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Abstract

There is great interest in the perceived conflict between seals and fisheries. In the
North Sea this interest is largely driven by the increasing grey seal, Halichoerus
grypus, population and the decline in most of the commercial fish stocks.

Application of correction factors to measurements and counts of fish otoliths
and cephalopod beaks recovered from seal scats is required before the size or quantity
of prey consumed can be accurately estimated. Robust estimates of these quantities
were obtained by carrying out feeding experiments with captive grey seals. Digestion
coefficients were greatest for sandeel, Ammodytidae, and then large gadoid, flatfish
and Trisopterus otoliths and finally squid beaks. Recovery rates were greatest for
squid beaks and then large gadoid, Trisopterus, flatfish and sandeel otoliths. Greater
than 95% of otoliths and beaks were passed within 4 days of consumption.

In the northern North Sea sandeels dominated the diet in 2002, as was the case
in 1985. The rest of the diet was made up by cod, Gadus morhuci, and other gadoids
and benthic species. Their importance varied seasonally. Fish consumed in the north
were larger; significantly smaller fish were consumed in 2002. Auk feathers were also
recovered.

In contrast with 1985, benthic species dominated the diet in the southern North
Sea. Fish movement patterns appeared to be responsible for the variation in
contribution of different prey to the diet, while changes in diet (since 1985) reflected
changes in the structure of the fish community.

In the central North Sea the percentage of gadoids in the diet was lower, and
the percentage of sandeels higher, in 2002 than in the 1980s.

Estimates of prey consumption by grey seals in the whole North Sea increased
from 39 000 tonnes in 1985 to 116 000 tonnes in 2002 (in line with the increase in
population size). Sandeels, cod, other gadoids and plaice, Pleuronectes platessa,
remained the most common prey.
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General Introduction Chapter I

1. General Introduction

Pinnipeds are among the largest vertebrate piscivores in marine ecosystems (Bowen et

al. 1993). They are often locally abundant and are thought to represent an important

component of marine communities (Bowen 1997). Additionally, as potentially

significant consumers of commercially exploited fish species, they may have a

negative effect on fish catches (Harwood and Croxall 1988). Even in areas where

direct competition (for prey) between fisheries and marine mammals is limited there

may be considerable indirect competition (Trites et al. 1997). Investigating pinniped

diet is therefore important, both to determine the role of pinnipeds in marine

ecosystems and to aid in the quantification of pinniped-fishery interactions (Furness

1990). This study focuses on estimating the diet of grey seals, Halichoerus grypus, in

the North Sea.

1.1 Grey seals in the North Sea

Grey seals are confined to the North Atlantic, Baltic and Barents Seas. In the

northeast Atlantic, grey seals are present all year round and haul out on land between

foraging trips and for breeding. Pup production in this population has been increasing

by around 6% annually since the 1960s (Duck and Mackey 2005). The overall

population in the north east Atlantic is currently estimated to consist of some 105 000

individuals, of which approximately 63 000 are associated with colonies in the North

Sea (Thomas and Harwood 2005). Key areas where grey seals come ashore on the

UK's North Sea coast include sites such as Donna Nook (Lincolnshire), the Fame

Islands (Northumberland), Fast Castle and the Isle of May (Firth of Forth), Abertay

Sands (Firth of Tay), the Moray Firth, Orkney and Shetland (Figure 1.1).
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General Introduction Chapter I

Considerable information on the distribution of grey seals at sea is available

from studies of animals fitted with satellite-linked dataloggers that provide regular

locations (McConnell et al. 1999). Although the movements (and behaviour) of grey

seals are highly variable, there appear to be two general patterns; long and distant

travel and local repeated trips from haulout sites to discrete offshore areas. In the

North Sea dives are primarily to the seabed (McConnell et al. 1999; Thompson et al.

1991). Approximately 60% of the total dive duration is spent at the maximum depth,

suggesting that grey seals are benthic, rather than pelagic, foragers (Thompson et al.

1991).

1.2 Diet of grey seals in the North Sea: previous knowledge

The diet of grey seals in the North Sea was comprehensively assessed in the mid

1980s (Hammond et al. 1994a; Hammond and Prime 1990; Prime and Hammond

1990). During this previous study, haulout sites on the UK's North Sea coast were

visited on a monthly or quarterly basis and scat samples collected. Fish otoliths and

cephalopod beaks recovered from scat samples were identified to species and

measured. Experimentally derived species-specific digestion coefficients were then

used to correct for reduction in otolith size as a result of digestion. There are several

concerns about using scat analysis as a method to estimate diet. These points are

discussed in detail below. A small number of prey species formed the core of the diet

of grey seals in the North Sea in the mid 1980s. The following differences in diet were

found between regions and seasons:
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Genera! Introduction Chapter I

1.2.1 Orkney

Almost 1000 scat samples were collected in February, June, August and November of

1985; 82% contained fish otoliths (Hammond et al. 1994a). Sandeels, Ammodytidae,

accounted for almost half the fish consumed, by weight. The rest of the diet was

composed mostly of gadoids (particularly cod, Gadus morhua), flatfish (particularly

plaice, Pleuronectes platessa) and benthic species. Sandeels were least prevalent in

November and were found least often in eastern Orkney (see Figure 1 in Hammond et

al. 1994a for details of the way in which Orkney was split into the north, south, east

and west regions referred to here). No significant regional or seasonal differences

were found in the number of cod, haddock, Melanogrammus aeglefinus, or saithe,

Pollachius virens, consumed in Orkney in 1985. Whiting, Merlangius merlangus,

were more common in the south in November, ling, Molva molva, occurred most

frequently in the west. Of the flatfish, more plaice were consumed in February than in

November, and more in the east than in the north or west.

The largest sandeels and plaice were found when these species were most

prevalent in the diet. Mature fish were also more prominent in the diet in areas where,

and at times of year when, spawning occurs. Therefore, Hammond et al. (1994a)

suggested that grey seals may take advantage of energy-rich prey when they are

available by switching to certain prey when and where they are larger. Pierce et al.

(1990) found similar patterns (seasonal changes in diet consistent with changes in

availability of energy-rich prey) for harbour seals, Phoca vitulina, in the Moray Firth.

It should be noted here that calorific values vary both within and between species

(though the calorific content of squid appears to be less variable than that of fish).

Because there is so much intra-specific variation, care must be taken when assessing
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General Introduction Chapter I

the relative energy merits of different species as prey (Hislop et al. 1991; Croxall and

Prince 1982; Steimle and Terranova 1985; Martensson et al. 1996).

While most of the species caught in demersal fisheries in Orkney formed part

of grey seal diet in 1985 (e.g., cod, haddock, whiting, saithe, plaice, lemon sole,

Microstomus kitt, and ling), the species caught in pelagic fisheries (e.g., herring,

Clupea harengus, and mackerel, Scomber scombrus) did not feature. This supports

work by McConnell et al. (1999) and Thompson et al. (1991), which inferred that grey

seals are benthic rather than pelagic foragers.

1.2.2 Moray Firth

The Moray Firth was not included in the comprehensive assessment carried out in the

mid 1980s, but there is information on grey seal diet from three other studies

(Thompson et al. 1996; Pierce et al. 1991a; Pierce et al. 1989). Most recently, 94 scat

samples were collected from the Dornoch Filth between May and August 1992

(Thompson et al. 1996). Sandeels (69% by weight) were the major prey item, with the

remainder of the diet comprising flatfish (14%), cephalopods (8%), and gadoids (7%).

Thirty three scat samples were collected from the Dornoch Firth and

Helmsdale coast between April and July 1988 (Pierce et al. 1991a). This small sample

of restricted seasonal distribution also showed that sandeels were the major prey item,

dominating the diet both numerically and in terms of biomass. A previous study,

where seal digestive tracts were collected and examined, also supports this finding

(Pierce et al. 1989).
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1.2.3 Isle of May

There is information on the diet of grey seals at the Isle of May in both the 1980s and

1990s. Between 1983 and 1987, 145 scat samples were collected (Hammond and

Prime 1990). During November and December cod and sandeels accounted for over

70% of the diet, by weight. Other gadoids made up a further 14% and flatfish 9%.

However, in February, ling contributed 31%, cod 22% and whiting 14% while

sandeels were almost absent (0.6%).

Between November 1996 and January 1999, 119 scat samples were collected

(Hall et al. 2000). In winter, cod and sandeels accounted for between 55% and 81% of

the diet, by weight; other gadoids made up a further 10 to 30%. In spring, cod

contributed 31%, sandeels 22% and flatfish 25%. In summer, cod did not feature in

the diet, but whiting contributed 22%, sandeels 39% and plaice 27%.

1.2.4 Abertay Sands

Abertay Sands was not included in the in the comprehensive assessment earned out in

the mid 1980s, but there is information on grey seal diet from another study carried

out in the 1990s (Hall et al. 2000). Between November 1996 and January 1999, 222

scat samples were collected. In spring 1997 and 1998, cod and sandeels accounted for

between 51 and 59% of the diet, by weight. Other gadoids made up a further 19 to

27%, and flatfish between 9 and 17%. In summer, sandeels (41%) and dab (Limanda

limandci; 23%) dominated the diet in 1997, while in 1998, cod, whiting and other

gadoids dominated (71%), with sandeels contributing 16%. In autumn, sandeels

(35%) and plaice (55%) dominated the diet in 1997; in 1998 whiting and other

gadoids contributed 42%, sandeels 30% and plaice 15%.
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1.2.5 Fame Islands

There is information on grey seal diet at the Fame Islands from the 1980s and 1990s.

