularly in the Moray Firth area. Post-mortem examinations of a
number of porpoise carcasses (all with multiple skeletal fractures and damage to internal
organs), provided the first evidence of dolphin attacks, when measurements of tooth marks
present in the skin corresponded with the tooth spacing in Tursiops mandibles (Ross &
Wilson 1996). Subsequently, bottlenose dolphins were observed attacking porpoises and
repeatedly throwing them out of the water. The reasons for these interactions are unknown,
but could include competition for food, play, practice-fishing or sexual behaviour (Ross &
Wilson 1996).

In July 1994, a survey of Small Cetacean Abundance in the North Sea (SCANS) was
carried out to estimate numbers of harbour porpoises and other small cetaceans in the North
Sea and adjacent waters. To date this survey has provided the most accurate and complete
information on population figures for harbour porpoises in the area. Previous ship and aerid
surveys were on a smaller scale (e.g. Heide-Jargensen et al. 1992, 1993, Bjarge & Qien
1995). The population estimates for harbour porpoise obtained from SCANS are given in
Table 1. As pointed out by Hammond et al. (1995), these figures were calculated from
observations that took place in only one month.

Porpoises clearly exist in large numbers in the northeast Atlantic (Hammond et a. 1995)
and, as such, are likely to have a quantitatively important place in the marine food web. In
addition to their ecological importance, as fish eaters they may compete with commercia
fisheries. Diet has consequences for individua fitness and, ultimately, population status and
it is of interest to determine whether the large-scale fluctuations in fish stocks seen in the
second half of the twentieth century have influenced porpoise diet and population trends. In
so far as porpoises prey on species also eaten by humans, the health consequences of diet
choice (e.g. in terms of nutrition or bioaccumulation of contaminants) are of direct relevance
to the human population.

The general biology of harbour porpoisesis reviewed in Bjgrge & Donovan (1995) and
Read (1999). However, to date there has been no major review of diets of harbour porpoises
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Tablel Abundance estimates of harbour porpoise for the different blocks surveyed by the Small
Cetacean Abundance in the North Sea (SCANS) survey (data from Hammond et al. 1995), CV = coef-
ficient of variation.

Block Areacovered in the survey Ccv Porpoise abundance
A Celtic Shelf 0.57 36280
B Channel and South tip North Sea 0 0
C East coast of Britain 0.18 16939
D West northern North Sea (excluding J) 0.25 37144
E North central North Sea 0.49 31419
F Central North Sea (56°N-58°N) 0.25 92340
G South central North Sea 0.34 38616
H South eastern North Sea 0.29 4211
I Kattegat 0.34 36046
J Waters off Shetland and Orkney 0.34 24335
L Coastal area Sand W of Jutland 0.47 11870
M Off SW coast of Norway 0.27 5666
X Bay of Kiel 0.48 588
Y Northern Wadden Sea 0.27 5912
Total 0.14 341366
(95% confidence intervals) (260000449 000)

and little attention has been given to their ecological role as marine top predators. The
present paper reviews information on the diet of harbour porpoises in the northeast Atlantic
and will try to answer the following questions:

(1) What is their feeding niche: what do harbour porpoises eat and where do they
obtain their food?

(2) Arethey specidist or generalist predators and is their diet related to prey abun-
dance (opportunistic or selective)?

(3) Do porpoises compete with other top predators such as seals and other
cetaceans, and do they compete with fisheries?

(4) Isthere evidence of long-term trends or changesin diet composition?

(5) What are the consequences of diet composition for individual health and popu-
lation status (e.g. is the diet nutritionally adequate, does diet choice play a role
in fishery by-catch mortality, and are there adverse consequences of contaminant
bioaccumulation)?

(6) What important questions require further research?

Study methods

Almost all published accounts of porpoise diet are based on stomach contents analysis. The
largest scale studies are associated with hunting of porpoisesin the Black Sea (Tsalkin 1940,
guoted in Tomilin 1957) but most studies are on by-caught and stranded animals. The
methodology of stomach contents analysis was reviewed by Pierce & Boyle (1991).

The present review focuses mainly on results from stomach contents analysis. However,
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some information on diet can aso be obtained indirectly from studies on distribution and
behaviour. Relatively new techniques for obtaining information on marine mammal diets such
as fatty acid signature analysis of blubber and stable isotope analysis have not yet been applied
to porpoises on alarge scale. Fatty acids are mainly of dietary origin and stable isotope values
vary geographically and, in a systematic way, with trophic level. In contrast with stomach con-
tents analysis, these new techniques can provide information on the prey ingested over alonger
period (days to months; e.g. Tiezen 1978, Hobson 1990, Iverson et a. 1995, Kirsch et a. 1998,
2000, Hooker et a. 2001). However, stable isotope analysis provides relatively coarse level
data on diet, providing data mainly on the trophic level at which an animal feeds (see Pauly et
al. 1998). On the other hand, fatty acid analysis has the potentia to provide quantitative data
on diet, although realisation of this potential requires information on the fatty acid composition
of al putative prey, including data on variability, and the computing power to solve the
equivalent of an extensive series of simultaneous equations. Fatty acid signature analysis is
well-established as a technique for studies on seals (e.g. Iverson et a. 1997). Doubts were
raised as to its applicability to cetaceans due to blubber stratification: the outer blubber layers
being relatively metabolically inert while the inner layers, closer to the muscle, are metaboli-
caly active. Also, blubber from different parts of the body may show differences in fatty acid
composition, as found for some cetaceans (Ackman & Lamothe 1989). Recent studies in
harbour porpoise have shown that dietary fatty acids are concentrated in the inner blubber
(Koopman et a. 1996, Koopman 1998) and the fatty acid composition seems to be uniform in
the body with the exception of the cauda peduncle.

What do harbour porpoises eat?

The earliest published information available on the diet of harbour porpoises derives from
the examination of single specimens, which were captured accidentally in fishing gear or
stranded, during the nineteenth century. Dewhurst (1834) records that “porpoises live upon
small fish though they will eat any offal and garbage that is thrown into the sea”’. Southwell
(1881) observed that “the food consists of fish and it follows the shoals of herring, etc.,
amongst which it commits great depredation; it has a taste for salmon (Salmo salar) and is
sometimes taken in the salmon-nets’. Van Beneden (1889) stated that “the porpoise preys on
fish, including herring, but may also eat crustaceans, cephalopods and even marine plants’.

Descriptions of porpoise diets from the late nineteenth and early twentieth centuries
include records of awide variety of fishes and, in some cases, cephalopods and crustaceans
in stomachs. Scott (1903), examining the stomach contents of a porpoise caught in a salmon
net in Scotland, found remains of fish (flesh and otoliths), of which the most frequent was
whiting (Merlangius merlangus). The high numbers of otoliths found (240), in the opinion
of the author, showed “how destructive these cetaceans can be when they get among a shoal
of fishes’. Various small-scale studies in the northeast Atlantic from the early part of the
twentieth century through to the 1970s document predation by porpoises on whiting, herring
(Clupea harengus) and sometimes other fish species such as capelin (Mallotus villosus),
mackerel (Scomber scombrus), sole (Solea solea), cod (Gadus morhua), eel (Anguilla
anguilla), as well as shrimps and cuttlefish (Millais 1906, Stephen 1926, Harmer 1927,
Freund 1932 quoted in Tomilin 1957, Fraser 1946, Darling 1947, Matthews 1952, Hardy
1959, Slijper 1962, Andersen 1965, Kdlquist 1975 quoted in Otterlind 1976).
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Similar types of prey were recorded in other areas: for example, Pecific herring (Clupea
pallasii), capelin, Pacific sardine (Sardinops coerulea) and smelt (Osmeridae) in the North
Pacific (Sleptsov 1952 quoted in Tomilin 1957, Wilke & Kenyon 1952, Scheffer 1953, Fink
1959); herring, cod, mackerel (Scomber scombrus), hake (Urophycis tenuis), pollack (Pol-
lachius virens), squid (Loligo pealii), smelt (Osmerus mordax), silver hake (Merluccius
bilinearis) and redfish (Sebastes marinus) off eastern Canada (Sergeant & Fisher 1957,
Smith & Gaskin 1974).

