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ABSTRACT- Seasonal variation in harbour seal diet in the south-western North Sea was investigated
from faeces collected monthly, over a 2 yr period, from a high-water haulout sitc in the Wash on the east
coast of England. A total of 12444 fish otoliths from 31 species was recovered trom 708 faeces; otolith
measurements were corrected for partial digestion and used to estimate the proportion, by weight, of
each species in the diet. Overall, the diet was dominated by whiting (24 “4), sole (15 %), dragonet (13 %)
and sand goby (11%). Other flatfish {(dab, flounder, plaice: 12 %), other gadoids (bib, cod: 11 %), bull-
rout (7 %) and sandeels (3 %) were also consumed. A strong seasonality in diet was apparent which can
be summarised as: whiting, bib and bullrout dominated from late autumn through early spring; sand
goby peaked during winter and early spring; dragonet, sandeels and flatfish (except sole) dominated
from late spring to early autumn; and sole peaked in spring. Harbour seal diet composition in general,
and seasonal changes in diet in particular, appeared mainly to be linked to availability {in terms of prey
distribution and abundance, feeding or spawning activity and, perhaps, prey sive) but this was not
always the case. In a few species (whiting, dab and plaice}, seasonal changes in consumption appeared
to be related to the availability of other species. Differences in harbour seal and grey seal diets in the
same area were consistent with the 2 species feeding in difterent areas, but there was also evidence of
a maximum preferred prey size for harbour seals.
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INTRODUCTION

The harbour seal Phoca vitulina is a common phocid
species whose range spreads across the North Atlantic
and North Pacific in temperate and sub-Arctic waters
(King 1983). The ease of access to its haulout sites on
sheltered coasts, estuaries and inter-tidal sandbanks
(Thompson 1989, Riedman 1990) has resulted in this
species being much studied throughout its range
(Harvey 1987, Bjerge 1991, Wada et al. 1991, Heide-
Jorgensen et al. 1992, Coltman et al. 1997, Iverson et
al. 1997, Thompson et al. 19974, Ries et al. 1998). Many
of these studies have examined harbour seal diet (Ole-
suik et al. 1990, Harkoénen & Heide-Jorgensen 1991,
Bowen & Harrison 1996, Thompson et al. 1996). They
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show that it feeds upon a wide range of prey species
which vary from place to place and seasonally. Indeed,
recently developed techniques for investigating seal
diet, using fatty acid signatures in the blubber that
correspond to fatty acid profiles in prey, suggest that
harbour seals depend on a very localised prey base
(Iverson et al. 1997), a result supported by data on their
movements and behaviour.

It has been proposed that observed seasonal and
inter-annual changes in the diet of harbour seals are a
result of changes in the availability of locally abundant
species (Harkénen 1987, Thompson 1989, Pierce et al.
1990). Indeed, it is often stated or inferred that the diet
of phocids, including harbour seals, varies seasonally
in response to prey availability, but there is limited
supporting evidence (Tollit et al. 1997a). Data on sea-
sonal changes in prey distribution, relative abundance
and/or behaviour are needed to determine the driving
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crete; genetic studies indicate that animals
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in the Wash are distinct from neighbouring
groups which haul out on sand banks in
the Dutch Wadden Sea and in the Moray
- 60 Firth, Scotland (Goodman 1995).

A common method for assessing seal
diet involves examining the hard remains
of prey recovered from faeces collected
from haulout sites (e.g. Hammond et al.
1994a, b). These prey remains, particularly
fish otoliths, can be identified to species
and measured allowing estimation of prey
size and diet composition (Prime & Ham-
mond 1987, Pierce et al. 1990). Faecal
analysis has been used to examine the diet
of harbour seals elsewhere in Europe and
[ 56 Canada (Harkonen 1987, Olesiuk et al.
1990, Pierce et al. 1990, Héarkonen &
Heide-Jorgensen 1991, Pierce et al. 1991,
Thompson et al. 1991b, Tollit & Thompson
1996, Brown & Pierce 1997, Tollit et al.
1997a), facilitating comparisons between
studies. The determination of seal diet
using the remains of prey recovered from
faeces has a number of advantages over
other methods and a number of potential
biases. These are addressed in the ‘Discus-
[ 52 sion’.

In this paper we present the results of a
2 yr study to investigate the seasonal vari-
ation in harbour seal diet in the Wash
using analyses of faecal material. Seasonal

| 50 changes in harbour seal diet composition
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Fig. 1. Map showing the study site in the Wash where harbour seal diet was
studied. Also shown are Donna Nook on the Humber estuary, where grey
seal diet has been studied (Prime & Hammond 1990), and the Moray Firth,
Orkney and Shetland, where the other major harbour seal populations

occur on the east coast of Britain

forces behind seasonal variation in diet. Does the avail-
ability of all prey vary seasonally or are some prey
taken more in one season because other, preferred
prey, become less available at that time? How much is
availability influenced by the spatial distribution of
prey or by prey size? In this paper we compare the
results from a detailed study of harbour seal diet with
available data from the literature to explore the evi-
dence that changes in fish distribution, abundance and
behaviour in an area of the North Sea influence the
diet of harbour seals that haul out in that area.

Our field study was conducted in The Wash, a large
area of sand banks and mud flats on the east coast of
the North Sea (Fig. 1). The population of harbour seals
which hauls out in the Wash is considered to be dis-

2 have also been investigated in other areas
and over different time scales (Harkonen
1987, Pierce et al. 1990, Tollit et al. 1997a);
we discuss our results, and those from
other studies, to explore the evidence for
how much these seasonal changes may be
caused by changes in prey availability or
in predator preference. And we compare our results
with those from a study of the diet of grey seals Hali-
choerus grypus in an adjacent area (Prime & Ham-
mond 1990) to investigate evidence for separation of
foraging niche by area, prey species or prey size.