During the 1980s, 276 scat samples were collected in pupping seasons (October to

December) between 1984 and 1987, and in spring (March to May) between 1983 and

1988 (Hammond and Prime 1990). In the pupping season, sandeels (54%), cod (30%)

and whiting (9%) dominated the diet in every year; in spring sandeels (20%), cod

(34%) and whiting (23%) also dominated, but contributed different proportions, by

weight.

Between November 1996 and January 1999, 195 scat samples were collected

(Hall et al. 2000). In winter, gadoids dominated the diet (cod 35%, whiting 19% and

other gadoids 17%) while sandeels contributed 13% by weight. In spring, cod (31% to

37%) and sandeels (15% to 35%) dominated in both years with the remainder of the

diet being made up by flatfish (28%) in 1997 and other gadoids (12%) and flatfish

(8%) in 1998. In the summer of 1997 just three species made up the majority of the

diet (cod 45%, whiting 24% and sandeels 30%); in summer 1998, sandeels dominated

(90%). In autumn, gadoids again dominated the diet (cod 51%, whiting 15%, other

gadoids 13%) while sandeels contributed 16%, by weight.

1.2.6 Donna Nook

This site, in the southern North Sea, was last sampled during 1985, when 481 samples

were collected (Prime and Hammond 1990). Scats were collected on a monthly basis.

Sandeels, cod and sole, Solea solea, accounted for over half the diet, by weight,

throughout the year. Other flatfish (dab, flounder, Platichthys flesus, and plaice)

contributed a further 22%. At the beginning of the year cod, sandeels and other

roundfish dominated the diet. Flatfish dominated in the spring, sandeels in the
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summer and cod in October. In the latter part of the year the diet was composed

mainly of flatfish and roundfish.

1.2.7 Summary

Whilst comprehensive, there is a clear need to update diet information so that it is

relevant to the current situation in the North Sea. The surveyed area needs to be

widened to include Shetland (Figure 1.1), and temporal cover needs to be increased in

the autumn (Isle of May) and winter (Abertay Sands).

The grey seal population in the North Sea has more than doubled in the last 20

years and now comprises an estimated 63 000 individuals (Thomas and Harwood

2005). Fish stocks in the North Sea have also changed markedly in the last 20 years

(e.g., Heessen and Daan 1996; Rogers and Ellis 2000; Callaway et al. 2002). In

general terms, large bodied (commercial) fish species have declined in abundance

while smaller non-target species have become more abundant (Rogers and Ellis

2000). A potential result of increased grey seal population size and decreased stocks

of many commercial fish prey is an increase in competitive interactions between grey

seals and fisheries. This is a particularly contentious issue (e.g., Moore 2003).

1.3 Methods for studying the diet composition of free-ranging pinnipeds

Dietary studies of pinnipeds have traditionally been based either on the analysis of (1)

stomach contents of animals found dead (Pierce et al. 1989; Pierce et al. 1991b),

killed incidental to fishing operations (Pierce et al. 1989; Pierce et al. 1991b; Rae

1973), or killed deliberately (Bowen and Harrison 1996; Bowen et al. 1993; Murie

and Lavigne 1992; Rae 1973; Berg et al. 2002) or (2) scat samples deposited on land

by live animals in the wild (Bowen and Harrison 1994; Hammond et al. 1994a;
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Hammond et al. 1994b; Prime and Hammond 1990; Hammond and Prime 1990;

Pierce et al. 1990). Both methods have inherent potential problems or biases. For

analyses of stomach contents, seals either have to be found dead (not a very common

occurrence and the animal may not be representative of the rest of the population),

killed (which is expensive and is generally considered unethical by researchers) or the

carcasses of those by-caught in fisheries obtained (here there is potential for bias if

animals were feeding in association with the fishery in which they were by-caught). In

addition, analysis of stomach contents can be an inefficient method of collecting data

because not all seal stomachs contain prey remains (e.g., 50% contained prey remains

in Bowen and Harrison 1996; 27% in Bowen et al. 1993; 50% in Murie and Lavigne

1992). At the forefront of the non-destructive techniques, scat analysis is routinely

used to estimate the diet composition of free-ranging seals (Trites and Joy 2005).

Samples are readily available, there is little or no impact on animals when collecting

samples, many samples can be collected in a relatively short time period, and potential

biases can be accounted for (next section). Once samples have been collected from

haulout sites they are sieved and the hard part remains analysed. Fish otoliths and

cephalopod beaks are of most use because they can generally be identified to species

by comparing those found to a reference collection from the relevant area or to a

published guide (e.g., Harkonen 1986; Leopold et al. 2001; Clarke 1986). Their size

can be related to that of the fish or cephalopod ingested using published relationships

between otolith or beak size and fish or cephalopod size (Harkonen 1986; Clarke

1986; Leopold et al. 2001). Some workers have also used bones other than otoliths as

diagnostic structures in an attempt to improve diet reconstruction estimates (e.g.,

Tollit et al. 2004). However, this approach is extremely time-consuming, requires

highly developed taxonomic skills, and does not necessarily improve estimates

9
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(Amett 2001). Lance et al. (2001) provide a protocol that serves as an overview of

techniques used for scat sample collection, processing, prey hard part identification,

and analysis of pinniped food habits. While this is mostly applicable the diet of

pinnipeds inhabiting the waters of the western US and Canada, the protocol is general

enough that it should help standardise the reporting of data on pinniped diet

elsewhere. Other developing (and similarly complex) diet analysis techniques include

tissue fatty acid analysis (Iverson et al. 2004) and detection of prey DNA remains in

scats (Deagle et al. 2005; Kvitrud et al. 2005; Parsons et al. 2005).

1.4 Potential biases associated with estimating diet composition using scat

analysis

As mentioned previously, stomach contents and scat analysis both have potential

biases for estimating diet composition. These will now be discussed in more detail for

scat analysis because this method is used in this study. There are three main criticisms

of scat analysis. First, scat analysis cannot account for prey items with no diagnostic

hard parts (e.g., cartilaginous fish that lack large paired morphologically distinct

otoliths; Pierce et al. 1993), or whose hard parts are not consumed (e.g., seals have

been known to tear the heads off fish that are too large to be swallowed whole; Bowen

and Harrison 1994; Cottrell et al. 1996). However, Prime and Hammond's (1990)

calculation of digestive efficiency suggests that this method of data collection does

not cause a major component of the diet to be missed, at least for grey seals in the

North Sea. Second, scat samples might only represent prey most recently consumed

before an animal comes ashore from a feeding trip, in which case information is likely

to be biased towards the previous one to two days' feeding, the approximate time

taken for prey remains to pass through the gut (Prime and Hammond 1987). If

10
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foraging trips are much longer than one or two days, then scat samples may not be

representative of diet if the prey species consumed changes during a trip. This is

unlikely to provide significant bias to results in North Sea grey seals because local,

repeated trips (with a mean trip duration of 2.3 days) from haulout sites to discrete

offshore areas account for 88% of trips to sea (McConnell et al. 1999). Third, diet

composition inferred from scat samples may be biased because some otoliths may be

partially or completely digested (eroded) in the stomach. Otolith digestion occurs

entirely within the stomach because the acids that erode otoliths are neutralised by

sodium bicarbonate at the beginning of the small intestine (Harvey 1989). Cephalopod

beaks are not reduced significantly in size by passage through the gut (of harbour

seals or California sea lions, Zalophus californianus\ Harvey 1989; Orr and Harvey

2001). Bias due to otolith digestion can be accounted, and corrected, for by

experimentally deriving digestion coefficients (to account for partial digestion) and

number correction factors (to account for complete digestion) from feeding

experiments with captive animals (e.g., Tollit et al. 1997a). Good experimental

planning is necessary because results can be affected by prey size (Prime and

Hammond 1987; Tollit et al. 1997a; Bowen 2000), meal size and frequency (Marcus

et al. 1998; Bowen 2000; Orr and Harvey 2001), seal species, size, sex, age, and level

of activity (Marcus et al. 1998; Bowen 2000; Orr and Harvey 2001). These

considerations are important, particularly if experimental conditions are to come close

to replicating the situation in the wild.

11
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1.4.1 Experimentally derived digestion correction factors

1.4.1.1 Species-specific digestion coefficients

Otoliths of different species erode at different rates. Therefore measurements of

otoliths found in scat samples are likely to underestimate the size offish ingested by

varying amounts. Species-specific digestion coefficients have been used to improve

estimates of the size of prey consumed by seals (e.g., Tollit et al. 1997a) and have

been calculated for grey seals and some of their North Sea fish prey (Prime and

Hammond 1987; Hammond and Prime 1990). However, these digestion coefficients

were based on otolith thickness measurements, which are a poor indicator compared

to length or width (Pierce et al. 1993). Furthermore, they are available for only a few

of the main prey species found in the diet of grey seals in the North Sea and, in

addition, some were calculated based on small numbers of otoliths (Prime and

Hammond 1987).