The most extensive published study on harbour porpoise diet was carried out in the Black
Sea, where 4000 stomachs were examined by Tsalkin (1940 quoted in Tomilin 1957). The
diet consisted mainly of benthic fish (several goby species, Gobius rotan, G. melanostomus,
G. syrman, Mesogobius batrachocephalus; Black Sea flounder, Pleuronectes flesus flesus;
Black Sea sole, Solea nasuta; bream, Abramis brama and Black Sea whiting, Gadus
euxinus). Pelagic species (Black Sea silverside, Atherina pontica; Black Sea anchovy,
Engraulis encrasicholus; pikeperch, Lucioperca lucioperca; mullet, Mugil sp. and Black Sea
shad, Caspialosa sp.) were also found but were thought to be taken only when they occurred
in large and dense schools.

In the northeast Atlantic, the first detailed study on harbour porpoise diet was carried out
by Rae (1965). This author, concerned with the possible role of porpoises as predators of
salmon, examined the stomach contents of 52 animals by-caught in different fishing gearsin
Scotland from 1959 to 1965. Herring and whiting were the main prey found. In alater study,
from 1965 to 1971, a further 30 by-caught and 11 stranded porpoises were examined (Rae
1973). In these 41 stomachs, the main prey were clupeids (herring and sprat Sprattus sprat-
tus) and small gadoids (mainly whiting). No evidence of predation on salmon was found in
either study. Lindroth (1962) examined the stomach contents of 50 harbour porpoises from
the Baltic Sea captured from 1960-1, again with the aim of finding out whether porpoises
prey on salmon, and aso found no evidence of salmon in the diet. Remains of sprat, herring,
Baltic cod (G. m. callarias), gobies (Aphya minuta) and sandeels (Ammodytes sp.) were
found.

As schemes to record and examine stranded cetaceans were set up in different countries
and research programmes started collecting by-caught specimens during the 1980s and
1990s, more studies on harbour porpoise diets were carried out (see Table 2). The results of
these studies demonstrated that harbour porpoises feed on both pelagic schooling fish
species, for example, herring, capelin, whiting, blue whiting Micromesistius potassou,
sardine, northern anchovy, and demersal or benthic fish, for example, hake, Trisopterus spp.,
sandeels (Ammodytidae), gobies, sole, dab Limanda limanda, Greenland halibut Rein-
hardtius hippoglossoides (Desportes 1985, Sekiguchi 1987, Kinze 1989, Lick 1991ab,
Aarefjord et al. 1995, Borjesson & Berggren 1996, Malinga & Kuklil 1996, Rogan &
Berrow 1996, Santos 1998). Other prey species such as cepha opods (ommastrephids, sepi-
olids, loliginids, gonatids), other molluscs, crustaceans (e.g. euphausiids) and polychaetes
(Nereis) were also recorded (Smith & Gaskin 1974, Desportes 1985, Sekiguchi 1987, Kinze
1989, Smith & Read 1992, Gaskin et a. 1993, Gearin et a. 1994, Rogan & Berrow 1996,
Santos 1998). Plastic and other foreign objects such as nylon fishing line and a banana peel
have aso been recorded in the stomachs (Kastelein & Lavaleije 1992, Baird & Hooker
2000).
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Are porpoises opportunistic or selective predators?

As Dunnet (1996) pointed out, opportunism, selection and availability are “in fact shorthand
for very complex biological interactions about which we know only a little in quantitative
terms’. Strictly applied, the term “opportunistic” predation can be taken to imply that prey
are taken as encountered, with the implication that prey availability is the only criterion
affecting diet choice. Following the theory of optimal diet selection (e.g. Pulliam 1974),
observation of opportunistic predation (sensu stricto) might be taken to imply that high
quality prey are relatively rarely encountered. However, the term is probably used at least as
often as a catch-all phrase which indicates no more than that evidence for active selection
was not found (and often was not sought).

The diversity of prey eaten and the geographica variation found in the diet have led some
authors to consider the harbour porpoise to be an opportunistic feeder (e.g. Martin 1996, Tell-
mann & Dietz 1996), not limited to shallow waters, but able also to feed pelagicaly on mid-
water species from deeper habitats (IWC 1996). In fact, few studies in the northeast Atlantic
have been able to address this question because information on prey abundance, for al the
species at an appropriate spatial and temporal scale, is rarely available. Donovan & Bjerge
(1995) note that, to answer the question of whether harbour porpoise feeding patterns follow
prey availability, it would be necessary to study “the distribution of prey and target species on
avery small spatial scale, much smaller than presently documented in fishery literature”.

Santos (1998) compared the rank order of importance (by weight) of different fish species
in harbour porpoise diets and fishery landings in Scotland, excluding species eaten by por-
poises but not commercialy fished, and found a positive correlation in 3yr out of the 5yr
studied. Species that are not fished made up between 0.3% (1996) and 2.6% (1994) of the
diet by weight but their absence in landings data simply reflected low (or zero) market value.
Using catch statistic data as a measure of species abundance has potential risks since fishery
landings are also affected by changes in market demand, fishing effort, establishment of
management measures such as minimum landing size, total annual catches, area closures,
etc. (Hislop 1996). Nevertheless, fishery-catch data can sometimes provide a reasonable
estimate of the abundance, distribution and availability of the prey species (Evans 1975),
and the correlation between the importance rankings of certain species in commercia
catches and in porpoise diets (Santos 1998) remains of interest. To the extent that fisheries
take species in proportion to their abundance, this result provides weak support for the
notion of porpoises as an opportunistic species.

Porpoise distribution around Shetland was spatially correlated with sandeel distributionin
1992 and 1993 but there was no correlation between the seasonal patterns of porpoise
numbers and prey abundance (Evans & Borges 1995).

The nature of feeding strategies can be revealed by studies of dietary variation. Against a
background of varying fish abundance, piscivorous predators, especialy those foraging
opportunistically, might be expected to show regional, seasonal or interannua variation in
diet. On the other hand, evidence of sex- or age-related variation in diet may be consistent
with opportunistic predation (if there is sex- or age-related habitat segregation) or provide
evidence for the role of other factors (e.g. if both sexes occupy the same habitat). Despite the
existence of numerous studies on harbour porpoise diet there has been little quantitative
analysis of patternsin diet in the northeast Atlantic. Thisis mainly due to the lack of appro-
priate sample sizes that would allow disentanglement of the effects of all the factors poten-
tially affecting diet variability.
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Geographical variation

Severa studies on harbour porpoise diets in the northeast Atlantic have revealed geographi-
cal variation in the main prey consumed (in the UK, Martin 1996, Santos 1998; in Norway,
Denmark and Sweden, Aarefjord et al. 1995, Berggren 1996; in Germany, Lick 1991ab,
Benke & Siebert 1996; in Ireland, Rogan & Berrow 1996). One cavest is that not all of these
studies were contemporaneous and the confounding effect of temporal shifts in diet cannot
always be ruled out.

Based on examination of prey remains from the stomachs of 100 porpoises stranded and
by-caught on the British coast from 1989 to 1994, the most important prey in terms of
biomass were gadoids (whiting, haddock, Norway pout Trisopterus esmarkii and pollack),
while sandeels and gobies were by far the most frequently eaten. Differences were found
between diets in different areas of the British coast, with sandeels taken in bigger numbers
on the east coast, while Norway pout was taken by more than half of the porpoises from
Shetland, but was not eaten elsewhere (Martin 1996). The greater dietary importance of
Trisopterus in Shetland than elsewhere in Scotland is also supported by results in Santos
(1998). Harbour porpoises from Irish waters fed mainly on Trisopterus spp. (Rogan &
Berrow 1996).

Significant between-area differences in the diet were reported by Santos (1998), who
analysed the stomach contents of 198 stranded and by-caught porpoises from Denmark, The
Netherlands, Scotland and Galicia (NW Spain) mainly from 1989 to 1996. The author found
various significant between-area differences in the diet. Porpoises from Scotland had eaten
significantly more sandeels than had those from Denmark and Holland, also more sepiolids
and fewer cod than in Denmark. Danish porpoises took significantly more gobies than did
porpoises in Scotland, while viviparous blennies (Zoarces viviparus) were present only in
the Danish diet. In Holland, porpoises had taken significantly more gobies, dragonets and
squid Loligo forbesi than had porpoises from Scotland, and more sepiolids than porpoises
from Denmark. In Galicia, despite a small sample size, a wider range of prey was recorded
than in other areas, including some species found only in the Galician diet (e.g. silvery pout
Gadiculus argenteus thori, argentine Argentina sp.).