METHODS

Data collection. Faeces were collected monthly from
a high water haulout site on the south shore of the
Wash (Fig. 1), over a 2 yr period between October 1990
and September 1992. Samples were stored individu-
ally in plastic bags at —20°C. During the first 12 mo, a
minimum of 30 samples per month was collected. Dur-
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ing the second year, effort was directed towards solid
samples, which contain more otoliths, rather than fluid
ones, resulting in smaller monthly sample sizes. The
consistency and colour of the samples was also
recorded. A total of 530 faeces was collected in year 1
(October 1990 to September 1991) and 178 in year 2
(October 1991 to September 1992). Counts of the num-
ber of seals hauled out were also made during the
study period but sampling typically took place when
the haulouts were vacant. Where faeces could be
assigned to individual seals from direct observation,
size class was confirmed by measurement of the width
of track left in the substrate (>60 cm adult, <40 cm
juvenile; Reijnders 1976).

Each faex was washed with water through a nest of
sieves decreasing in size from 2.0 to 0.355 mm. All
otoliths were identified to species (except sandeels,
recorded as Ammodytidae). Otolith width, length and
thickness were measured with digital callipers to the
nearest 0.01 mm, except where the bones were obvi-
ously broken or damaged. In faeces where large num-
bers of otoliths of one species were found, a random
sub-sample of 50 was measured. Further details of the
faecal processing methods are given in Prime & Ham-
mond (1987%).

Proportion, by weight, of each prey species in the
diet. The method of estimating the proportion by

weight of each species in the diet comprised: (1) esti-
mating undigested otolith size from partially digested
size using experimentally derived species-specific
digestion coefficients {(Prime & Hammond 1987, Tollit
et al. 1997b); (2) estimating fish weight from estimated
undigested otolith size, using species-specific regres-
sion relationships (Harkoénen 1986); (3) summing the
estimated weights for each month to calculate the pro-
portion, by weight, of each species in the diet. Where a
sub-sample of otoliths was measured, total weight of
that species in a given faex was estimated pro-rata.

Estimation of the variance and confidence limits of
the estimated proportions needs to take into account:
(1) sampling variation in the estimated weight of fish
consumed; (2) various sources of measurement error
associated with estimating fish weight from partially
digested otolith size.

We used the method of Hammond & Rothery (1996),
which combines resampling from parametric distribu-
tions describing measurement error, with bootstrap
resampling of the observed data (Efron & Tibishirani
1993) to estimate the total variance and empirical 95 %
confidence limits of estimated proportions of prey spe-
cies in the diet.

Digestion coefficients and the allometric relation-
ships used to estimate fish weight from undigested
otolith size are given in Table 1.

Table 1 Digestion coefficients used to estimate undigested otolith size from partially digested otolith size and allometric rela-

tionships used to estimate fish weight from undigested otolith size. Fish weight was assumed to be related to undigested otolith

size as: FW = aU%""2, where FW = fish weight, U = undigested otolith size, a and b are constants and ¢° = variance about the

fitted relationship. The multiplier e%’% accounts for the estimation error in the predictor variable U. To estimate a, b and ¢, the

regression equation: InFW = Ina + b{InU - mean(lnU)] + 6*/2, was used. The mean of InU was subtracted from InU to balance

the regression. Either otolith length (OL) or otolith width (OW) was used as a measure of otolith size, U. (Sources: Harkénen
1986, Coull et al. 1989, Tollit et al. 1997Db)

Fish species

Cod Gadus morhua 1.30
Whiting Merlangius merlangus 1.39
Bib Trisopterus luscus 1.25
Sandeels Ammodytidae 1.13
Plaice Pleuronectes platessa 1.15
Sole Solea solea 1.25
Dab Microstomus kitt 1.16
Flounder Platychthys flesus 1.22
Brill Scophthalamus rhombus 1.22
Dragonet Callionymus lyra 1.25
Bullrout Myoxocephalus scorpius 1.25
Sand goby Pomatoschistus minutus 1.38
Mackerel Scombrus scombrus 1.25
Sprat Sprattus sprattus 1.15
Horse mackerel Trachurus capensis 1.25
Garfish Belone belone 1.25

Anguilla anguilla

Digestion coefficient

Minor species found were ling Molva molva, herring Clupea harengus, hooknose Agonus cataphractus, sea scorpion Tauru-
lus bubalis, lesser weaver Echiichthys vipera, butterfish Pholis gunnellus, smelt Osmerus eperlanus, eel pout Zoarces vivipa-
rus, five bearded rockling Ciliata mustela, Norwegian topknot Phrynorhombus norvegicus, sea snail Liaparis liparis and eel

Fitted allometric relationship

InFW=5.049 + 4.434(InOL - 2.262) + 0.094/2
InFW = 5.505 + 4.501 {InOW - 1.535} + 0.069/2
InFW=4.738 +5.871(InOL - 2.191) + 0.058/2
InFW=1122+ 2.710(InOL - 0.595) + 0.038/2
InFW=5417 + 3.405(InOL - 1.794) + 0.097/2
InFW =5.068 + 3.350(InOW - 1.101) + 0.001/2
InFW=4.517 + 4175(InOL - 1.506) + 0.073/2