1.4.1.2 Grade-specific digestion coefficients

The degree of intra-specific variation in otolith digestion is high (e.g., Tollit et al.

1997a) and therefore the application of a single correction factor is probably unwise.

Intra-specific variation in erosion may be caused by a variety of factors including the

position of the fish within the stomach contents, the probability of when the skull case

will be broken open, local weaknesses in otolith structure, and differential retention in

the stomach among individuals. To account for this variation, Tollit et al. (1997a)

devised an objective method for grading the extent of an otolith's digestion using its

external morphological features and calculated grade-specific digestion coefficients

for cod, whiting, sandeels, herring and sprat, Sprattus sprattus, in harbour seals. The

use of grade-specific digestion coefficients has been shown to consistently reduce

12
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levels of bias when reconstructing diet composition from eroded otoliths recovered

from scats (Riemer and Lance 2001). Grade-specific digestion coefficients have yet to

be derived in grey seals for any of the prey species they consume in the North Sea.

1.4.1.3 Number correction factors

Application of number correction factors is necessary to correct for the number of

otoliths that are completely digested by passing through the seals' gut (Bowen 2000).

Number correction factors also vary among prey species and, like grade-specific

digestion coefficients, need to be derived for (the main) prey species consumed by

grey seals in the North Sea.

1.4.1.4 Experimental protocol

The effect that the method of feeding otoliths and beaks has on digestion by pinnipeds

also requires investigation. Bowen (2000) recommended that, if possible, whole prey,

with their otoliths in situ, should be used (thereby mimicking feeding in the wild) and

animals should be provided with the opportunity to exercise during feeding trials.

However, feeding whole prey is not always possible to achieve with captive seals and

often a more readily accepted carrier species, such as herring, is used to present the

otoliths or beaks of the prey items of interest (e.g., Tollit et al. 1997a; Marcus et al.

1998). The approach of using a carrier has the advantage that many otoliths or beaks

can be fed in a single meal, greatly increasing experimental efficiency. But, if a carrier

species is used, the effect that this has on digestion needs to be understood (Bowen

2000).

13
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1.4.2 The contribution of "sampling" and "measurement" error

Errors of estimation of seal diet arise from "sampling error" (natural variation in the

amount of different species of fish consumed) and "measurement error" (associated

with estimating fish weight from partially digested otoliths). Hammond and Rothery

(1996) used computer sampling to estimate the bias and variance of estimates, and to

calculate confidence intervals. For large samples (more than 100 scats) the majority of

variability resulted from measurement, rather than sampling, error. Of the total

measurement error, over 90% resulted from the calculation of undigested otolith size

from partially digested otolith size; less than 5% resulted from the calculation of fish

weight from the undigested otolith size. Therefore, the most important ways of

reducing variability in the estimated proportions that prey species contribute to the

diet of grey seals are to obtain (1) a sufficient number of samples and (2) better

estimates of digestion coefficients (Hammond and Rothery 1996).

1.4.3 Summary

Estimates of the species composition of marine mammal diets benefit from the use of

experimentally derived digestion correction factors. Because potential sources of bias

can be reduced, scat analysis can be used to provide useful estimates of the diet

composition of free-ranging seals.

1.5 Outline of this study

For a number of pinniped species, diet composition changes seasonally and regionally

(e.g., Hammond et al. 1994a; Hammond and Prime 1990; Prime and Hammond 1990),

and differences between years appear to reflect local changes in food availability (e.g.,

Tollit and Thompson 1996). It is generally thought that pinnipeds feed on the more
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abundant prey species in their geographical range, but that specialisation may also

occur (Tollit et al. 1997b). Few studies have been conducted over long enough lime

periods, or repeated after sufficient intervals, to be able to assess the extent to which

diet composition changes or remains consistent (in relation to the relative abundance

of available fish stocks).

The aims of this study were to obtain improved estimates of digestion

coefficients and number correction factors for otoliths of the major prey of grey seals,

determine grey seal diet composition and estimate consumption of commercial fish

species by grey seals in the North Sea in 2002, investigate regional and seasonal

variation in grey seal diet in the North Sea in 2002, and relate changes in grey seal

diet composition and consumption between 1985 and 2002 to changes in the

abundance of fish prey.

Robust estimates of species-specific digestion coefficients, and the first

estimates of grade-specific digestion coefficients and species-specific number

correction factors for fish otoliths and cephalopod beaks of the main prey of grey

seals in the North Sea, were derived using digestion experiments with captive grey

seals (Grellier and Hammond 2005 see Chapter 2; Grellier and Hammond in press see

Chapter 3). Passage rate data collected during digestion experiments were input into a

model (alongside data on prey distribution and seal foraging and haulout behaviour)

to assess how representative scat analysis is for estimating the diet composition of

grey seals around Britain (Smout 2006).

The diet composition of grey seals in the North Sea in 2002 was estimated

using the new experimental data on digestion (Chapter 3) and compared to re-worked

estimates from the previous intensive sampling period in the North Sea, in the mid

1980s (Hammond et al. 1994a; Hammond and Prime 1990; Prime and Hammond
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1990). Data from the mid 1980s were re-worked (using the same methods as used to

analyse the 2002 data) so that a fair comparison between the two time periods could

be made. Regional and seasonal variation were examined using diet composition

estimates made on a monthly or quarterly basis in the northern (Chapter 4), southern

(Chapter 5) and central (Chapter 6) North Sea in 2002. Estimates of annual

consumption of prey by grey seals in the North Sea were calculated for both 2002 and

the mid 1980s using information on diet composition, prey energy density, the

number of seals, and the average daily energy requirement for a grey seal (Chapter 6).

Estimates of prey weight consumed, expressed as tonnes consumed per annum, were

compared to the total stock biomass estimates of fish species for which stock

assessments were available in the North Sea.

The North Sea is one of the most heavily exploited and studied shelf seas

(Heath 2005). Updated information on grey seal diet was long overdue, not least

because the grey seal population has been steadily increasing since the last diet

composition estimates were carried out almost twenty years ago, but also because

there have been substantial changes in the status of fish stocks and the North Sea fish

food web. The ability to provide accurate and precise estimates of the diet of top

marine predators is particularly important when the information is being used to

inform policy, as is the case here.
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Figure 1.1. Map of the North Sea showing key areas where grey seals come ashore

(and other places referred to in the text).



Digestion experiments: feeding method Chapter 2

Chapter 2

Feeding method affects otolith digestion

in captive gray seals: implications for

diet composition estimation

This chapter has been published (Grellier, K. and Hammond, P.S. 2005. Marine

Mammal Science 21: 296-306) and follows in journal format.
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ABSTRACT

Analysis of prey structures from scats has become widely used for assessing

diet of free-ranging seals. Captive feeding experiments have played an important role

in the development of scat analysis but methodology has varied. We investigated

whether using an experimental otolith-carrier species or in szYu-otolith experimental

prey to feed haddock, plaice and sandeel otoliths to two captive gray seals affected the

amount of otolith digestion, and therefore our ability to estimate fish size and diet

composition. Otolith recovery rates varied between the three prey species, but were

not affected by feeding method. Otoliths were more digested in carrier experiments;

resulting digestion coefficients were greater than those from in situ experiments. Fish

length could be accurately predicted by applying in situ digestion coefficients to

partially digested otolith size and then linear otolith size-fish length relationships. Fish

lengths could not be accurately predicted using carrier digestion coefficients. The

proportion of in situ to carrier mean fish weight varied considerably between species.

The proportion by weight each species in an example meal represented changed

markedly when carrier, as opposed to in situ, digestion coefficients were used. The

implications for diet composition estimation are significant.

Keywords: gray seal, Halichoerus grypus, diet composition, otolith digestion, captive

feeding experiment, methodology, digestion coefficient, correction factor, recovery

rate.
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INTRODUCTION

Investigating pinniped diet is important, both to determine the role of

pinnipeds in marine ecosystems and to quantify pinniped-fishery interactions (Fumess

1990). Faecal sampling currently represents the most widely used, and least intrusive,

method for assessing the diet composition of free-ranging seals (Bowen and Harrison

1994; Hammond et al. 1994, 1994a; Hammond and Prime 1990; Pierce et al. 1990). It

involves recovery of fish "otoliths", which can be identified to species, from scats

collected from haul-out sites. Otolith size is strongly related to prey size (Harkonen

1986; Leopold et al. 2002) but otoliths are partially or even completely digested

during passage through a seal's gut. Partial and complete digestion of otoliths can be

corrected for by deriving species-specific digestion coefficients and number

correction factors respectively from feeding experiments with captive animals (Tollit

et al. 1997; Bowen 2000). Weights and lengths of fish prey are predicted from

corrected otolith size (Harkonen 1986; Leopold et al. 2002). The most useful way to

present diet composition is as the proportion of each prey species, by weight, in the

diet.