Regional differences in the diet were also found by Aarefjord et al. (1995), who exam-
ined stranded and by-caught specimens from Norwegian, Danish and Swedish waters
(1985-90). Overall, herring was the most important single prey species, while gadoids made
up more than haf of the total prey weight. However, harbour porpoises from the Danish
North Sea and the Baltic took mainly cod, whiting, sandeels and gobies, while saithe, blue
whiting and capelin were more frequent in porpoises from the Norwegian waters. Herring
and sprat were found to be the main food of harbour porpoises stranded and by-caught
during 1988-93 in the Swedish Skagerrak and Kattegat Seas (Berggren 1996).

In German waters, results from Lick (1991a,b) and Benke & Siebert (1996), from strand-
ings and by-catches in 1985-90 and 19913, respectively, indicate geographic differencesin
the diet of harbour porpoises. In porpoises from the North Sea from 1991-3, sandeels made
up amost 40% of the prey weight, with a further 30% being common sole (Solea solea). In
contrast, in the Baltic Sea over 50% of the total prey weight was made up of gobies, while
23% was herring and 15% was cod (Benke & Siebert 1996).
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Seasonal variation

Seasonal variation in harbour porpoise distribution has been described as a general inshore
movement in summer and offshore movement in winter, although east—west and north—south
migrations have also been proposed in different locations (e.g. Tomilin 1957, Gaskin et al.
1974, Gaskin 1977, 1984, Taylor & Dawson 1984, Gaskin & Watson 1985, Northridge et al.
1995, Read & Westgate 1997). Seasonal movements are believed to be related to prey avail-
ability or to breeding habitat (Gaskin 1977, Northridge et al. 1995, Read & Westgate 1997).
Camphuysen & Leopold (1993) interpreted the higher numbers of porpoise sightings and
strandings on the Dutch coast in winter than in summer as indicating a seasonal east-west
movement.

Aspects of the ecology of some of the prey species may assist in interpreting seasonal dif-
ferencesin diet (Santos 1998). Sandeels spend most of the autumn and winter (September to
March) buried in the sand, with the exception of the spawning period between December
and January (Macer 1966, Reay 1970, Langham 1971, Winslade 1974, Wright 1996). Thisis
consistent with the higher prevalence of sandeels in spring and summer diets than in autumn
and winter diets of Scottish harbour porpoises (Santos 1998). Although, arguably, echolocat-
ing porpoises should be able to detect sandeels in the sand it is perhaps energetically more
costly to catch them. The higher importance of whiting in the winter diet could relate to the
lower availability of sandeels but is also consistent with trends in whiting abundance. Trawl
survey data for the east coast of Scotland indicate that whiting, poor cod and Norway pout
are more abundant in inshore waters in winter than in summer (Santos et al., unpubl. data).
Seasonal variation was also documented in the diet of harbour porpoises by-caught in
Swedish waters: while herring was the main prey all year round, the contribution of sprat
and whiting varied seasonally (Bdrjesson & Berggren 1996).

Seasonal differences have also been reported in the size of prey eaten by porpoises
(Santos 1998). In Scotland, smaller whiting were taken in autumn and bigger whiting were
eaten in spring and summer, while bigger sandeels were taken in winter and spring than
summer. In Denmark, smaller viviparous blennies and whiting were taken in spring than
summer. In Holland, smaller gobies were taken in autumn than in winter and spring. Such
trends may also be interpreted with reference to fish life cycles, in that small fishes are most
likely to be taken when O-group fishes move into the area used by porpoises. Thus, large
numbers of 0-group sandeels become available in the summer months, when they are preyed
upon by harbour porpoises and a wide variety of birds, fishes and other marine mammals
(e.g. Furness & Hislop 1981, Jonsgaard 1982, Perkins et al. 1982, Furness 1987, Daan 1989,
Harris & Riddiford 1989, Monaghan et al. 1989, Pierce et a. 1989, 1991ab, Harris &
Wanless 1991, Storey 1993, Thompson et al. 1991).

Seasonal differences in the diet of harbour porpoises have been reported also in studies
outside the northeast Atlantic. In Atlantic Canadian and United States waters, prey diversity
was higher in winter than in summer, with porpoises eating mainly herring, silver hake and
pearlsides (Maurolicus weitzmani) in the autumn (Palka et al. 1996). Gannon et al. (1998)
analysed the stomach contents of 95 harbour porpoises by-caught in autumn in the Gulf of
Maine and compared the results with previous studies of harbour porpoises by-caught in
summer in the Bay of Fundy (Smith & Gaskin 1974, Recchia & Read 1989, Smith & Read
1992). They noted that herring was the main prey for porpoises in both autumn and summer
but was less dominant in the autumn diet than in summer. They also found that porpoises ate
awider variety of prey and of prey sizesin autumn than in summer.
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Interannual variation

Interannual variation in the diet might be expected to follow variation in the availability of
preferred prey. Declines in the availability of common prey could lead harbour porpoises to
switch to other prey species and/or prey sizes. For some of the commercial fish species eaten
by porpoises, estimates of abundance and size distributions are available. However, this is
not the case for many other prey species (e.g. the smaller inshore fish such as blennies,
gobies and egls).

Significant interannua differences in the average size of fishes eaten (e.g. for sandeels
and whiting in Scotland, viviparous blenny and whiting in Denmark, and gobies in Holland)
were described by Santos (1998). In terms of amounts eaten, significant interannual vari-
ation was found only for herring, and the significance of this variation was strongly influ-
enced by a single porpoise killed by bottlenose dolphins in the Moray Firth in November
1994, which had eaten many small herring (<150mm). In any case, the interannual changes
were apparently unrelated to changes in herring abundance. However, it is worth noting that
of the three main studies on porpoise diets in UK waters, only the earliest (Rae 1965, 1973)
records herring as forming a major part of the diet and this change could reflect the decline
in herring abundance in the North Sea since the 1960s. This topic is revisited in more detail
below.

Outside the northeast Atlantic, Recchia & Read (1989) found some differencesin the diet
of harbour porpoises by-caught in groundfish gill nets in the Bay of Fundy (Canada) during
two time periods (196972 and 1985-7). Porpoises from 196972 had taken mackerel and
silver hake less often than porpoises from 1985 to 1987 athough herring, silver hake and
cod remained the main prey in the diet for both samples.

The main prey (by percentage occurrence) of harbour porpoises off northern Washington
differed between the years 1988-90. In 1988 it was Pacific herring, followed by squid and
smelt, while in 1989 smelt was the main prey followed by squid (Loligo opalescens) and
gadoids. In 1990, Pecific herring was again the main prey followed by smelt and gadoids
(Gearin et al. 1994).

Ontogenetic variation

Differencesin diet between adult and juvenile porpoises in the northeast Atlantic have been
found in several studies (Lick 1991a,b, Benke & Siebert 1996, Borjesson & Berggren 1996,
Santos 1998). Juveniles cannot dive as deep as adults and could be prevented by their small
size from catching and eating big prey.

Differencesin the diet of young (<120cm total length) and adult porpoises were found in
a sample of 78 stomachs from porpoises stranded and by-caught in Germany. Y oung por-
poises took more gobies, while adult porpoise took more flatfishes and gadoids and had a
bigger variety of prey speciesin the stomach (Lick 1991ab). Similar results were found in a
sample of 61 porpoises by-caught and stranded in Germany during 19913 (Benke & Siebert
1996). Borjesson & Berggren (1996) also noted that gobies were important in the diet of
calves (<1-yr old) from porpoises by-caught off Swedish waters. The authors concluded
that the small size of gobies could make them a suitable prey for calves. Santos (1998) found
that, in Scotland, adult harbour porpoises ate bigger whiting than did juveniles, while in
Denmark juveniles ate bigger viviparous blenny and whiting than adults, and in Holland
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adults took bigger gobies and sandeels than juveniles. The author considered that it was pos-
sible that most of these differences related to adult porpoises feeding further offshore than
juveniles. In addition, the analysis showed that, in Holland, smaller porpoises took fewer
whiting but more gobies than did bigger porpoises.