InFW=5384 + 2.898(InOL - 1.700) + 0.028/2
InFW=4.179 + 3.227(InOL - 1.191) + 0.05/2

InFW =3.256 + 4.459(InOL - 0.894} + 0.077/2
InFW=4.373 + 3.494(InOL - 1.535) + 0.074/2
InFW =4.393 + 4.379(InOW - 0.242) + 0.062/2
InFW=-0.486 + 5.369(InOL - 1.241) + 1.08/2
InFW=5.102 + 4.039(InOW - 0.056) + 0.082/2
InFW =2.539 + 4.695(InOL - 2.331) + 0.058/2
InFW =4.393 + 4.379(InOL - 1.400} + 0.062/2
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Table 2. Number of samples, and number of otoliths recovered from each of the major prey by trimester Predominant species
from the ‘Others’ category are given in the footnote

- Year 1 -
OND JFM AMJ

No. of faeces: 111 114 118
Cod 37 - 7
Whiting 350 94 65
Bib 79 11 8
Sandeels 285 24 218
Plaice 34 16 30
Dover sole 34 4 44
Dab 149 116 91
Flounder 13 - 10
Brill - - -
Unid. flatfish 2 4 14
Dragonet 42 3 229
Bullrout 52 4 9
Sand goby 363 732 407
Horse mackerel 4 - -
Sprat 88 34 3
Mackerel 4 - -
Garfish 2 - 14
Others 25 15 78°
Total 1561 1057 1227
‘55 eel
P52 herring

- : Year 2
JAS OND JFEM AMJ JAS
187 37 26 44 71
No. of otoliths

27 46 13 27 6
259 89 46 55 233
19 57 24 5 16
527 26 19 100 169
292 11 12 11 455
29 18 19 80 46
761 46 26 122 281
62 - - 2 25
1 - - 3 8
122 4 3 6 41
970 15 24 223 348
12 80 8 16 9
129 227 870 605 517
6 3 1 - -

1 15 2 1

2 - - 15 4
45 38 9 12 138°
3264 675 1079 1284 2297

Fish length frequency distributions. To investigate
seasonal and annual differences in the size of fish
taken by the seals, fish lengths were estimated from
the estimated fish weights using published relation-
ships (Bedford et al. 1986).

RESULTS
Numbers of faeces and otoliths

The number of faeces collected in each trimester and
the number of otoliths recovered for each prey species
are shown in Table 2. From a total of 708 faeces, 12444
otoliths were recovered and identified, of which 9019
were measured. Thirty-one fish prey species were
identified. The most frequently found otoliths were
from cod, whiting, sandeel, plaice, sole, dab, flounder,
dragonet, bullrout and sand goby. Some severely
eroded flatfish otoliths could not be positively identi-
fied but were believed to be either dab or plaice and
were apportioned to these species pro-rata. Remains of
cephalopod beaks were found in 12 % of samples over-
all (a total of 56 beaks in year 1 and 30 beaks in year 2).
However, they were too small and too eroded to be
identified to species and, since they were unlikely to
contribute significantly to the diet because of their

numbers and size, were excluded for the purposes of
estimating diet composition.

Diet composition

The percentage, by weight (with 95% confidence
intervals), of each of the 12 major species in the Wash
harbour seal diet, by trimester, is given in Table 3.
There were no major differences between the 2 years
of the study. Whiting was the dominant prey species
overall (24 %), with sole (15%), dragonet (13%) and
sand goby (11 %) other major contributors to the diet.
Lesser contributions were made by the flatfish (dab
[6 %], flounder [4 %] and plaice [2%]); the gadoids: (bib
[7 %] and cod [4 %]); bullrout (7 %) and sandeels (3 %).

Seasonal differences were apparent in Table 3 and
these appeared to be consistent across years. Three-
month moving averages fitted to the estimated
monthly proportions of the major prey species over the
2 years of the study (Fig. 2) show this more clearly. The
peaks in proportion by weight in the diet of one species
were followed by another through the seasons, over
the 2 years of the study. These temporal patterns can
be summarised as:

e whiting, bib and bullrout dominated from late
autumn through early spring;
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Table 3. Percentage, by weight, and 95 "%

confidence intervals for the 12 major prey species in the diet of Wash harbour seals