Errors of estimation of seal diet can arise from measurement errors associated

with estimating fish weight from partially digested otoliths. Hammond and Rothery

(1996) used computer sampling to estimate the bias and variance of estimates of diet

composition in gray seals (Halichoerus grypus). For large samples (more than 100)

the majority of variability resulted from measurement, rather than sampling, error. Of

the total measurement error, over 90% resulted from the calculation of undigested

otolith thickness from partially digested otolith thickness; less than 5% resulted from

the calculation of fish weight from undigested otolith thickness. Therefore the most

important ways of reducing variability in the estimated proportions of prey species in
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gray seal diet are to obtain a sufficient number of samples and to obtain better

estimates of the digestion coefficients.

Methodology used in feeding experiments with captive pinnipeds has varied.

In some experiments, a range of "in situ" otolith experimental prey has been fed

(Cottrell et al. 1996; Orr and Harvey 2001; Harvey 1989; Prime and Hammond 1987).

In other experiments, where seals would not readily take a range of prey species, a

"carrier" (usually herring, Clupea harengus) was used to present the otoliths (Berg et

al. 2002), or heads (Tollit et al. 1997; Marcus et al. 1998), of the prey species of

interest. Using a carrier means that many otoliths can be fed in a single meal.

However, as Bowen (2000) states, we need to understand the effect of using a carrier

species, such as Atlantic herring, to present otoliths of other prey species to pinnipeds.

In this paper, we explore whether otolith digestion is affected by the method of

delivery. Specific objectives were to test whether (z) digestion coefficients and/or

recovery rates differed when otoliths were presented to captive gray seals in situ or

using a carrier; and (z'z) fish size could be accurately estimated using digestion

coefficients derived from either in situ or carrier experiments to estimate undigested

otolith size. If fish size cannot be accurately estimated this could have a potentially

large effect on diet estimates and could lead to errors in estimating the proportion by

weight that different fish species represent in the diet, and in subsequent estimates of

the amount of prey consumed.

METHODS

Experiments were carried out on one adult and one juvenile female gray seal

at the Sea Mammal Research Unit, University of St Andrews. Seals were captured

locally and were held for several months. Unlike some long-term captive seals, which
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do not readily take alternative prey (Tollit et al.

willing to accept a varied diet.

Chapter 2

1997; Marcus et al. 1998), they were

Fish prey

Fish species used in experiments represented a flatfish (plaice, Pleuronectes

platessa), a gadoid (haddock, Melanogrammus aeglefinus) and sandeels (lesser

sandeel, Ammodytes marinus). These species were chosen because they represent the

main fish species found in the diet of gray seals around Britain (Hammond and Prime

1990; Prime and Hammond 1990; Hammond et al. 1994, 1994a). Herring was used as

the carrier species.

In the in situ experiments, fish of known size were fed whole. In the carrier

experiments, otoliths were placed into the mouth of the earner fish and pushed down

into the body cavity. Otoliths were removed from a sample of known-size haddock,

plaice and sandeels and measured. Linear regression described the relationship

between otolith size and fish length well (Table 2.1a). Fish length, rather than weight,

was used because the haddock and plaice were gutted. The mean lengths of whole fish

fed and fish from which otoliths were removed were compared using two-tailed d

tests to check that the two samples of fish had been drawn from populations with the

same mean. Therefore we were able to infer the size of otoliths in the whole fish fed

(undigested otolith size).

Experimental protocol

The seal was moved to the feeding pool enclosure (where it had constant

access to water and a dry area to haul out) on Day One of each experiment. The whole

enclosure was 6.20 m by 4.85 m in size; the pool was 3 m in diameter by 1.5 m deep
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"3

and held approximately 10 m' of seawater that was continuously flushed. Overflow

and outflow water passed through a 250 pm filter, collecting all debris. The recovery

rate of the system was tested by inserting inert (Food and Drug Administration

approved) coloured polystyrene beads (3 mm diameter) into the mouth or anus of fish

in 71% of meals. In the carrier experiments, 25 beads were fed to the juvenile seal and

125 were fed to the adult. In the in situ experiments, 82 beads were fed to the juvenile

seal and 310 were fed to the adult. Recovery rate was calculated as the number of

beads or otoliths recovered divided by the number of beads or otoliths fed.

The feeding protocol for the adult is shown in Appendix 2.1; that for the pup is

shown in Appendix 2.2. We aimed to keep meal sizes approximately constant

throughout the course of each experiment, although this was not always possible.

After all experimental meals had been fed the seals were generally maintained on

herring until the end of the experiment. The pool was drained and cleaned daily until

at least 2 d had passed when no otoliths had been recovered, at which point the

experiment was terminated. Draining and cleaning took place after feeding so that the

number of otoliths and beads that had not been ingested was known. All debris was

collected and sieved, the beads and otoliths counted, and the otoliths measured.

Analysis

Digestion coefficients were calculated for carrier and in situ experiments for

each fish species. Digestion coefficients were calculated as mean otolith size fed

(undigested size; Table 2.2) divided by mean otolith size recovered (digested size).

Standard errors of digestion coefficients were calculated using the delta method

(Seber 1982).
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Undigested otolith size was estimated by applying both carrier and in situ

digestion coefficients to those otoliths recovered from in situ feeding trials (where the

lengths of fish fed were known). Fish length was then estimated from undigested

otolith size using the relationships shown in Table 2.1b. Actual fish length was

compared to fish length estimated using the in situ digestion coefficients and to fish

length estimated using the carrier digestion coefficients using two-sample r-tests

(assuming unequal variance).

RESULTS

Recovery rates

The overall recovery rate of beads was high for all experiments. In the carrier

experiments recovery rates varied from 0.92 for the juvenile seal to 1.0 for the adult.

In the in situ experiments recovery rates varied from 0.98 for the adult seal to 1.0 for

the juvenile.

Recovery rates for haddock and plaice otoliths appeared to be unaffected by

the feeding method (Table 2.3). However, recovery rates in experiments with sandeel

otoliths were more variable (Table 2.3). Sandeel otolith recovery rates were

unexpectedly low, apart from in the adult in situ trial (where the recovery rate was

0.43). To determine if this was because the otoliths had been lost from the system

(some sandeel otoliths were smaller than the diameter of the beads), we scattered 35

sandeel otoliths in the feeding pool enclosure prior to draining and cleaning: 25 (71%)

were recovered after the first drain, a further 7 (20%) were recovered after the second

drain. No further otoliths were recovered after the second drain.
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Digestion coefficients

In two cases (the adult haddock and juvenile plaice experiments) digestion

coefficients resulting from both carrier and in situ experiments were similar (Table

2.3). In the other four cases, digestion coefficients resulting from carrier experiments

were greater than those resulting from in situ experiments (although only one otolith

was recovered in the adult sandeel carrier experiment).

Fish lengths fed in the in situ feeding trials could be accurately estimated by

applying the in situ digestion coefficients to digested otolith size (Table 2.3), and then

using linear relationships (Table 2.1b) to estimate fish length from undigested otolith

size (Table 2.4a). The differences between actual and estimated mean fish lengths

ranged from 0.1 to 0.5 cm (Table 2.4a).

In contrast, fish lengths could not always be accurately estimated when the

carrier digestion coefficients (Table 2.3) were applied (Table 2.4b). The differences

between actual and estimated mean fish lengths ranged from 0.4 to 19.7 cm (Table

2.4b).

DISCUSSION

Recovery rates

We found that recovery rates of otoliths varied between species and were

higher for species with large otoliths, findings that are consistent with those from

previous studies (e.g. Tollit et al. 1997; Prime and Hammond 1987; da Silva and

Neilson 1985; Gales and Cheal 1992; Tollit et al. 2003). Recovery rates did not

appear to be affected by the feeding method used. If the objective of a set of feeding

experiments were to calculate number correction factors (the inverse of the recovery
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rate; Bowen 2000), then it would be possible to present otoliths to captive gray seals

either in situ or using carriers.

Our low sandeel otolith recovery rates (in all but the adult in situ experiment)

may have been slightly depressed due to loss from the system (the recovery rate of the

sandeel otoliths that were scattered in the feeding pool enclosure was 91%). However,

we would expect any loss from the system to affect all the sandeel otolith recovery

rates in the same way. Because there was a period of three to four days after the last

sandeel otoliths were recovered prior to the end of each experiment, it is unlikely that

the otoliths were still being retained inside the seals. This would have meant that the

passage rate was in excess of six days, which is unlikely, given that passage rates for

gray seals are known to vary from one to four days (SMRU unpublished data; Marcus

et al. 1998; Murie and Lavigne 1986; Prime and Hammond 1987). We must therefore

conclude that these low recovery rates were primarily due to the complete digestion of

the otoliths. Our variable recovery rate results between the four sandeel experiments

may be due to the unpredictable digestion of individual otoliths (Murie and Lavigne

1986). Another possibility is that meal composition may affect otolith digestion in

gray seals. In all three experiments with low sandeel otolith recovery rates, sandeel

otoliths were present with herring. It is possible that recovery rate was influenced by

the presence of herring flesh. If this were the case, otolith digestion may be similarly

affected in experiments where herring has been used to present the heads (Tollit et al.

1997; Marcus et al. 1998) or otoliths (Berg et al. 2002) of prey species.