In other studies in the northeast Atlantic, no significant differences were found between
the diets of calves (<113cm total length) and adult porpoises in Scandinavian waters,
although gobies were the most frequent prey in the stomach of 0 and 1-yr old porpoises
(Aarefjord et a. 1995), or between diets of juvenile and adult porpoises in a sample of
animals stranded and by-caught in the UK (Martin 1996).

Outside the northeast Atlantic, although no differences were found between the diets of
juvenile and adult porpoises in Canadian waters (Smith & Gaskin 1974), comparison of a
sample of 31 calves (<1-yr old) and 149 adult porpoises by-caught in gill netsin the Bay of
Fundy from 1985 to 1991 revealed that calves were taking euphausiids during their first
summer while adult porpoises ate herring (Smith & Read 1992). The authors suggested that
calves “learn” to forage on euphausiids before starting to take larger prey such as fishes. A
comparison of the diets of 13 calves and 74 juvenile and adult porpoises by-caught in gill
netsin the Gulf of Maine in 1989 and 19914 showed that calves had eaten a greater propor-
tion of pearlsides and euphausiids than adults and had also taken smaller herring and silver
hake (Gannon et al. 1998).

Diet of male and female harbour porpoises

Differencesin diets of males and females might be expected if the sexes tend to inhabit dif-
ferent areas, as a consequence of the larger average body size in females, and if the foraging
behaviour of femalesis affected by the presence of nursing calves.

Segregation of harbour porpoises in groups of different sex and/or age has been proposed
by severa authors to explain differences in by-catch figures. The predominance of mature
males in the catch in the Baltic Sea was explained by Tomilin (1957) as a consequence of
adult males forming separate groups that are more “mobile” than groups comprising juve-
niles or females with calves. Such segregation by age and sex has also been suggested as an
explanation of high catches of sub-adult males in nets in offshore Canadian waters (Kinze
1994). In contrast, females accompanied by calves would tend to be associated with shal-
lower waters (Kinze 1994). If this segregation takes place, females with calves would not
only have a different distribution from males but could aso be restricted in their search for
food (e.g. by not being able to dive very deep or search long distances). Seasona differences
in the prey composition of adult female harbour porpoises, in a sample of 119 porpoises by-
caught in the Swedish Kattegat and Skagerrak fisheries, were interpreted by Borjesson &
Berggren (1996) as indicating that habitat preferences of females could be “ dictated by their
association with young calves’. The absence of milk in the stomachs of six calves by-caught
with their mothers in gill nets in the Bay of Fundy led Smith & Read (1992) to suggest
calves are unable to nurse while their mothers are actively foraging. It is also possible that,
rather than merely being a consequence of segregation, any differencesin diet between the
sexes could be a mechanism to reduce competition.

Few differences were found between the diets of male and female porpoises in Scotland,
Denmark and Holland (Santos 1998). In Scotland, male porpoises ate more sepiolids and
had a higher overal prey diversity than females as well as there being some difference in
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prey size. In Denmark, female porpoises had significantly more prey in the stomach than
males. In Holland, female porpoises ate significantly more gobies than did male porpoises.
This higher prey diversity in Scottish male porpoises could indicate different feeding
grounds or less selectivity in the prey eaten. Female porpoises are significantly bigger and
heavier than males and the higher number of prey in females' stomachs in Denmark could
reflect higher energetic needs. However, this result was not found for the Scottish and Dutch
porpoises. Aarefjord et a. (1995) found no significant differences in diet between seven
adult females and 48 adult males, athough they recognised that the number of females
examined was very low. On the other hand, significant differences in the number of prey in
the stomach were found between male and female porpoises of 1-yr old or less, with males
eating more fish than females.

Outside the northeast Atlantic, results suggest an absence of dietary differences between
the sexes. No differences in the diet between sexes were found in a sample of 81 harbour
porpoises collected from eastern Canadian waters between 1969 and 1972 (Smith & Gaskin
1974) or in a sample of 100 harbour porpoises by-caught along the northern coast of Wash-
ington State (Gearin et al. 1994). Prey weight showed no significant differences between the
sexes in a sample of 138 harbour porpoises by-caught in the Gulf of St Lawrence, Canada,
in 1989 (Fontaine et al. 1994). Finally, no significant differences were seen in the diet of
males and non-lactating females in a sample of 95 harbour porpoises by-caught in the Gulf
of Maine (Gannon et al. 1998).

It should be noted that many studies do not distinguish between diets of lactating and
non-lactating females and it seems that differences between diets of males and females are
most likely to be seen when females are nursing calves.

Cause of death and diet variability

A basic problem with most recent studies on porpoise diets is that they are based on dead
animals. Differences in stomach contents from animals dying from different causes are diffi-
cult to relate to feeding strategies. Thus, if sick animals had a diet different from healthy
animals, does this difference indicate active changes in diet selection or simply a con-
seguence of reduced mobility leading to lower prey encounter rates? Certainly, the cause of
death represents a potential confounding factor and source of bias in dietary studies. If
nothing else, different components of the population are represented in proportion to the fre-
quency with which they die rather than their relative abundance in the living population. The
problems arising from the use of stranded specimens in dietary analysis have been exten-
sively discussed and reviewed elsewhere (e.g. Pierce & Boyle 1991, Sekiguchi et al. 1992).
Strandings of cetaceans can be considered an “opportunistic” resource, the composition of
which depends on many factors (wind and currents carrying the carcasses to the coadt,
accessibility of coastal locations, state of preservation, etc.). With the increase in interac-
tions between marine mammals and fisheries, by-catches have become another source of
samples for dietary studies. In contrast to strandings, which could represent injured or ill
individuals, by-catches may provide samples of “heathy” animals (Kuiken et a. 19944).
However, the use of by-caught individuals is not free of potential biases, notably the pos-
sible bias of the diet towards the target species of the fishery and associated species (Waring
et a. 1990) and the possible “net selection” of particular porpoise size and age classes. A
disproportionately high number of juvenile porpoises amongst by-catches was reported in
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Denmark (Clausen & Andersen 1988, Kinze 1994) and for the German fleet fishing in the
Baltic and the North Sea (Kock & Benke 1996). It has been suggested that avoidance of nets
could be related to experience, making young animals more vulnerable. Young animals
could try to explore and play with the nets and become entrapped and this fact could also put
females at risk if they try to rescue their calves (IWC 1994, Kinze 1994). Kinze also pointed
out that the existence of age-related segregation in harbour porpoises would make some
groups more vulnerable to by-catch. Gaskin & Blair (1977) found sub-adult males segregat-
ing from other groups in Canadian waters and staying closer to the coast and thus becoming
more frequently entrapped in nets.

A problem with identifying by-catches, as such, arises if by-caught animals are freed
from the nets (either by the fishermen or by other causes) and are found floating at sea or
stranded on the coast. The diagnosis of by-catch in these animals is at present a difficult
task. Carcasses are often too decomposed to alow any post-mortem study to be done and
some net types do not cause net marks on the skin — perhaps the clearest indication of by-
catch (Kuiken 1996). At present only a small percentage of cetaceans found stranded can be
diagnosed clearly as by-catches (Siebert et al. 1996).

In Scotland, harbour porpoises killed by bottlenose dolphins is another source of samples
available for analysis. However, these samples are also not free from potential biases. Ross
& Wilson (1996) observed that, although there were no significant differences in the number
of males and females killed, there was a bias towards porpoises of 100cm to 140cm, which
corresponded with juvenile or prepubertal animals between 1yr and 3yr of age. They aso
noted that there is seasonal variation in the total number of strandings in the Moray Firth
area, with a peak value in June, and that the “injured porpoises represented a relatively con-
stant proportion of this number, such that within each month the number of injured por-
poises was significantly correlated with the number that died of other causes’.

In the northeast Atlantic, by-caught porpoises in Irish waters had eaten less clupeids and
whiting than stranded porpoises but both groups had a similar proportion of gadoids in the
diet (Rogan & Berrow 1996). However, the sample size in this study was small (nine and ten
animals, respectively).