Trimester

OND JFEM AMJ JAS
Year 1
Cod 6.3 (1.4-16.3) 00 - 1.4 (0.1-4.6) 50 (0.9-14.0y
Whiting 44.0 (21.1-70.0) 331  (6.9-68.7) 122 (3.5-29.1) 22,1 (7.9-44.0)
Bib 10.9 (0.5-33.5) 148 (0.3-53.1) 29 (0.1-14.4) 1.6 (0.2-5.3)
Sandeels 2.5 (04-6.9) 1.0 (0.1-3.3) 3.6 (0.9-8.4) 4.0 (1.3-7.9)
Sole 56 (1.3-13.3) 1.8 (0.1-5.0) 13.7 (4.0-29.6) 3.0 (0.8-6.8)
Plaice 0.6 (0. 1 1.6) 0.3  (0.0-0.9) 0.4 (0.0-1.0) 2.7 (0.9-5.3)
Dab 46 (1.4-10.4) 4.0 (0.5-12.0) 34 (0.4-10.0) 10.1  (3.9-20.5)
Flounder 2.3 (0.1-6.4) 00 - 7.1 (0.0-20.7) 7.1 (2.7-14.3)
Dragonet 2.5 (04-7.4) 0.2 (0.0-1.0) 234 (5.7-50.5) 379 (17.2-63.0)
Bullrout 94 (24-21.4) 3.6 (0.0-14.5) 1.7 (0.0-5.2) 1.3 (0.0-4.2)
Sand goby 57 (0.7-19.8) 36.7 (8.7-76.3) 89 (0.8-30.0) 23 (0.4-7.9)
Sprat 1.4 (0.2-4.1) 26  (0.4-7.7) <0.1  (0.0-0.1) <0.1 (0.0-0.1)
Others 4.3 (0. 4 15.7) 20 (0.0-7.5) 215 (1.3-49.3) 3.0 (1.1-5.70
Year 2
Cod 52 (0.8-13.9) 7.3 (0.4-237) 134 (1.6-36.5) 1.2 (0.0-57)
Whiting 30.2 (8.4-61.5) 25.1  (3.8-60.5) 14.0 (3.5-33.3) 14.6  (4.3-34.1)
Bib 21.2 (0.9-60.8) 83 (0.0-288) 1.8 (0.1-6.6) 1.8 (0.0-7.7)
Sandeels 0.5 (0.0-1.6) 0.6 (0.0-2.0) 26 (0.1-8.0) 3.1 (0.8-7.2)
Sole 52 (0.6-14.2) 15.8 {2.3-37.7) 23.8  (6.0-51.1) 4.0 (1.1-9.7)
Plaice 0.2 (0.0-0.%) 0.2 (0.0-0.6) 1.0 (0.1-3.5) 99 (3.6-19.0)
Dab 3.8 (0.3-10.8) 29 (0.2-9.2) 57 (1.7-12.4) 10.7 (3.8-21.8)
Flounder 0.0 - 0.0 - 1.1 (0.0-4.2) 11.0  (2.6-25.4)
Dragonet 22 (0.2-7.6) 44 (0.0-17.2) 172  (4.0-38.4) 256 (8.8-48.8)
Bullrout 23.9 (6.0-51.0) 51 (0.5-13.6) 56 (0.8-13.8) 3.4 (0.0-12.1)
Sand goby 57 (0.3-22.7) 276 (4.4-68.5) 9.4 (0.2-34.6) 10.9 (2.0-31.4)
Sprat 1.0 (0.0-4.%) 1.0 (0.0-3.8) 0.1 (0.0-0.5) 0.1 (0.0-0.3)
Others 0.8 (0.1-2.5) 1.8 (0.1-5.2) 4.5 (1.1-10.9) 3.7 (0.6-10.3)

¢ sand goby peaked during winter and early spring;

¢ sole peaked in spring and again, to a lesser extent, in
autumn;

* dragonet, sandeels and flatfish (except sole) domi-
nated from late spring to early autumn.

To determine whether the apparent seasonal
changes were real or whether the variability in the
estimated proportions was such that the changes with
season were not statistically significant, we carried
out a series of statistical tests. For each species we
selected the trimester (or trimesters) in which the
peak proportion by weight in the diet occurred and
tested these against the proportions found in the rest
of the year. Table 4 shows the results; all comparisons
(using a 2-tail Z test) were highly significant (p <
0.001) thus confirming the patterns evident in Table 3
and Fig. 2.

Prey size

Of the major prey species taken by Wash harbour
seals, several were small species. Sand gobies grow
only to about 10 cm in length. Bib, dab, dragonet, bull-
rout, and lesser sandeels are mostly less than 25 cm in

length, although older individuals and the greater
sandeel Hyperoplus lanceolatus may be larger.

Of the larger species, approximately 95 % of the sole
taken in both years of the study was less than 35 cm
(Fig. 3). Greater than 90% of the plaice was less than
18 cm estimated length in both years (Fig. 3) and
greater than 90% of the cod taken was below 35 cm
estimated length (Fig. 3).

The majority of sandeels taken were in the range 8 to
24 cm estimated length; this is the size range of the
smaller lesser sandeel species Ammodytes marinus
and Gymnpammodytes semisquamatus or the inshore
species A. tobianus. A small number of larger fish up to
32 cm were found which were probably the greater
sandeel (Fig. 3).

A large proportion of the whiting taken were again
small fish. More than 90% were less than 30 cm esti-
mated length in both years (Fig. 3).

Note that the prey lengths described above have
associated error because they are estimated from fish
weights which are themselves estimated from mea-
surements of partially digested otoliths. This will tend
to ‘spread out’ the length frequency distributions and
means that it is unwise to make inferences from the
tails of the distributions.
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Other descriptors

Nematode, acanthacephalan and arachnid parasites,
associated with both fish and seals, were frequently
found in faecal samples. Many of the nematodes were
found in faeces assigned to juveniles and may have
been lung worms. They were more prevalent in au-
tumn/winter than spring/summer (the mean proportion

of samples containing nematodes between October and
April was 0.47 and between May and September was
0.08). Faeces from juveniles also tended to be fluid and
contained very few otoliths. Of those assigned an age
class (n = 83), 70% were from juveniles. Of these, 98 %
were fluid and contained a mean of 3.6 otoliths. This
would suggest that our results represent the diet of
largely adult and sub-adult harbour seals in the Wash.
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Table 4. Seasonal comparisons among major prey species. Trimesters were combined as appropriate. Significance was tested
using a 2-tail Z test. Sample sizes were numbers of faeces as given in Table 2. All comparisons were highly significant {p <0.001)