The fish body wall and its scales are a significant barrier to a seal's gastric

juices therefore there exists the potential that haddock and plaice digestion may have

been affected because these species were gutted. This is likely a very minor

consideration within the context of this set of experiments.
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Digestion coefficients

Digestion coefficients were affected by the feeding method used. While

digestion coefficients derived from in situ experiments enabled us to estimate fish size

accurately, those derived from carrier experiments did not. Otoliths that had been

removed from the skull case and presented using a carrier were more digested, and

therefore digestion coefficients were greater. This resulted in fish size being over¬

estimated.

The digestion coefficient from the juvenile in situ sandeel experiment was of a

value less than 1 (Table 2.3), suggesting that the otoliths actually increased in size

when passing through the seal. However, it is likely that the few otoliths recovered

(recovery rate of just 3%) represented only the top of the size range of otoliths fed,

hence this anomalous result. It is also possible that the undigested otolith size (which

was inferred using the linear relationship between otolith size and fish length) may

have been under-estimated.

Importance offindings for estimation ofdiet composition

In general, because otoliths that had been removed from the skull case and

presented using a carrier were more digested, earner digestion coefficients were

greater than in situ digestion coefficients. In five out of six cases, use of carrier

digestion coefficients led to over-estimation of mean prey length (Table 2.4b). If all

prey species were affected in the same way this might not necessarily be a big

problem for estimating diet composition, which is based on the proportion by weight

that different prey species make up. However, if the use of carrier digestion

coefficients affects prey species differently, this could have a potentially large effect

on estimates of diet composition. Because there is generally a linear relationship
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between otolith size and fish length, and a cubic relationship between fish length and

weight, linear digestion translates into a much greater difference in terms of weight.

As a simple illustration of this, when undigested otolith size was estimated

using in situ digestion coefficients, and fish weights were predicted (using the non¬

linear relationships shown in Table 2.1c), the proportion by weight each species

represented in an example meal of 5 haddock, 4 plaice and 100 sandeels was 0.53,

0.33 and 0.15 respectively. If carrier digestion coefficients were used the proportions

were very different (0.26, 0.46 and 0.28).

We conclude that the removal of otoliths from the skull case does affect their

digestion by seals, and that use of digestion coefficients obtained from carrier

experiments is likely to have a significant effect on estimates of diet composition.

Otoliths should be presented to seals in situ in all future feeding experiments with

captive pinnipeds.
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Table 2.1. Relationships between otolith size (OL, otolith length; OW, otolith width)
and fish size (FL, fish length; FW, fish weight).

a) Relationships between fish length (cm) and otolith size (mm). The otolith
measurement that gave the highest r2 value for each species here was used throughout.

Species X y Regression line r2 n Min Max

Haddock FL ow y = 0.0885 x +2.34 0.501 121 27.2 40.0
Plaice FL OL y = 0.198 x +0.760 0.658 136 23.8 34.9
Sandeels FL OL y = 0.184 x-0.642 0.787 115 13.0 20.5

b) Relationships between otolith size (mm) and fish length (cm).

Species X y Regression line
2

r n Min Max

Haddock OW FL y = 5.65 x + 3.69 0.501 241 4.48 6.31
Plaice OL FL y = 3.32 x +7.68 0.658 260 5.27 9.01
Sandeels OL FL y = 4.28 x + 6.12 0.787 212 1.84 3.44

c) Relationships between otolith size (mm) and fish weight (g) (Leopold et al. 2002).

Species X y Regression line
Haddock OW FW y = (0.88 x)iXi
Plaice OL FW y = (0.79 x)3'42
Sandeels OL FW y = (0.78 x)2'90

Table 2.2. Mean otolith size (mm) fed during carrier and in situ feeding experiments.

Haddock Plaice Sandeels

OW (se) n OL (se) n OL (se) n

Adult Carrier 5.18 (0.026) 150 7.01 (0.045) 139 2.22 (0.027) 112

In situ 5.22 (0.029) 110 6.83 (0.051) 108 2.27 (0.019) 800

Juvenile Cairier 5.54 (0.025) 110 6.28 (0.053) 119 2.31 (0.026) 100
In situ 5.17 (0.027) 83 6.29 (0.058) 64 2.27 (0.019) 200
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Table2.3.Meanotolithsizerecovered(mm),digestioncoefficients(dc)andrecoveryrates(rr).Wholeotolithsonlyweremeasured.*Arandom sampleofthe344otolithsrecoveredwasmeasured. Haddock

Plaice

Sandeels

OW(se)

n

dc(se)

rr

OL(se)

n

dc(se)

rr

OL(se)

n

dc(se)

rr

Adult

Carr

3.57(0.040)
148

1.45(0.018)
0.99

4.28(0.200)
53

1.64(0.077)
0.61

1.36(-)

1

1.64(-)

0.018

Situ

3.40(0.110)
89

1.53(0.050)
0.90

4.96(0.124)
63

1.38(0.036)
0.68

1.87(0.041)
62*

1.21(0.028)
0.43

Juv

Carr

3.08(0.032)
107

1.80(0.020)
0.99

4.55(0.105)
74

1.38(0.034)
0.64

1.65(0.086)
6

1.40(0.075)
0.060

Situ

4.77(0.098)
75

1.08(0.023)
0.99

4.52(0.204)
38

1.39(0.064)
0.64

2.29(0.133)
6

0.990(0.058)
0.030
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Table2.4.Actualfishlengths(FL;cm),fishlengthsestimatedusinginsituandcarrierdigestioncoefficients(dc),andt-test(two-sample assumingunequalvariance)resultsonactualvs.estimatedfishlengths. a)Insituexperiments.
Meanactual
MeanFLestimated
Differencebetweenactual
t

P

FL(se)

usinginsitudc(se)
andestimatedFL(cm)

Adult

Haddock

32.9(0.321)
33.1(0.951)

0.2

-0.274

0.785

Plaice

30.7(0.187)
30.4(0.567)

0.3

0.556

0.580

SandeeIs

15.7(0.076)
15.8(0.214)

0.1

-0.412

0.682

Juvenile

Haddock

32.5(0.246)
32.8(0.599)

0.3

-0.420

0.675

Plaice

28.0(0.359)
28.5(0.940)

0.5

-0.494

0.623

Sandeels

15.6(0.149)
15.8(0.566)

0.2

-0.434

0.679

b)Carrierexperiments.
Meanactual
MeanFLestimated
Differencebetweenactual
t

P

FL(se)

usingcarrierdc(se)
andestimatedFL(cm)

Adult

Haddock

32.9(0.321)
31.6(0.901)

1.3

1.323

0.188

Plaice

30.7(0.187)
34.7(0.674)

4.0

-5.636

«0.001

Sandeels

15.7(0.076)
19.2(0.290)

3.5

-11.783

«0.001

Juvenile

Haddock

32.5(0.246)
52.2(0.998)

19.7

-19.153

«0.001

Plaice

28.0(0.359)
28.4(0.933)

0.4

-0.348

0.730

Sandeels

15.6(0.149)
19.8(0.800)

4.2

-5.244

0.003
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Appendix2.1.Experimentalprotocolforadultfeedingtrials(11-31August2002).*Denoteswheretheamountoffishwassplitbetweentwo feeds.Thepoolwasdrainedandcleaneddailyapartfromondaysmarked•. Day

Protocol
1•

Fed30haddock(9.3kg)
2

Fed29plaice(7.5kg)
3

Fed5kgherring
4

Fed5kgherring
5

Fed5kgherring
6•

Fed5kgherring
7

Fed6kgherring*
8

Fed25haddock(8.2kg)
9

Fed25plaice(8kg)
10

Fed400sandeels(6.52kg)
11

Fed7.5kgherring*
12

Fed7.5kgherring*
13

Fed7.3kgherring*
14

Fed7.5kgherring*
15

Fed8.25kgherringcontaining150haddockotolithsand139plaiceotoliths
16

Fed6.52kgherringcontaining112sandeelotoliths
17

Fed7.5kgherring*
18

Fed7.5kgherring*
19

Fed7.5kgherring
20

Fed7.5kgherring*
21

Fed7.5kgherring*
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Appendix2.2.Experimentalprotocolforjuvenilefeedingtrials(dateseachtrialstartedwere2July2002,15July2002,24July2002and10 September2002respectively).*Denoteswheretheamountoffishwassplitbetweentwofeeds.Thepoolwasdrainedandcleaneddailyapart fromondaysmarked•. Experiment

Day

Protocol

Sandeelinsitu
1•

Fed100sandeels(1.53kg),0.5kgherring*
2

Fed2.3kghaddock,plaice,herring*
3

Fed3.2kgherring
4

Fed3kgherring
5•

Fed2.5kgherring
6

Fed2.5kgherring
7

Fed2.5kgherring
Carrier

1•

Fed2.2kgherringcontaining110haddockotoliths,119plaiceotolithsand100sandeelotoliths
2

Fed2kgherring
3

Fed2kgherring
4

Fed1.9kgherring
5

Fed2kgherring
6•

Fed2kgherring
7

Fed2.5kgherring
Haddockinsitu
1•

Fed5haddock(1.6kg),0.4kgherring
2*

Fed7haddock(2kg)
3•

Fed7haddock(2.1kg)
4

Fed2kgherring
5•

Fed7haddock(2.2kg)
6•

Fed8haddock(2.7kg)
7•

Fed8haddock(2.36kg)
8

Fed2kgherring
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Chapter 3

Robust digestion and passage rate estimates

for hard parts of grey seal (Halichoerus

grypus) prey

This chapter is in the process of being published (Grellier, K. and Hammond, P.S. In press.