Santos (1998) found significant differences in the diet between porpoises killed by bot-
tlenose dolphins and porpoises that died of other causes. Taking into consideration that the
seasona distribution of the deaths caused by bottlenose dolphins was not homogeneous,
with more deaths occurring in the second and third quarters (spring and summer), the author
noted that it was not surprising that porpoises killed by dolphins had taken more sandeels
(since the importance of sandeels in the diet was aso found to be significantly related to
season with sandeels eaten mainly in spring and summer). The differences in the importance
of the other species in the diet could be related not only to seasonal but also geographical
differences in abundance and/or availability. The sample of harbour porpoises killed by bot-
tlenose dolphins came mainly from the Moray Firth and the surrounding areas. A further
seven came from further south, near the Firth of Forth. In all cases harbour porpoises killed
by bottlenose dolphins came exclusively from the east coast of Scotland. Significant differ-
ences in the size of prey eaten, between porpoises killed by bottlenose dolphins and the
remaining porpoises, could also be explained by the seasonal distribution of the deaths
caused by dolphins. During the summer months, when more deaths take place, younger
sandeels and bigger whiting are taken by harbour porpoisesin bigger numbers.

Differences in diet between by-caught and stranded animals have been found for other
cetacean species, for example, common dolphins, dusky dolphins (Lagenorhynchus obscu-
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rus) and Heaviside's dolphins (Cephalorhynchus heavisidii) in South Africa (Sekiguchi et
al. 1992).

Where and how do por poises feed?

Direct information on where porpoises feed comes from studies of distribution and diving
behaviour. Westgate et a. (1995) recorded diving behaviour of harbour porpoisesin the Bay
of Fundy by attaching time-depth recorders. Typical dives were short and shallow (mean
duration 44 s and mean depth 14m), although dives to depths of up to 226 m (the maximum
water depth in the area) and durations up to 321 s were recorded. Some evidence was found
that dives were less frequent, but deeper, at night. Most dives were characterised as “flat bot-
tomed”, with around one-third of the dive time being bottom time, which would be consis-
tent with foraging at the sea bed. Pierpoint et al. (1999) recorded porpoise echolocation
activity on the Welsh coast using acoustic data loggers and found that porpoise activity was
highest at night and during the ebb tide.

Goodson (1994), in the context of discussing by-catches in set gill nets, comments that
very little is known about the foraging strategies of harbour porpoises. However, records of
by-catches themselves provide evidence about where and how porpoises feed, some
information can be gleaned from records of surface observations, and relevant data are
emerging from recent studies on echolocation behaviour. There is little doubt that porpoises
often feed near the sea bottom, as indicated by several lines of evidence: the importance of
sandeels in the diet, the presence of sepiolids in the diet, the characteristics of the sonar
system and the fact that porpoises are often caught in bottom-set gill nets.

Surface observations

Harbour porpoises seem to be gregarious and schools consist normally of few animals (nine
in the Bay of Fundy, Gaskin et a. 1974) athough aggregations of several hundred indi-
viduals have been reported in the literature (Fink 1959, Rae 1965). However, porpoises are
believed to hunt independently rather than in groups (Read 1999).

Pierpoint et al. (1994) observed porpoises in tidal races surfacing repeatedly at the same
location, always orientated so as to face into the tidal stream, which they interpreted as for-
aging activity. The presence of gulls scavenging at the water surface supports this interpreta-
tion and, although associations between individuals were temporary, groups of up to 10
porpoises were seen. Silva et a. (1999) observed porpoises from land on the Portuguese
coast during daylight hours. Numbers of sightings were highest at 09.00 and gradually
declined through the day. In relation to the tidal cycle, numbers were low at both low and
high tide. Maximum numbers were seen when tide height was 1 m below the height at high
tide, but it is not stated whether this was during the ebb tide or flood tide.

Watson & Gaskin (1993) used surface observations to estimate dive times, which they
record as being between 35s and 4min for feeding porpoisesin the Bay of Fundy.
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Echolocation in porpoises

Sturtivant et al. (1994) reviewed information on porpoise echolocation. Evans (1973) sug-
gested that sonar in porpoises is used mainly for target detection rather than target classifica-
tion owing to its monochromatic nature; Amundin et a. (1988) also noted that porpoise
clicks show a narrow-band width. Hatakeyama & Soeda (1990) recorded the clicks to be
mainly in the range 125-140kHz.

Prey searching involves the use of a narrow-beam, narrow-band high-frequency sonar
(with a peak frequency around 130kHz, Kastelein et al. 1999) believed by Goodson &
Sturtivant (1996) to have evolved for short-range foraging, particularly near to the sea
surface or the sea bottom. Kastelein et al. (1997a) also suggest that porpoise echolocation is
likely to be adapted for detecting prey on the sea bottom. Their experiments showed that
porpoises could detect steel and plastic discs buried up to 7cm deep in sand and the authors
comment that similar objects should be detectable when buried at greater depths in a muddy
substratum because the substratum density would be closer to that of water.

The occurrence of very small prey such as bobtail squid (Sepiolidae, e.g. Sepiola
atlantica, the adults of which are no more than 2cm in length) naturally leads to questions
about how they are caught. Sepiolids are sit-and-wait predators which normally remain par-
tially buried in the substratum. They are probably detected by porpoises directing their sonar
into the substratum, and it is probably the acoustic signal from the hole rather than the
animal that allows them to be detected (D. Goodson, pers. comm.)

Inferences from dietary studies

Some further general inferences about feeding areas and the feeding niche can be made with
reference to the ecology of the prey species. A wide variety of prey has been found in the
stomachs of harbour porpoises (see previous sections), including pelagic, mesopelagic and
benthic species. Prey species found in the diet of harbour porpoises are mainly small school-
ing fish <400mm long, indeed in most cases <300mm (Read 1999). It has been suggested
that harbour porpoise teeth are used only to hold the prey but not to break it up into smaller
pieces and, therefore, porpoises are limited asto the size of prey they can consume.

In the northeast Atlantic, a mixture of mainly demersal species (whiting, cod, sandeels,
Trisopterus spp., gobies) has been cited as the main prey in most cases (Lick 1991a,b, Benke
& Siebert 1996, Martin 1996, Rogan & Berrow 1996, Santos 1998) although in some areas a
higher proportion of pelagic prey (mainly herring) has been recorded (e.g. Berggren 1996).
Aarefjord et a. (1995) found a predominance of pelagic species (herring, capelin) in the diet
of harbour porpoises by-caught in Norwegian waters, while benthic prey (cod, whiting,
sandeels, Pleuronectidae) predominated in the stomach contents of porpoises by-caught and
stranded in Sweden and Denmark. Outside the northeast Atlantic, pelagic species such as
herring, capelin, smelt (Smith & Gaskin 1974, Recchia & Read 1989, Fontaine et al. 1994,
Gannon et al. 1998) have been quoted as the main prey for harbour porpoises in the Bay of
Fundy, the Gulf of Maine and the Gulf of St Lawrence (eastern Canada). In the North
Pecific, clupeids (herring, capelin, sardine) were again recorded as the main prey for harbour
porpoises (Wilke & Kenyon 1952, Scheffer 1953, Fink 1959).

In Scottish waters, the two main prey types recorded in stomach contents during the
1990s were whiting and sandeel s (Santos 1998) and it may be proposed that porpoises spend
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a substantiadd amount of time in areas frequented by these species. Whiting is a demersal
species living in shallow waters, usually from 39-200m over sandy or muddy grounds. It can
reach up to 70cm standard length, athough normally the size is 3040cm (Whitehead et al.
1989). Its distribution extends from northern Norway towards Iceland to the west and towards
the northern coasts of Portugal to the south. It is also present in the Mediterranean, Aegean,
Adriatic and Baltic Seas (Hislop 1972). Whiting mature at around 2yr of age and at a modal
length (for femaes) of 26cm. The spawning season is extended, beginning in February in the
southern North Sea and March in the northern North Sea and ending in June. Spawning nor-
mally takes place in waters less than 100m depth (Hislop 1984). During the first year of life,
whiting are found in shallow waters, concentrating in the central and southern North Sea and
in Scottish coastal waters. Most of the whiting taken by Scottish, Dutch and Danish harbour
porpoises in Santos (1998) were estimated to be <23cm in length and were therefore probably
younger than 2-yr old (Hidop 1984). Concentrations of 1-yr olds are found mainly in Scottish
coastal waters and in the central and southern North Sea (Hislop 1984), which would explain
the greater importance of whiting in Scottish and Dutch porpoise diets than in diets of por-
poises from more northern areas such as Norwegian Waters.