Species Seasons compared Mean percentage in diet (SE) VA
Year 1
Whiting (a) OND/JFM (b} AMJ/JAS (a) 39 (10) (b) 17 (6) 354
Bib (a) OND/JEM (b) AMJ/JAS (a) 12 (8) (b) 2 (2) 22.0
Sandeel {a) OND/JEM (b} AMJ/JAS (a)2 (1) (b) 4 (1) -37.3
Sole (a) AMJ (b) All others (a) 14 (7) (b) 3 (1) 29.4
Plaice (a) JAS (b) All others (a) 3 (1) (b) 0.4 (0.2} 35.5
Dab (a) JAS (b) All others (a) 10 (5) (b) 4 (2) 24.8
Flounder (a) AMJ/JAS (b) OND/JEFM (a) 2 (2) (b) 5 (2) -24.8
Dragonet (a) AMJ/JAS (b) OND/JFM (a) 1 (0.01) (b) 31 (7) -506.9
Bullrout (a) OND (b) All others (a) 9 (5) (b) 1 (1) 32.6
Sand goby (a) JEM (b) All others (a) 37 (18) (b} 6 (3) 34.3
Sprat (a) OND/JFM (b) AMJ/JAS (a) 14 (1) (b) 0,03 (0.03) 170.4
Year 2
Whiting (a) OND/JFM (b) AMJ/JAS (a) 28 (10) {b) 14 (5) 13.7
Bib {a) OND/JFM (b) AMJ/JAS (a) 15 (10) (b) 2 (2) 14.2
Sandeel (a) OND/JFM (b) AMJ/JAS (a) 0.5 (0.4) (b) 3 (1) -63.4
Sole (a) JEM/AMJ (b) JAS/OND (@) 5(2) (b) 20 (8) -72.5
Plaice (a) JAS (b) All others (a) 10 (4) (b) 0.5 (0.3) 243
Dab (a) JAS (b} All others (a) 11 (5) (b) 4 (2) 14.6
Flounder (a) JAS (b) All others (a) 11 (6) (b) 1 (1) 17.5
Dragonet (a) AMJ/JAS {(b) OND/JFM (a) 21 (7) (b) 31 (7) -10.3
Bullrout (a) OND (b} All others (a) 24 (12) (b) 12 (5) 11.9
Sand goby (a) JFM (b) All others (a) 28 (17) (b) 12 (5) 13.5
Sprat (a) OND/JFM (b) AMJ/JAS (a1 (2) {b) 0.08 (0.1) 6.3
Particularly notable was the presence of the parasitic DISCUSSION

copepod Lernaeocera. Specimens could not be conclu-

sively identified to species (Lyndon pers. comm.) but Methodology

were likely to be one of two species: L. lusci, whose
main hosts are bib, dragonet and sand goby; and L.
branchialis, whose main host is whiting (Van Damme &
Ollevier 1995). We found negative correlations be-
tween the number of Lernaeocera and the number of
otoliths of bib and sand goby (Pearson correlation coef-
ficents —0.03 and -0.03, p > 0.05 respectively), a non-
significant positive correlation with whiting (Pearson
correlation coefficient 0.33, p > 0.05) but a strong posi-
tive correlation with the number of dragonet otoliths
(Pearson correlation coefficient = 0.77, p < 0.001). From
this, we infer that the specimens recovered were L.
lusci parasitising dragonet.

Shrimp remains were found most often in October to
December in both years and also in the spring (May in
year 1, March and April in year 2). There was no
apparent seasonal trend in the presence of other crus-
taceans.

Other hard remains of interest included green bones,
which are known to be indicative of garfish (Brown
pers. comm.) and which were often found in associa-
tion with garfish otoliths (11 samples contained green
bones and garfish otoliths; 3 had green bones without
garfish otoliths).

The advantages and disadvantages of the method
used in this study to determine seal diet, the analysis of
otoliths recovered from faeces collected at haulout
sites, have been extensively discussed elsewhere
(Jobling & Breiby 1986, Jobling 1987, Hammond &
Prime 1990, Pierce & Boyle 1991, Cottrell et al. 1996).
The main disadvantages that have been identified are:
(1) otolith digestion rates may vary by species; (2) small
or fragile otoliths, such as those from salmonids and
clupeids, may be completely digested; (3) seals may
not consume the heads (and therefore the otoliths) of
large prey items; (4) some otoliths recovered from fae-
ces may be from the stomachs of primary seal prey.
These factors will lead either to a biased sample or to
biased results.

In our study, the first potential problem is taken
account of by what we see as the major advantage of
this method; it allows diet to be quantified, including
accounting for the partial digestion of otoliths (Prime &
Hammond 1987) and estimating the full sampling and
‘measurement’ error (Hammond & Rothery 1996).

The other potential problems are more difficult to
address. We do not believe that the second problem
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could introduce a significant bias into our results. Clu-
peids and salmonids which have small and fragile
otoliths are not abundant in the south-western North
Sea and are unlikely to form a significant proportion of
harbour seal diet, although sprat were consumed in the
winter months. Also, several other studies (referred to
below) of harbour seal diet using this methodology
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Fig. 3. Length-frequency histo-

grams for 5 major prey species in

harbour seal diet in each of the
2 years of the study

have found herring to be a major component of the diet.
Regarding the third problem, although there are re-
ports of seals removing the heads of large prey items
around fishing nets, there is also much evidence from
studies using faecal analysis (again referred to below)
that seals do consume large prey because large otoliths
are recovered from faeces.
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On the question of whether some otoliths could be
from secondary prey, this has been identified as a
potential problem with respect to sandeels. In our
study, sandeels were a minor prey item so it is unlikely
that this is a problem. In other studies where sandeels
form a significant part of seal diet (e.g. Hammond &
Prime 1990, Hammond et al. 1994a), it was common to
find many hundreds of sandeel otoliths in the absence
of otoliths from their predators in individual faeces.