Canadian Journal of Fisheries and Aquatic Sciences) and follows in journal format.
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Abstract

Application of digestion correction factors to measurements and counts of fish

otoliths and cephalopod beaks recovered from seal scats is required before the size or

quantity of prey consumed can be accurately estimated. We carried out 86 feeding trials with

seven grey seals (Halichoerus grypus) and 18 prey species to derive estimates of digestion

coefficients (to account for partial digestion), recovery rates (to account for complete

digestion) and passage rates (to estimate the time between consumption and excretion of an

item). Mean digestion coefficients were greatest for sandeel (Ammodytidae) and then large

gadoid, flatfish and Trisopterus otoliths and finally squid beaks. Recovery rates were greatest

for squid beaks and then large gadoid, Trisopterus, flatfish and sandeel otoliths. Greater than

95% of otoliths and beaks recovered were passed within four days (-88 h) of consumption.

The large differences in partial and complete digestion rates found among prey species

reinforce the importance of obtaining robust estimates of these quantities. Results from this

study are the most comprehensive and systematically obtained for any species of pinniped,

and will allow accurate and precise estimation of the number and size of fish represented by

otoliths recovered from grey seal scat samples collected in the wild.

Keywords: diet composition, scat analysis, otolith, captive feeding experiment, digestion

correction factor
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Introduction

There is much debate about the state of North Sea fish stocks, of which the grey seal

(.Halichoerus grypus) is a major predator, and great interest in obtaining current estimates of

grey seal diet to assess their impact (e.g., Moore 2003). The last comprehensive estimates

around Britain were made in the mid 1980s (Prime and Hammond 1990; Hammond et al.

1994a; 1994b); grey seal and fish abundances have changed substantially since then (Duck

2004: Daan et al. 2005). Estimates of grey seal diet composition and consumption of

commercially important species are currently being updated using > 105 000 fish otoliths and

cephalopod beaks recovered from 1740 grey seal scat samples collected from around the

North Sea in 2002 (K. Grellier, unpublished data). The advantages and disadvantages of

analysing scats to estimate seal diet composition have been much discussed. The major issues

are (1) collection of a sufficient number of samples (addressed by Hammond and Rothery

1996), (2) non-consumption of prey hard parts and consumption of prey with no recoverable

remains (addressed by Prime and Hammond 1990 for grey seals in the North Sea), (3) partial

and complete digestion of hard parts as noted by Bowen (2000) and (4) the potential for bias

due to foraging distribution and passage rates as noted by Bowen and Harrison (1994) and

Thompson et al. (1996).

Partial and complete digestion of hard parts

Otoliths and beaks are species-specific in their shape and, for pristine specimens,

there are good allometric relationships between otolith (or beak) size and fish (or cephalopod)

size (see Harkonen 1986; Leopold et al. 2001; The CIAC Beak Database available from

http://www.cephbase.utmb.edu/). Because hard parts from scats have passed through seals

before being recovered, application of digestion correction factors is required to account for

their partial or complete digestion (termed digestion coefficients and number correction

factors, respectively) before the size or quantity of fish consumed can be accurately
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estimated. If digestion correction factors were not used, the number and size of prey

consumed would be underestimated. If the biases were constant across species, the relative

importance of different prey (which is how the data are usually expressed) would be accurate.

However digestion is not equal for different species, therefore use of appropriate species-

specific digestion correction factors is crucial (Bowen 2000). Furthermore, intra-specific

variation in otolith digestion also occurs as a result of otoliths being subjected to different

degrees of digestion. Therefore, the use of external morphological features to grade the

degree of digestion, and application of appropriate grade-specific digestion coefficients, can

improve estimates of prey biomass consumed (Tollit et al. 1997). Obtaining good estimates

of the rate of partial and complete digestion of otoliths and beaks of different prey species is

therefore an integral component of scat analysis and is one of the most important ways of

improving accuracy and reducing variability in the estimated proportions of prey species in

grey seal diet (Hammond and Rothery 1996).

The potential for bias due to foraging distribution and passage rates

Determining the potential for bias due to foraging distribution and passage rates is an

important consideration when deciding whether scat analysis is a suitable technique for

assessing the diet of a particular species in a given area. For species that spend extended

periods at sea foraging several thousand kilometres away from breeding/moulting islands

(e.g., southern elephant seals, Mirounga leonina; McConnell and Fedak 1996), scat analysis

will clearly be unable to provide an accurate assessment of overall diet, although it could be

used to assess diet in a limited area around haulout sites. For other species, such as grey seals,

scat analysis is more likely to be a suitable technique at least in areas like the North Sea

where foraging trips are short (McConnell et al. 1999) and distribution at sea is relatively

coastal (Matthiopoulos et al. 2004).
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Prime and Hammond (1987) present the only published estimates of digestion

correction factors and passage rates for grey seals and their North Sea prey. These digestion

coefficients were used in previous analyses, but they are available for only a few species and

are based on otolith thickness measurements, which are a poor indicator compared to length

or width (Pierce et al. 1993). Recovery rates were reported for some species, but these were

acknowledged to be underestimates due to loss from the system during some trials and

practical difficulties throughout (Prime and Hammond 1987). Passage rates were reported

only in general terms; no detail of species-specific rates was given.

The purpose of this study was to provide data to address these two outstanding issues

concerning the use of scat analysis to estimate grey seal diet composition in the North Sea:

accounting for partial and complete digestion of hard parts and assessing the potential for bias

due to foraging distribution and passage rates. Our aims were (1) to measure inter- and intra-

individual variability in digestion and produce robust estimates of digestion coefficients and

recovery rates for the major prey of British grey seals and (2) to describe species-specific

characteristics of the passage rate of prey hard part remains.

Materials and methods

Experimental protocol

Feeding experiments were conducted with seven adult female grey seals from August

2002 to September 2004 at the Sea Mammal Research Unit (SMRU), University of St.

Andrews. Seals were captured locally and held for up to several months before being released

back into the wild. While at SMRU, the animals were housed in outdoor seawater pools at

ambient temperature and offered a multi-species diet supplemented with vitamins and iron.

During feeding experiments, seals were housed individually in a purpose built

enclosure. They had constant access to water (a pool 3 m in diameter by 1.5 m deep that held

approximately 10 m3 of seawater that was continuously flushed) and a dry area (the size of
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the whole enclosure was 6.20 m by 4.85 m). Overflow and outflow water passed through a

250 pm filter, collecting all debris. The recovery rate of the system was tested using a total of

2818 inert (U.S.A. Food and Drug Administration approved) coloured polystyrene beads (3

mm diameter) that were inserted into the fish offered, or scattered in the pool enclosure,

daily. Beads were counted on recovery.

For several days prior to the start of the experiment seals were fed either decapitated

fish, or species that were not going to be offered in the first few days, to clear the digestive

system of hard parts of interest. During experiments seals were offered single species meals

once a day, with the exception of three occasions when two species were offered in the same

meal. When this occurred we fed fish with similar flesh (so as not to affect digestion) but

dissimilar otoliths (so that there was no confusion when identifying prey remains), for

example, whiting (Merlangius merlangus) was once fed in the same meal as poor cod

('Trisopterus minutus). Some seals were offered the same prey species for several meals (but

never on subsequent days). We aimed to keep meal size constant for each seal, but meal size

did vary somewhat depending on how much of what they were offered the seals' chose to eat.

The pool was drained and cleaned daily within 18 hours of an experimental meal being fed

(average time between feeding and draining 14 hours) to ensure that we could tell the

difference between egested otoliths and those that had not been ingested (information on

minimum passage times was obtained from Murie and Lavigne 1986; K. Grellier,

unpublished data). In addition, otoliths that had not been ingested could often be

distinguished from those that had by (1) their pristine appearance and (2) using information

on whether the seal ate the fish whole, i.e., whether ingestion was observed. All debris was

collected after draining and cleaning and sieved using a nest of sieves of mesh sizes 1 mm,

600 pm and 335 pm.
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In total, 18 fish and cephalopod prey species were offered (the species and sizes

offered are shown in Table 3.1). Prey of known size (fish length was measured to the nearest

0.1 cm; squid weight was measured to the nearest 0.5 g) were fed whole or gutted (those that

were obtained commercially had been gutted prior to delivery). The size of their otoliths or

beaks was inferred using the relationships shown in Table 3.2. These species were chosen

because they represent the main species found in the diet of grey seals around Britain (Prime

and Hammond 1990; Hammond et al. 1994a; 1994b). Prey were obtained either

commercially, through collaboration with the FRS Marine Laboratory at Aberdeen, or were

caught locally from the Gatty Marine Laboratory's RV Orion (which has a Scottish Office

licence to catch and land undersize specimens). We fed otoliths and beaks in situ in whole

prey rather than using a carrier species. This protocol better mimics feeding in the wild, and

the method of otolith delivery is important because it affects digestion (Grellier and

Hammond 2005). Because of the availability of prey at different times during the

experimental period, different combinations of the 18 species were offered to each individual.