Sandeels are a group of demersal fishes which, in the northeast Atlantic, comprise three
main species with very similar otoliths, Ammodytes marinus, A. tobianus and Gymnam-
modytes semisquamatus. Two other species, Hyperoplus immaculatus and H. lanceolatus
(commonly called greater sandeels) attain a bigger size, which distinguishes them from the
common or lesser sandeels, and they are also less abundant. Sandeels receive their name
because of their unique way of life, spending the hours of darkness and most of the winter
buried in the sand (Macer 1966, Reay 1970, Langham 1971, Winslade 1974). Because of
this characteristic they are considered demersal, depending on a suitable bottom substratum
to burrow, but during their activity periods they lead a pelagic life (Storey 1993). Sandeels
feed on plankton and move throughout the water column during the day. Of the three main
species found in the Northeast Atlantic, Ammodytes marinus is the most common, aso being
one of the commonest species on the continental shelf of northwest Europe and accounting
for 10-15% of the total fish biomass of the North Sea (Sparholt 1990).

Food consumption by harbour porpoises

Harbour porpoises have some unique characteristics among cetaceans. They are one of the
smallest cetaceans and most of their range is in cold waters. Their life history includes a
very short nursing period (usually less than 1yr), sexual maturity is attained at around 3yr of
age and there is a very short resting period between pregnancies (usually females give birth
each year), so that females are often pregnant and lactating at the same time (Read et a.
1997). Smeenk (pers. comm.) found that, in Dutch waters, most of the females do not give
birth every year, perhaps due to unfavourable food conditions or impaired health. Harbour
porpoise habitat and life history impose very high energetic demands. Furthermore, their
small size means that they cannot store much energy and this makes them more dependent
on a year-round proximity to food sources (Brodie 1995). According to Brodie, for harbour
porpoise this dependence has “the consequence that its distribution and nutritive condition
may more strongly reflect the distribution and energy density of its prey than for other
cetaceans’.
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Yasui & Gaskin (1986) estimated that the daily feeding rate of a non-lactating adult
harbour porpoise would be 3.5% of its total body weight per day, considerably lower than
values from previous studies based on food intake records from captive animals (e.g. 8.26%
guoted by Sergeant 1969, based on data from Andersen 1965). However, more recent
captive feeding studies tend to support the higher values. Kastelein et a. (1997b) recorded
food consumption in captivity for the species (based on six individuals) to be between 4%
and 9.5% of body weight. Lockyer et a. (2001) recorded food consumption to change sea-
sonally from 7% to 9.5% of body weight for two harbour porpoisesin captivity.

Santos (1998) used the more conservative estimate of 3.5% and population size estimates
from Hammond et al. (1995) to calculate the amount of prey removed each year by harbour
porpoises in Scottish, Danish and Dutch waters. Her figures indicate that porpoises could be
removing significant amounts of several commercial fish species. For example, the estimated
consumption of whiting by porpoises surpasses the landings of this species for human con-
sumption in the North Sea. Thus, extrapolating from Scottish dietary data, harbour porpoises
off Scotland and the east coast of England (SCANS blocks C, D and J) could consume
around 14640t of whiting, 13800t of sandeels and 1000t of herring per year. Off the Danish
coast (SCANS blocks | and L), harbour porpoises could eat around 2880t of herring, 6660t
of cod and 6230t of viviparous blenny, while off the Dutch coast and west coast of Germany
(SCANS blocks H and Y) porpoises could eat around 1800t of whiting, 650t of cod and
300t of sandeels (assuming porpoises off the east coast of Germany to have a diet similar to
the combined diet of Danish and Dutch porpoises). Finally, using combined dietary data for
Scotland, Denmark and Holland, harbour porpoises in the central North Sea could eat
around 3900t of herring, 33400t of whiting and 14000t of sandeels.

It should be noted that confidence limits on all these estimates are wide: regardless of
accuracy, the precision available is low, reflecting the level of uncertainty associated with
sampling error, the regressions used to estimate size of fish prey eaten, the population size
and the energy requirements (Santos 1998, see Santos et al. 2001b for a similar calculation
for sperm whales).

Competition with other predators

Comparing the harbour porpoise with other predators in the northeast Atlantic, the predator
with the most similar average body size is the common (or harbour) seal, which has a range
in weight in UK waters of around 45-106kg in females and 55-130kg in males (Corbet &
Harris 1991). Severa studies have been carried out on the diet of common seals in the
Moray Firth (e.g. Pierce et al. 1989, 1991a,b, Thompson et a. 1991, Tollit & Thompson
1996). In general, common seal diet is dominated by sandeels in summer and other species
such as gadoids (whiting, cod) and clupeids (herring, sprat) in winter. Thus, in recent
studies, diets of harbour porpoise and common seals are seen to follow a similar pattern,
which is consistent with both types of predators exploiting the same locally abundant
resources. Tollit & Thompson (1996) aso found considerable interannual variation in the
diet of common sealsin the Moray Firth between 1989 and 1992. In the Skagerrak and Kat-
tegat (May—September 1988), Harkdnen (1988) found that the most important species in
common seal diet were cod, plaice, dab, lemon sole Microstomus kitt and sandeels. Harko-
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nen & Heide-Jargensen (1991) reported the main prey of common seals in the same area in
July—December 1989 to be mainly gadoids, particularly cod. Cod was also the most import-
ant species by weight in Danish harbour porpoise diets (Santos 1998), although viviparous
blennies were the second most important category and very few flatfishes were eaten.

Grey sedls in the Moray Firth have a similar summer diet to common seals in the same
area (i.e. predominantly sandeels (Pierce et al. 1991a)). Studies elsewhere in Scotland have
shown that other types of fish, particularly gadoids, dominate the winter diet (e.g. Hammond
& Prime 1990, Pierce et a. 1990, Hammond et al. 1994). Again, broadly speaking, there are
similarities with harbour porpoise diet.

There are few data on bottlenose dolphin diet in Scottish waters, but cod, saithe and
whiting were the main prey in 10 stomachs (eight from the Moray Firth) examined by
Santos et al. (2001c). It has been speculated that bottlenose dolphins kill porpoises as a
result of food competition (Ross & Wilson 1996) but clearly more data are needed to test
this hypothesis.

Apart from parallels with seals, the high importance of sandeel in harbour porpoise diets
is shared with a large range of other predators, for example, whiting and cod (Daan 1989),
pleuronectids and salmonids (Storey 1993), Arctic tern Serna paradisaea (Monaghan et a.
1989), puffins Fratercula arctica, guillemots Uria aalge, razorbills Alca torda (Harris &
Riddiford 1989), great skuas Catharacta skua (Furness & Hislop 1981), Arctic skuas Serco-
rarius parasiticus, kittiwakes Rissa tridactyla (Furness 1987), shags Phalacrocorax aris-
totelis (Harris & Wanless 1991), minke whales Balaenoptera acutorostrata (Jonsgaard
1982) and humpback whal es Megaptera novaengliae (Perkins et al. 1982).

Interactionswith fisheries

Interactions of marine mammals with fisheries are of two general types, operational and bio-
logical (Harwood & Greenwood 1985). The former include fishery by-catch of porpoises
and the latter include predation by porpoises on fished species. Both types of interaction
arguably reflect diet choice, the latter more directly.

The results of most of the studies on harbour porpoise diets in the northeast Atlantic show
an overlap between the fish species consumed by porpoises and those targeted by fisheries.
This potential for competition was already noted at the beginning of last century in the North
Sea when direct observations of porpoises reputedly “chasing salmon” or “playing with
salmon” led fishermen and naturalists to believe in the possibility of porpoises competing
with local salmon fisheries (e.g. Macintyre 1934, Berry 1935). Concern over the status of the
Baltic salmon stock led Svérdson (1955) to propose:

The relation between porpoise and salmon can be and ought to be tested by an experi-
ment. The porpoise-hunting tradition . .. must be revived and as many of the migrating
porpoises as possible caught for some years, so as to see what happensto the salmon in
the Baltic. If therelation is once again positive a method has been found for conserving
in the Baltic a permanent salmon population more abundant than the present one.