Another important advantage of faecal analysis
methods is that it is more efficient than examining
stomach contents, either of dead animals (Rae 1968,
Rae 1973) or by lavage of live animals (Antonelis et al.
1987), because it is possible to collect large numbers of
faeces without disturbing animals. Samples are typi-
cally not only larger, but will also be more representa-
tive of the population being studied than those taken
from animals around fishing nets, for example. We
consider the analysis of otoliths recovered from faeces
collected at haulout sites as the best overall method for
determining the diet of a population of seals.

Harbour seal diet in Europe

We have presented a detailed assessment of the diet
of harbour seals in the Wash area of the North Sea; the
first since Sergeant (1951) found mainly common
whelks Buccinum undatum, flatfish and whiting in a
small sample of stomachs from culled harbour seals.
The evidence for common whelks was based mostly on
only the opercula and almost certainly these gastropods
were secondary rather than primary prey. Our overall
results, from a much larger sample of faeces collected
monthly throughout a 2 yr period, partly confirm these
historical findings. The dominant species in the diet of
harbour seals in the Wash in 1990-1992 were whiting
and flatfish but these only accounted for about half the
diet by weight. Our results show that harbour seals in
the Wash are catholic in their feeding habits and take a
wide range of fish species. Dragonet, sand goby and
bullrout made up about one third of the diet by weight,
and gadoids other than whiting about 12 %.

In other parts of the North Sea, the diet of harbour
seals has been studied in the Kattegat and Skagerrak
(Harkonen 1987, Harkonen & Heilde-Jorgensen 1991),
the Moray Firth (Pierce et al. 1990, Pierce et al. 1991,
Thompson et al. 1991b, Tollit & Thompson 1996, Tollit
et al. 1997a) in Orkney (Pierce et al. 1990) and in Shet-
land (Brown & Pierce 1997).

In a 2 yr study in the Skagerrak and Kattegat, Harko-
nen (1987) found that gadoids made up 50% and flat-
fish over 25 % of the diet of harbour seals by weight. A
similar study 10 yr later found a similar domination by
gadoids but with herring displacing flatfish as the prey

type of secondary importance (Harkonen & Heide-
Jorgensen 1991).

In the Moray Firth, the diet of harbour seals has been
found to be dominated by sandeels or herring and
sprat, with octopus and gadoids (mainly whiting)j also
important (Pierce et al. 1990, Pierce et al. 1991,
Thompson et al. 1991b, Tollit & Thompson 1996, Tollit
et al. 1997a). In Orkney, sandeels dominated harbour
seal diet, followed by herring and gadoids (Pierce et al.
1990). In Shetland, Brown & Pierce (1997) found that
whiting and other gadoids made up over 60 % of har-
bour seal diet by weight; sandeels and herring were
also important.

Sandeels were not an important prey of harbour
seals in the Wash. This is similar to some other areas in
the North Sea (Harkonen 1987, Harkonen & Heide-
Jorgensen 1991) and in Canada (Olesiuk et al. 1990,
Bowen & Harrison 1996). It is, however, in contrast to
the Moray Firth, where sandeels dominated the diet in
summer and, in some years, in winter (Pierce et al.
1990, Pierce et al. 1991, Tollit & Thompson 1996, Tollit
et al. 1997a). These studies show that harbour seals
consume a wide variety of prey {(gadoids, sandeels,
flatfish, clupeids and cephalopods), the favoured spe-
cies depending on the area and sometimes the year.
And in all the studies lasting more than a few months,
seasonal differences in the diet were found.

Seasonal changes in harbour seal diet

In our study, analysis of monthly data over a 2 yr
period has enabled us to show that harbour seal diet in
the Wash changed seasonally and that this seasonality
was consistent across years. The period over which
particular prey predominated varied among species
from between 3 and 7 mo. A clear progression of dom-
inant species in the diet of whiting, bib and bullrout in
winter, through sand goby and sole in spring, to other
flatfish and dragonet in summer was apparent for 2
successlve years.

Seasonal variation in harbour seal diet has also been
highlighted in the Moray Firth. Pierce et al. (1990)
grouped their data into trimesters, a decision sup-
ported by the scale of seasonal change seen in our
results for some species, particularly the flatfish. Pierce
et al. (1991) presented the same data by month but the
small sample sizes in several months do not warrant
the authors’ suggestion of pronounced shifts in diet
from month to month. Tollit & Thompson (1996)
grouped samples into summer (May to August) and
winter (November to February) to highlight the main
seasonal differences. In our study, such a grouping
would have captured the gross seasonal changes of
most species but would not have adequately captured
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the seasonal variation of sand goby and sole, which
peaked in spring (Fig. 2). Pierce et al. (1990) and Pierce
et al. (1991) found the dominant prey to be sandeels
from April to September, and herring and sprat from
October to March. Whiting occurred mainly in January
to March. Tollit & Thompson (1996) found the summer
diet to be dominated by sandeels, with octopus addi-
tionally important in some years, and evidence of a
strong prey preference in winter either for sandeels
(supported by whiting) or for clupeids. In Orkney, the
diet in the 2 summer trimesters was dominated by
sandeels (Pierce et al. 1990).

In the Skagerrak/Kattegat, Harkonen (1987) found
cod to be the most important prey species except in
summer. Lemon sole and herring were major prey
except in October to December. Sandeels were only
important in April to June, long-rough dab Hippoglos-
soides platessoides in July to September and whiting
in October to December.