In addition, the seals' individual preferences meant that they did not always eat every species

they were offered.

Fish otolith and squid beak analysis

Uneaten remains (whole prey, fish heads or squid buccal masses, loose otoliths or

beaks) were recovered on the first drain after the experimental meal was fed. Lengths of

whole fish and weights of whole squid were measured directly. The length and width of loose

otoliths, and those removed from fish heads, were also measured, and the length of the fish

that they came from was inferred using the regressions shown in Table 3.3. The lower rostral

length (LRL) of uneaten beaks was measured and squid weight was inferred in the same way

as for otoliths (Table 3.3). F- and appropriate T-tests were used to compare lengths of fish

and weights of squid offered with those that were uneaten. This was important because a
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significant difference meant that the seal had consumed only part of the size range of prey

offered, and therefore the size of the otoliths or beaks consumed could not be inferred and

accurate digestion coefficients could not be calculated. If there was no significant difference

between the size of the prey offered and those that remained uneaten then we assumed that

the size distribution of fish offered was representative of those eaten. Trials with a significant

difference were discarded.

Following the same protocol used for the analysis of scats collected in the wild,

otoliths and beaks that had been eaten and recovered from each trial were identified to

species, counted and measured. Where they could not be identified with 100% certainty, they

were excluded from further analyses. Broken otoliths and beaks were only counted and

measured if the widest/longest part of the otolith, or the lower rostral length of the beak, was

complete. Otolith lengths (OL) and widths (OW) were measured to the nearest 0.01 mm

using digital callipers (Mitutoyo) under a binocular microscope (PZO MST130). The

callipers were zeroed between measurements and were frequently cleaned. Cephalopod beak

lower rostral lengths were photographed using a microscope (Zeiss Axioskop 2 plus) and

digital camera (Zeiss AxioCam) and measured to the nearest 0.01 pm using image

measurement software (AxioVision 3.1).

Recovery rates

The proportion of otoliths eaten that was recovered at the end of each feeding trial

was calculated as the recovery rate. A value of 1 thus means that all otoliths eaten were

recovered, a value of 0 that no otoliths were recovered.

The theoretical variance of recovery rate was calculated as —— where p =
n

recovery rate, and n = the number of otoliths that were eaten. Recovery rates and variances

from each trial were combined to give single values for each seal for each prey species/size

combination. Each trial was given equal weight. These values were then sequentially
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combined (giving equal weight to each seal) to give single values for each prey species/size

combination, each prey species and, finally, single values for each prey type (all Trisopterus

(Norway pout, Trisopterus esmarki, poor cod), all large gadoids (cod, Gadus morhua,

haddock, Melanogrammus aeglefinus, hake, Merluccius merluccius, whiting), flounder-

plaice, all flatfish). Number correction factors were calculated as the inverse of the recovery

rate (Bowen 2000).

Passage rates

Cumulative recovery rates calculated on a daily basis for each feeding trial were

combined to give mean rates for each seal, each prey species/size combination and each prey

species. The prey species were then grouped according to their final recovery rate values. In

addition, the percentage of the total number of otoliths and beaks recovered was calculated on

a cumulative daily basis for large gadoids, Trisopterus, flatfish, sandeels (Ammodytidae),

squid and all fish species combined.

Species-specific digestion coefficients

All trials from which <10 otoliths were recovered (n = 7 for OL; n = 2 for OW) were

excluded from further analyses. The small number of otoliths recovered in some of the

remaining large gadoid trials was unavoidable because of the constraints of feeding large fish

and maintaining a constant meal size. Digestion coefficients (mean otolith or beak size

offered divided by mean otolith or beak size recovered) were calculated for each seal for each

trial for both length and width (otoliths) and for lower rostral length (beaks). The variance of

each digestion coefficient was calculated using the delta method (Seber 1982; Grellier and

Hammond 2005). The digestion coefficients and variances from each trial were combined in

the same way as for recovery rates to give single values for each prey species and prey type.
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Grade-specific digestion coefficients

Each recovered otolith was examined and the amount by which it had been digested

classified based on its external morphological features (after Leopold et al. 2001; see

Appendix 3.1). Pristine otoliths were classified as grade 1, moderately digested otoliths as

grade 2 and considerably digested otoliths as grade 3. The amount by which beaks had been

digested was not classified. Where > 10 otoliths of each grade were recovered from a trial,

grade-specific digestion coefficients and variances were calculated and combined in the same

way as for species-specific digestion coefficients.

Results

A total of 13 845 otoliths and beaks of the 18 prey species was eaten by seven adult

female grey seals during 86 feeding trials. 9650 (69.7%) of these otoliths and beaks were

recovered from scats. There was no significant loss of beads from the system over the course

of the experiments; bead recovery rate was very high at 0.998 (2811/2818 beads were

recovered). In 2004 we observed that, on windy days, a small number of beads (n = 4) were

caught in the wind while they were being scattered and actually fell outside the enclosure,

i.e., they did not enter the system. We suggest that this is also the reason beads appeared to

have been lost from the system in 2002 (n = 5) and 2003 (n = 2). Otoliths and beaks could not

have been lost from the system in this way because they were deposited by seals at ground

level or underwater, rather than being thrown through the air.

Recovery rates

We show the inter-individual variability and, where a prey species had been offered to

the same individual multiple times, intra-individual variability in recovery rates for different

prey species (Figure 3.1). Recovery rates from trials with large gadoid prey varied from 0.605

to 1, with a high mean recovery rate of large gadoid otoliths of 0.935 (Table 3.1). Recovery

rate was > 0.9 in 75% of large gadoid trials, including 12 trials where the recovery rate = 1.
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Recovery rates from trials with Trisopterus prey varied from 0.514 to 0.993; mean

Trisopterus otolith recovery rate was also high at 0.920 (Table 3.1). Recovery rate was > 0.9

in 88% of Trisopterus trials. By comparison, flatfish otolith recovery rates were lower (mean

flatfish otolith recovery rate 0.806; only 43% of trials had recovery rates > 0.9) and more

variable (recovery rates from trials with flatfish varied from 0.318 to 1) (Table 3.1; Figure

3.1). Herring, Clupea harengus, otolith recovery rates were highly variable ranging from 0 to

0.909 for the 12 trials carried out (mean herring otolith recovery rate 0.349). Mean sandeel

otolith recovery rate was low (0.350; range 0.112 to 0.506). Squid beak recovery rates were

consistently high (> 0.9 in all trials). Similar numbers of upper (n = 353) and lower (n = 354)

beaks were recovered (Table 3.1); mean recovery rate was 0.940 for upper beaks and 0.942

for lower beaks. Combined standard errors of the recovery rate estimates ranged from 0

(recovery rate = 1.0) to 0.079 (Table 3.1).

Recovery rate was positively correlated with mean undigested otolith size (Figure 3.2;

correlation coefficient 0.555 for OL and 0.603 for OW) and varied between different size

ranges of the same prey. As expected, mean recovery rates of the large haddock, hake and

whiting otoliths were greater than those for small otoliths (Table 3.1). This pattern was

reversed for cod (although only one small cod trial was carried out).

Passage rates

Greater than 95% of all otoliths and 70% of all beaks that were recovered had been

passed by the third day after feeding (i.e., within 64 h; Table 3.4). All otoliths that were going

to be recovered had been passed by the sixth day (136 h), all beaks by the seventh day (160

h). Passage rates varied among prey types, for example, 27% of sandeel otoliths were passed

the day after feeding (within 16 h) compared to < 7% for the other fish prey types. Upper

squid beaks were passed more quickly than lower beaks.
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Passage rates varied among prey species although it was hard to discern any

characteristic differences between species that had high or medium final recovery rates

(Figure 3.3). For species that had low final recovery rates the majority of otoliths were

recovered on the second day after feeding (i.e., within 40 h). No consistent differences in

passage rate were found between large and small otoliths of the same species.

Species-specific digestion coefficients

The inter- and intra-individual variability in digestion coefficients derived from each

trial is shown (Figure 3.4). Digestion coefficients calculated using otolith length were

different from those calculated using otolith width, but the pattern of values was similar.

Variability in both otolith length and otolith width digestion coefficients was higher in some

species (e.g., large cod and haddock) than in others (e.g., whiting). Digestion coefficients

varied among prey species (Table 3.5). Mean large gadoid and sandeel digestion coefficients

were relatively large (1.54 and 1.56 for OL, 1.52 and 1.65 for OW, respectively) compared to

those for flatfish (1.25 for OL, 1.31 for OW) and Trisopterus (1.21 for OL, 1.18 for OW).

Standard errors of the estimates ranged from 0.011 to 0.120.

Where multiple size classes of a prey species were fed, mean digestion coefficients

were greater for the larger size class in all four cases for otolith length and three out of four

cases for otolith width (Table 3.5), i.e., larger otoliths were proportionally more digested than

smaller otoliths. This trend was consistent across species, but the relationship was weak

(Figure 3.5; correlation coefficient 0.497 for OL and 0.378 for OW).