In fact, studies from this period found no evidence of predation on salmon in porpoise
stomach contents (Rae 1965, 1973, Lindroth 1962).
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The North Sea and adjacent areas (waters west of Scotland and the Skagerrak/K attegat
area) have a long history of fishery exploitation. The types of fishery include pelagic and
demersal fisheries for human consumption, and industrial fisheries (where the catch is used
for reduction purposes). The pelagic fishery mainly targets herring, mackerel and horse
mackerel, while the demersal fisheries usualy catch a mixture of roundfish species (e.g. cod,
haddock, whiting) and/or a mixture of flatfish species (plaice Pleuronectes platessa and sole)
with a by-catch of roundfish. The industrial fishery mainly takes sandeels, Norway pout and
sprat, although catches also include herring, haddock and whiting (Anonymous 20024).

Whiting is the third most important species of commercial demersal fish in the North Sea.
Catches of this speciesin the North Sea increased during the 1950s and 1960s and reached a
maximum in 1969 with 200000t. After this date maximum landings started to decline and
reached an historical low in 1998. At present the stock is considered to be outside safe bio-
logical limits (Anonymous 2002a). In recent years, a significant part of the whiting landed is
taken as by-catch in the industrial fishery, mainly for Norway pout, and in addition large
quantities of whiting are being discarded in favour of higher priced species.

The sandeel Ammodytes marinus supports the largest single-species fishery in the North
Sea. Its distribution extends in the eastern North Atlantic from 74°N to 49°N (Channel
Islands and western English Channel), including eastern Greenland, Barents Sea and the
Baltic Sea (Whitehead et al. 1989). Sandeels are used for bait and food on a small scale in
many areas, but the major fisheries are for the production of fishmea with between
600000-1100000t being taken from the North Sea each year (mainly by Denmark)
(Anonymous 2002a).

Santos (1998) estimated that harbour porpoises take more whiting than are landed by
fisheries in the North Sea, although the whiting taken by porpoises were mainly smaller than
those targeted by the fishery. In Scotland, just over 99% of the whiting consumed were
below the minimum landing size established for the species (27cm), compared with 99.5%
for Denmark and 70% for Holland. However, sizes of fishes may be underestimated from
measurements on otoliths because no correction was applied for otolith erosion. Wijnsma et
al. (1999) carried out in vitro digestions of fish otoliths to estimate consequences of otoliths
erosion for dietary studies on porpoises and suggested that the overall picture of diet compo-
sition for porpoises in Scottish waters was relatively robust to such errors.

Discards of smaller whiting and other species in the North Sea are at present a cause for
concern because the amount of whiting discarded is estimated to be equivalent to 60% of the
amount landed (Anonymous 2002a) and discards are similarly high for haddock. Discards
are known to be eaten by seabirds (Hudson & Furness 1989, Berghahn & Rdsner 1992,
Furness et a. 1992) and it is interesting to speculate whether harbour porpoises might also
take advantage of this resource. Some evidence of feeding on discards exists for other
cetaceans, for example, killer whales (Couperus 1994).

Long-term trendsin por poise diet

Harbour porpoises in the northeast Atlantic may already have switched prey species follow-
ing the decline in herring stocks to a diet based on sandeels, whiting and other gadoid
species. The studies by Rae (1965, 1973) on harbour porpoise diet in Scotland between 1959
and 1971 showed clupeids (herring and sprat) to be the most frequent prey. Gadoids (mainly

374



THE DIET OF HARBOUR PORPOISE IN THE NE ATLANTIC

whiting) were found to be second in importance in the diet, while sandeels represented a
minor proportion (being identified in less than 8% of the stomachs). Although the fact that
most of the animals were obtained during the winter months could explain the lack of
sandeels in the diet, the importance of herring in the stomachs of harbour porpoises analysed
by Raeis clearly greater than in the diet of harbour porpoises in more recent studies.

The decline in herring stocks in the North Sea between the 1950s and 1970s is well docu-
mented (Cushing & Burd 1957, Burd 1978) and has been proposed as one of several hypoth-
esis (together with organochlorine pollution, noise pollution produced by increasing boat
traffic and by-catches in fishing gear) to explain the apparent decline in numbers of harbour
porpoises in the North Sea (e.g. Verwey 1975, Otterlind 1976, Van Bree 1977, Andersen &
Clausen 1983, Gaskin 1984, Kayes 1985, Smeenk 1987, IWC 1994, Kleivane et al. 1995).
The collapse of the herring stocks did indeed coincide with the apparent decline in harbour
porpoise numbers in the southern North Sea. However, herring was also overfished on the
Scottish coasts but there is no evidence of a parallel decline in porpoise humbers (Evans
1980). Furthermore, an earlier disappearance of Zuiderzee herring (a brackish water popu-
lation) in Dutch waters during the 1930s, was not accompanied by a decline in harbour por-
poise numbers in the area (Smeenk 1987). On the other hand, Camphuysen (1994) noted that
an increase in herring stocks in recent years had been followed by a slight increase in sight-
ings of harbour porpoises in the southeast North Sea.

There has been speculation about the likelihood and consequences of porpoises switching
to other prey species if their main prey were depleted by overfishing, because many of the
prey species eaten by harbour porpoise are also commercialy exploited (e.g. herring, sprat,
sardine, cod, whiting, sole, sandeels) (IWC 1996).

Fish stocks have shown considerable variation in abundance and distribution in the past,
some of which has been the result of over-exploitation. Well known cases include the
collapse of the North Sea herring stocks (Burd 1978, Corten 1990) and the massive
decrease of North Sea mackerel population in the early 1970s (Cushing 1980). Not only
have pelagic species shown large fluctuations in abundance, landings from the Shetland
sandeel fishery fell during the 1980s and a parallel decline in seabird breeding success fol-
lowed (Monaghan et a. 1989). Changes in the structure of fish communities due to fishery
exploitation have already been described for some areas (e.g. Celtic Sea, Pinnegar et a.
2002).

At present, many stocks in the North Sea are outside or close to safe biological limits,
with high fishing mortality that is believed to be unsustainable in the longer term and spawn-
ing stock biomasses below safe levels or declining towards critical levels. Over-exploitation
of herring for the human consumption fishery, together with considerable by-catches of
juveniles in the industrial fishery in the North Sea and Skagerrak/Kattegat area, caused a
rapid decline of the stock and in the 1990s emergency regulations were introduced to reduce
fishing mortality. The stock is at present believed to be inside safe biological limits (Anony-
mous 2002b) — although reported to be outside safe biological limits in 2001 (Anonymous
2001) — but stock rebuilding has been delayed by too optimistic assessments and misreport-
ing. The state of the sprat stock is not well known with large natural fluctuations in annual
stock biomass (Anonymous 2001). The North Sea component of the mackerel stock is still
severely depleted and considered to be in need of maximum protection (Anonymous 2002c).

For the species taken in the demersal fishery for human consumption, the stock of cod is
considered to be outside safe biological limits and there is concern that, if the rate of fishing
continues, the stock will collapse. For both haddock and whiting the North Sea stocks are
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also considered to be outside safe biological limits, with spawning stock biomass reaching
an historical low in 1998 for whiting. The status of saithe stocks in the North Sea (including
the Skagerrak area) and the West of Scotland is also causing concern, having fluctuated
around safe biological limits in recent years. Of the flatfish species, plaice and North Sea
sole are considered to be outside safe biological limits with the historical minimum of
spawning stock biomass recorded in 1997 for plaice and in 1998 for sole (Anonymous
20023).

Finally, for the industrial fishery, both Norway pout and sandeel stocks are considered to
be inside safe biological limits but recruitment for both species appear to be highly variable
and can influence the abundance of the species rapidly due to the short life-span (Anony-
mous 20024).

Consequences of diet for individual health and population status

Possible causes for the decline of harbour porpoises in most European waters noted by
Smeenk (1987) included the decline in herring stocks and other factors such as organochlo-
rine pollution. Other threats to populations include fishery by-catch, habitat degradation
through pollution, disturbance by ship traffic and boats and coastal development (Read et a.
1997). Of these threats, by-catch is arguably the most serious, the fishery by-catch of
harbour porpoises in northeast Atlantic waters being regarded as unsustainable by the IWC
(IWC 1995).