The results of these studies show clear evidence of
seasonal changes in harbour seal diet. Are these
changes driven simply by seasonal changes in avail-
ability of all prey species? Or are some prey species
taken more in a season because other preferred spe-
cies become less available at that time? To address
these questions, it is necessary to examine the evi-
dence for seasonal changes in prey distribution and
abundance, as well as behavioural changes that might
affect their availability, in the vicinity of the study area.
Data collected at the time of our diet study which
would allow direct links to be made are not available.
We thus rely on data from the literature to make infer-
ences.

Prey availability and predator preference

Sole is at the northern limit of its distribution in the
North Sea (Rijnsdorp et al. 1992), where juvenile fish
stay in nursery areas in shallow waters (Knijn et al.
1993) for up to 2 yr (Rees et al. 1988). Most of the sole
eaten by harbour seals in our study were these young
fish but the length-frequency data indicate that a
significant proportion (about 25%) were greater than
30 cm in length (Fig. 3) and thus likely to be mature
(Knijn et al. 1993). The increase in the proportion of
sole in the diet coincides with the movement of this
species into waters less than 30 m deep to spawn in the
southern North Sea (Rijnsdorp et al. 1992). This implies
that consumption of sole by harbour seals in the Wash
is influenced by availability in inshore waters.

Whiting is an abundant gadoid in the North Sea,
widely distributed throughout the year. Immature
whiting predominate along the coast of central Eng-
land but more mature fish are found further south

(Knijn et al. 1993). There is no evidence of seasonal
changes in distribution. Whiting was the most impor-
tant or second most important prey species in the diet
of Wash harbour seals throughout the year except in
April to June (Table 3). This is the trimester when sole
Is the dominant prey; indeed there is a strong negative
correlation between the proportions by weight in the
diet of whiting and sole (Pearson correlation coeffi-
cient = -0.67). This implies that the lower consumption
of whiting in spring is a result of prey switching, rather
than being due to a decrease in the availability of
whiting.

The dragonet is a benthic fish living in shallow water
over sand and mud (Wheeler 1978). In the southern
North Sea, growth appears to be restricted to the
period May/June to October (Van der Veer et al. 1990).
King et al. (1994) found that peak feeding occurred
during the warmer months and suggested a summer
growing season of April/May to September/October.
This pattern coincides exactly with the appearance of
significant quantities of dragonet in the diet of harbour
seals from the Wash (Table 3, Fig. 2) suggesting that
their availability as prey is linked to feeding activity
during summer. Also noteworthy was the significant
correlation between the occurrence of Lernaeocera in
faecal samples and the presence of dragonet otoliths.
This parasite can be highly debilitating to its host (His-
lop & Shanks 1980). The presence of Lernaeocera may
thus also increase the availability of dragonet to seals
as prey, particularly at times when the copepod is more
prevalent.

The bib is common in inshore waters (Wheeler 1978),
found mainly in the southern tip of the North Sea,
mostly in winter (Knijn et al. 1993). Consumption of bib
by Wash harbour seals was significant, although highly
variable, only in winter (Table 3, Fig. 2), suggesting
that predation was related to availability. The variabil-
ity in the diet may be a result of a patchy distribution,
as demonstrated elsewhere (Knijn et al. 1993).

The other flatfishes in the diet, mostly dab, flounder
and plaice, were found mainly in summer (Table 3,
Fig. 2). The dab has a wide distribution throughout the
North Sea, which does not change seasonally (Knijn et
al. 1993). The flounder is also widespread in Furopean
waters. It migrates into shallow waters in summer but
in winter the adults move offshore to spawning
grounds which are mainly on the eastern side of the
North Sea (Knijn et al. 1993). Newly metamorphosed
plaice seek out sandy and muddy bays where they stay
for at least a year; dispersal offshore increases from
age 2 onwards as the fish begin to mature (Rijnsdorp
1989). The plaice found in Wash harbour seal diet were
generally less than 18 cm estimated length (Fig. 3), and
were therefore probably immature (Rijnsdorp 1989).
There is thus evidence for seasonal changes in distrib-
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ution only in the flounder. The seasonal predation on
dab and plaice could result from them becoming more
available as incidental prey when flounder are tar-
geted.

The highest abundance of bullrout in the North Sea
Is in the Wash and the German Bight (Heessen & Daan
1996). Spawning occurs in winter (Wheeler 1978, Knijn
et al. 1993), the season when bullrout appeared in har-
bour seal diet (Table 3, Fig. 2), suggesting that preda-
tion may be linked to increased availability during
spawning.

Sprat was not a major component of harbour seal diet
in the Wash but it was more prevalent in winter than in
summer (Table 3). This coincides with the occurrence
of winter concentrations of sprat in the southern North
Sea in coastal areas including the Wash (Corten 1990).

Although sandeels were not an important prey of
harbour seals in the Wash, their occurrence in the diet
was strongly seasonal, peaking in summer (Table 3,
Fig. 2), when they are believed to be more available
than in winter (Macer 1966).

The sand goby is abundant in inshore waters over
sandy ground, where 1t is a primary prey of some bot-
tom-dwelling species which are more abundant in
winter, such as bullrout and bib (Wheeler 1978). The
sand goby was a significant contributor to the diet of
Wash harbour seals, particularly from December to
April (Table 3, Fig. 2). Its occurrence in the diet may,
therefore, be linked to its availability as prey to other
fish. It is possible that some of the otoliths recovered
from sand gobies may have been secondary rather
than primary prey, although we found no correlation
between the presence of sand goby otoliths and those
of any of its major predators (cod, whiting, bullrout or
bib).