As argued above, harbour porpoises in Scottish waters have apparently already switched
prey species following the decline in herring stocks to a diet based on sandeel, whiting and
other gadoid species. Switching from a prey with high caorific value such as herring (Murray
& Burt 1977) to one with lower calorific density could have long-term effects on survivorship
and productivity. Short-term effects have been described by Dudok van Heel (1962) who
observed that captive porpoises fed on young cod lost weight but this weight loss was halted
when the diet was changed to the same amount of herring. Evidence of physiological changes
in harbour sedls, related to changes in diet composition, was found by Thompson et al.
(1997). Analysing haematological parameters of a harbour seal population, they found that in
years when herring and sprat dominated the diet, leukocyte counts were significantly higher
than in years when alternative prey dominated the diet. Evidence of widespread macrocytic
anaemiawas also found in years when an alternative prey dominated the diet.

Diet is the route of entry of persistent organic pollutants and toxic elements. Of al the
different types of organochlorine compounds used, only two groups (especiadly resistant to
biodegradation) have entered the marine food chain in high concentrations and are present
in marine mammal tissues. These two groups are the DDTs (dichloro-diphenyl-
trichloroethanes, used as pesticides in agriculture until late 1970s) and PCBs (polychlori-
nated biphenyls, used mainly in the electricity industry) (Aguilar & Borrell 1995).

Aguilar & Borrell (1995) found that, athough levels of DDT (and other contaminants
such as heavy metals) in tissues were low, levels of PCBs in harbour porpoises from the
eastern North Atlantic were high enough to cause concern about their possible effects on the
population. Organochlorine compounds are thought to depress reproductive performance
(Subramanian et a. 1987, Addison 1989) and the immune system (Wassermann et a. 1979,
Brouwer et a. 1989, Vos & Luster 1989, Swart et al. 1994, Ross et a. 1996) and have been
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shown in experimental studies to adversely affect mammalian reproduction (e.g. Merson &
Kirkpatrick 1976, Fuller & Hobson 1986, Reijnders 1986, Boon et al. 1987, Gray et d.
1998). The harbour porpoise was the first cetacean analysed for these compounds (Holden &
Marsden 1967).

Harbour porpoise, with its coastal habitat, its position at the top of the food chain and its
small body size (and high metabolic rate) could be especially affected by these pollutants.
Moreover, it has been suggested that the capacity of small cetaceans to metabolise certain
PCB congeners is very low compared with that of birds and terrestrial mammals (Tanabe et
al. 1988) and is possibly lower in harbour porpoises than in other odontocetes (Duinker et a.
1989). Jepson et a. (1999) found a significant association between elevated blubber chloro-
biphenyl concentrations and mortality due to infectious diseases in harbour porpoises from
England and Wales stranded and by-caught between 1990 and 1996. However, Kuiken and
co-authors found blubber chlorobiphenyl concentrations to be unrelated to adrenocortical
hyperplasia in porpoises stranded and by-caught in 1990 and 1991 (Kuiken et al. 1993) or
mortality due to infectious diseases in porpoises stranded and by-caught between 1989 and
1992 (Kuiken et a. 1994b). At present, while the proximate origin of PCBs in porpoise
blubber is clearly to be found in the prey species, it is not clear whether particular prey
species (or marine habitats) are responsible for this transfer. However, it may be noted that
in general the pattern of abundance of different PCB congeners in marine mammal blubber
differs markedly between fish eaters (such as the harbour porpoise) and cephalopod eaters
(Wells & Mckenzie 1994).

The coastal distribution of harbour porpoises makes them vulnerable to high levels of
incidental fishery mortality, particularly in bottom-set gill nets but also in other fishing gear,
e.g. salmon drift nets, pound nets for herring and salmon and mid-water trawls (e.g. Lindroth
1962, van Utrech 1978, Kinze 1990a, Northridge & Lankester 1992, Lowry & Teilmann
1994, Read 1999). Unlike dolphins, harbour porpoises seem likely to become entangled
when the nets are on the sea bottom (Read & Gaskin 1988). However, it is unclear whether
porpoises become entangled because they attempt to take fishes already caught in the nets or
if they are simply foraging in the area where nets are set and fail to detect the nets (see Tre-
genza et a. 1997). One possibility is that, when porpoises are echolocating fishes buried in
the substratum, objects in the water column (such as nets) are not detected.

Futureresearch

Most recent results on porpoise diet derive from examination of stomach contents of
stranded animals. Inevitably this leads to an incomplete and potentially biased view of diet,
and makes it difficult to partition variation reliably. It is clear that there are regional, sea-
sonal, sex- and size-related differences in diet and there may well be individual differences
in food preferences. However, stomach contents of dead animals provide only a single snap-
shot of diet, with no possibility of repeated samples from the same animal. Furthermore, the
most recent meal is not necessarily representative of the typical diet, especialy if the animal
was weakened by disease, but also if it was by-caught in afishing net as a result of pursuing
a particular type of fish. Last and by no means least, stomach contents analysis is compli-
cated by the digestive erosion of prey tissues and hard parts (see review by Pierce & Boyle
1991).
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In other marine mammals, notably seals (e.g. Iverson et a. 1997), anaysis of fatty acid
composition of the blubber has alowed inferences to be made about the average diet compo-
sition of individuals over extended periods, both overcoming some of the biases of stomach
contents analysis and allowing good data to be collected from animals with empty stomachs.

There are both logistical and technical obstacles to be overcome before this method is
used routinely on porpoises. Quantitative interpretation of fatty acid profiles requires exten-
sive libraries of the fatty acid profiles of putative prey species. Calculating the most likely
diet composition requires considerable computing power: the higher the number of possible
prey species and the more fatty acids that are taken into account, the more possible combina-
tions of different proportions of prey types need to be screened. Finding the relative import-
ance of different prey in the diet is equivalent to solving a series of simultaneous equations,
with data on each fatty acid expressed as a separate equation, each of which has a term for
each prey species. For example, for three fatty acids and two prey species:

1:Ca1 T 1,C = Cpons
1:Co1 + 1,Ch 2= Cp s
where: |, = importance of prey typey in the diet
C,, = concentration of fatty acidxin the body of prey speciesy
C, o0s = CONcentration of fatty acidxin porpoise blubber

In these equations, all the C terms are known and it is necessary to find the set of valuesfor |
values. Further complications are provided by variation in fatty acid profiles within prey
species (e.g. in relation to the prey life cycle and reproductive cycle or variation in the prey
species own diet) and differences between the overall dietary fatty acid profile and that of
the blubber (e.g. due to variation in assimilation, metabolism and de novo synthesisin differ-
ent fatty acids). Given variation in fatty acid profiles of individual prey species, the set of
simultaneous equations is unlikely to have an exact solution. The most probable solution
could be calculated using computer simulations incorporating known variability in prey fatty
acid profiles. The only redlistic way of completely overcoming the latter problem would be
to derive correction factors based on captive feeding experiments involving animals on con-
trolled diets. However, while relatively straightforward for seals, thisis unlikely to be feasi-
ble for porpoises, nor would it be ethically acceptable in some countries.

To follow the diet of an individual porpoise over its lifetime, repeated biopsy samples of
blubber could be taken. Individual identification could be confirmed from DNA analysis of
the tissue sample. However, fatty acids of recent dietary origin are concentrated in the lower
blubber, so that complete blubber cores would be needed, potentially providing a route for
infection and again raising ethical questions. Regardless of whether fatty acid analysis could
or should be extended to studies on live animals, it offers the most likely method for obtain-
ing good dietary data on this species.

For some large cetaceans, faecal analysis has proved to be viable, collecting material
from behind a swimming animal using a net. It seems unlikely that this would be success-
fully for an animal as small (and generally shy of human contact) as a porpoise. Attachment
of cameras (“crittercams’) has also been successful for pinnipeds and larger cetaceans and,
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given a sufficiently small package, it should be possible to obtain a porpoise-eye view of its
feeding activity. Other kinds of recording devices (e.g. time-depth recorders) have already
been successfully attached to porpoises (e.g. Westgate et al. 1995).

Major uncertainties about the ecological importance — and indeed the status — of porpoise
populations remain due to the lack of good data on population size, especialy in European
waters. In the North Sea, the SCANS survey — based on a single month’s data collection in
1994 (Hammond et a. 1995) — dtill provides the most comprehensive picture of porpoise
distribution and abundance. Good data on individual energy requirements are also required
and could greatly affect present calculations of food consumption.
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