In summary, for the majority of prey species which
occurred seasonally in the diet of Wash harbour seals,
there is circumstantial evidence linking occurrence to
a factor likely to affect their availability (distribution,
abundance, spawning, feeding activity). For a few spe-
cies (whiting, dab and plaice), seasonal changes in
consumption cannot be explained by these factors and
appear to be related to the availability of other species.

Interspecific differences in seal diet

Prime & Hammond (1990), using similar methods to
those employed here, found that of the diet of grey
seals hauled out at the mouth of the Humber estuary
(approximately 75 km from the Wash study site) was
dominated by sandeels (except in April/May and
November/December), cod (especially in October) and
sole (especially in May). Other flatfish, whiting, drag-
onet and bullrout were also common prey. The range

of prey species taken by these adjacent populations of
grey and harbour seals was similar (albeit in different
years, 1985 and 1990-1992, respectively). There are
also similarities in seasonal patterns: the peak in sole
consumption in spring; the increase in other flatfish,
sandeels and dragonet in summer; and the absence of
bullrout and Trisopterus spp. (bib or poor cod) in sum-
mer.

But there are more differences than similarities. The
main differences are the dominance of sandeels and
cod in Humber grey seal diet but the dominance of
whiting and certain coastal species (dragonet, sand
goby) in Wash harbour seal diet. An additional point of
note is that although Wash harbour seals did take
advantage of an increase in sole during the spawning
season in April/May, as grey seals in the Humber estu-
ary did (Prime & Hammond 1990), they did not take
similar advantage of cod in October (as the grey seals
did). Was this because adult cod are too large to be
easily consumed by harbour seals? Or was it because
the spawning cod did not enter the preferred foraging
areas of Wash harbour seals?

In principle, the foraging areas of grey and harbour
seals in the southern North Sea could overlap consid-
erably. Harbour seals are known to travel tens of kilo-
metres to feed (Thompson & Miller 1990, Thompson et
al. 1991b, Thompson et al. 1996) whereas grey seals
may travel far greater distances (Thompson et al.
1991a, McConnell et al. 1992, Hammond et al. 1993,
Thompson et al. 1996, McConnell et al. unpubl.). Prime
& Hammond (1990) suggested that the presence of
large sandeels in the diet of Humber grey seals was
indicative of offshore feeding on the greater sandeel
on the Norfolk and Dogger Banks. Densities of the
most abundant sandeel species in the North Sea
(Ammodytes marinus) are far greater on the Norfolk
Banks than in surrounding deeper waters (Macer
1966). The banks are approximately 100 km from our
harbour seal study site in the Wash, a much greater
distance than this speciles travels to forage in the
Moray Firth (Thompson & Miller 1990, Thompson et al.
1996). We propose, therefore, that the dominance of
sandeels in Humber grey seal diet and the low propor-
tions in Wash harbour seal diet is a result of differential
foraging in offshore and coastal waters, respectively.

That Wash harbour seals forage coastally is sup-
ported by 2 of the dominant prey in the diet: dragonet
and sand gobies which, as discussed above, are typi-
cally concentrated in coastal waters. Sand gobies were
the dominant species in Wash harbour seal diet in Jan-
uary to March. Dragonet was the dominant species in
April to June (second to sole in year 2) and July to Sep-
tember.

Whilst almost all the fish taken by Wash harbour
seals were small (<30 cm in estimated length), includ-
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ing individuals of larger species such as cod and sole,
this was not true of Humber grey seals. Prime & Ham-
mond (1990} found that a wide size range of cod was
taken by Humber grey seals; more small fish (<15 cm)
were taken in winter/spring, when they are inshore,
but larger fish {>35 cm) were taken throughout the
year. Similarly, small sole (5 to 15 cm) were taken from
December to March but larger fish were also taken
throughout the year. In particular, sole >35 cm were
taken mainly during March to July, the spawning
season.

The lack of a seasonal pattern in cod consumption by
Wash harbour seals and the small size of fish taken
could imply that these fish were in inshore waters, but
is also consistent with a maximum limit on the pre-
ferred size of prey taken by harbour seals. The failure
of Wash harbour seals to capitalise on the larger sole,
which are available to Humber grey seals in May, may
simply be because these fish are too large.

In conclusion, our study supports the view that har-
bour seal diet composition in general, and seasonal
changes in diet in particular, can mainly be attributed
to availability (in terms of prey distribution and abun-
dance, feeding or spawning activity and, perhaps, prey
size), but that this is not always the case. This is a com-
parable result to that found by Tollit et al. (1997a), who
reported that whilst the most abundant fish species
contributed most to the diet of harbour seals in the
Moray Firth, the contribution of the remaining prey
species were not correlated to their relative abun-
dance. Harkonen (1987) also noted that while harbour
seals in the Skagerrak/Kattegat area took the most
abundant gadoid species, they did not feed on several
other species of fish that were abundant in the area.
Energy requirements may also determine prey selec-
tion when a choice exists, for example, species with
higher calorific densities might be taken preferentially
following periods of fasting. However, nutritional qual-
ity and diet composition may also be important.
Thompson et al. (1997b) reported that in years when
harbour seal diet in the Moray Firth was dominated by
gadoids and cephalopods, health and body condition
indices in adults and vyearlings were significantly
lower, compared to years when clupeids were the most
important prey species. These nutritional require-
ments may also be important factors affecting prey
selection and foraging in harbour seals.
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