Squid beaks were relatively undigested (mean lower rostral length digestion

coefficient 1.02; Table 3.5) and there was little variability in coefficients derived from

different trials (Figure 3.4).
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Grade-specific digestion coefficients

Of the otoliths recovered from feeding trials, 0.8% were assigned a grade 1 (pristine),

8.5% a grade 2 (moderately digested) and 90.7% a grade 3 (considerably digested). Because

relatively few grade 1 and grade 2 otoliths were recovered from feeding trials, it was only

possible to calculate three grade-specific digestion coefficients for one prey species, herring.

Two grade-specific digestion coefficients were calculated for six prey species, and a single

grade-specific coefficient for five species (six species when grade-specific digestion

coefficients were calculated using otolith width). For three species, measurements from grade

1 and grade 2 otoliths were pooled, and a "non-grade 3" digestion coefficient was calculated

in addition to the grade 3 one (Table 3.6).

As with species-specific digestion coefficients, grade-specific digestion coefficients

calculated using otolith length were different from those calculated using otolith width (Table

3.6). Combined standard errors of the estimates were small so that in (almost) all species,

grade 2 estimates plus 2 standard errors were smaller than grade 3 estimates minus 2 standard

errors.

Where more than one size class of a prey species was fed, mean digestion coefficients

were greater for the larger size class for the same grade in all four cases for otolith length and

three out of four cases for otolith width (Table 3.6), i.e., larger otoliths were proportionally

more digested than smaller otoliths.

Discussion

Experimental protocol

We fed otoliths in situ in whole prey rather than using a carrier species to present the

otoliths or heads of the prey items of interest (see Tollit et al. 1997; Marcus et al. 1998; Berg

et al. 2002). This protocol better mimics feeding in the wild, and the method of otolith

delivery in experiments is important because removal of otoliths from the skull case affects
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their digestion by seals; while fish size can be accurately estimated using digestion

coefficients derived from in situ experiments, application of digestion coefficients derived

from carrier experiments results in an overestimation of fish size (Grellier and Hammond

2005).

The seven seals used in this study were captured in the wild and kept in captivity for

the duration of the feeding experiment in which they were taking part, after which time they

were released back into the wild. While this made carrying out the feeding experiments

challenging, the digestion correction factor estimates are likely to be more applicable to

otoliths and beaks recovered from scats collected in the wild than those derived from the

majority of captive feeding studies with phocids, which have used either animals that were

born in captivity or those that were long-term captives (e.g., Prime and Hammond 1987;

Cottrell et al. 1996; Tollit et al. 1997).

That the seals used in this study were captured as adults in the wild may have

contributed to their general willingness to accept a varied diet. We found that some

individuals accepted a more varied diet than others and certain individuals had very definite

prey preferences. This suggests that populations of seals are more likely to be a collection of

specialists, rather than each individual being a generalist, or at least that a population

comprises specialists as well as generalists. Further evidence to corroborate this suggestion

comes from a study on the movements and foraging areas of grey seals caught in the North

Sea and tracked using Argos Satellite Relay Data Loggers (McConnell et al. 1999). The

duration, extent and regularity of foraging trips varied considerably, both from seal to seal

and through time. Although there was variability in individual behaviour, the fact that

specific movement patterns of individuals were observed repeatedly suggests that some grey

seals are specialists, targeting sources of preferred prey at certain times of year.
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We fed single species meals to estimate digestion coefficients, recovery rates and

passage rates for the major prey of British grey seals. Although otoliths of single species (in

particular sandeels) are commonly recovered from scats collected in the wild, otoliths of

several prey species may also be recovered from a single scat (K. Grellier, unpublished data).

Casper et al. (2006) suggested that their low recovery rates (from a mixed prey feeding

experiment using Arctoceplialus seals) may be a feature of mixed prey diets. However,

because they did not also feed single species meals no comparison was made and, therefore,

this statement cannot be qualified. Notwithstanding this, it would be interesting to investigate

whether otolith digestion is affected by meal composition (for grey seals and the most

commonly found combinations of their North Sea prey). However, this issue is complex

because one scat does not represent one meal; parts of a meal, or multiple meals, or both, may

be represented in a single scat.

Recovery rates

Analyses of scat samples to infer marine mammal diets are subject to bias if species-

specific differences in number correction factors are not taken into account (Bowen 2000).

Our results show that number correction factors for grey seal prey were all greater than 1 and

ranged up to 3. As expected, recovery rates (reciprocal of number correction factor) were

greater for species with large otoliths, i.e., large otoliths were less likely to be completely

digested (Tollit et al. 1997; Tollit et al. 2003; Grellier and Hammond 2005). These species-

specific differences in number correction factors are particularly important because the

proportions that each prey species represent in the diet will be altered by different amounts

and the impact of number correction factors will vary with the mixture of prey species

consumed. When the last comprehensive assessment of British grey seal diet was carried out

in 1985, sandeels and large gadoids (particularly cod) dominated the diet in all areas and most

months of the year (Prime and Hammond 1990; Hammond et al. 1994a; 1994b). The mean
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number correction factors of 2.86 (sandeels) and 1.06 (cod) estimated here mean that the

contribution of sandeels was likely underestimated and vice versa for cod. These data are

currently being re-analysed. Bowen (2000) noted that the use of number correction factors

tends to decrease the importance of gadoids and other species with large robust otoliths in the

diets of pinnipeds.

Although recovery rates for large fish were greater than those for small fish of the

same species, it is unclear how size-specific number correction factors might be applied to

otoliths recovered from scats collected in the wild because their size will have been altered

according to the amount of digestion they have undergone. By conducting experiments with

prey of a size range representative of grey seal diet in the wild, and by calculating a single

species-specific recovery rate (by combining recovery rates from trials by individual and then

by prey species/size combination, prey species and finally prey type), we have incorporated

variability in the final recovery rate estimate, and reduced any potential bias.

Number correction factors can only be applied if at least one otolith or beak of a

species has been recovered. Because recovery of structures is probabilistic, the failure to find

a single structure does not necessarily mean that no items of this prey species were

consumed. This may have implications for determining how to group scats collected over a

range of sites and times. The smaller the number of scats grouped for analysis, the higher the

probability of not recovering a single otolith. In practice this problem will generally arise

mainly for species that are rare, and therefore relatively unimportant, in the diet. However, it

may be especially important in studies where prey species of particular interest have these

characteristics, for example Salmonidae.

Passage rates

We found some species-specific differences in passage rates but the large majority of

otoliths and beaks were passed after relatively short periods (2 or 3 days). This suggests that
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grey seal diet estimated using scat analysis is likely to be representative of actual diet in the

North Sea, where mean trip length is short (2.3 days; McConnell et al. 1999) and at-sea

distribution primarily coastal (a 35 km zone around the coasts was found to include 60% of

the population's total at-sea usage; Matthiopoulos et al. 2004). Differences in the distribution

and abundance of prey may still affect how representative scat analysis is. However,

modelling of passage rate data in combination with data on prey distribution and seal

foraging and haulout behaviour has shown no bias for grey seals around Britain (Smout

2006). This issue is important and should be considered when assessing the diet of other

species in other areas.

Species-specific digestion coefficients

Large otoliths had greater digestion coefficients than small otoliths; this trend was

consistent across species. Therefore the size of prey with large otoliths (i.e., larger prey)

would be most underestimated if digestion coefficients were not applied to otoliths recovered

from scats. By calculating a species-specific digestion coefficient based on otoliths recovered

from meals of fish of a size range representative of what seals eat in the wild, we have

incorporated this variability in the final digestion coefficient estimates and minimised any

potential bias. An alternative approach would be to feed meals of fish of many (small) size

classes of each species and model undigested otolith size as a function of digested size

thereby allowing the correction to vary with digested size. This approach could also be taken

with the recovery rate data if experiments were conducted in this way.

We calculated digestion coefficients based on both otolith length and width for all fish

prey, except mackerel, Scomber scombrus (the lengths of all recovered mackerel otoliths

were incomplete) and witch, Glyptocephalus cynoglossus (no suitable regression for

predicting otolith width from fish length was available). When deciding whether to apply an

otolith length or otolith width digestion coefficient to otoliths recovered from scats collected

61



Digestion experiments: robust digestion and passage rate estimates Chapter 3

in the wild, the balance between sample size and variability in the digestion coefficient

estimates must be considered. In some cases the decision will be simple. For example, the

tips of whiting otoliths are often missing. Therefore digestion coefficients based on otolith

width are likely to be more useful for this species so that a larger number of otoliths can be

used to estimate the size of prey consumed. The other piece of information relevant to this

decision is how good is the relationship between otolith length, or width, and fish size. In

addition, standard errors of the otolith width digestion coefficients for whiting are smaller

than those for the otolith length coefficients.

Grade-specific digestion coefficients

Intra-specific variation is likely to be caused by a number of factors such as meal size,

frequency and species composition (Marcus et al. 1998) and level of activity of the seal

(Tollit et al. 2003). By applying a suitable digestion coefficient based on the external

morphological features of the otolith, intra-specific variation can be taken into account

whatever its cause.

Application of grade-specific digestion coefficients to account for intra-specific

variation in size reduction caused by digestion appears to be the most promising approach to

reconstructing prey size (Tollit et al. 2004). While labour intensive, the need to apply grade-

specific digestion coefficients can be evaluated by estimating the proportion of time an

inappropriate digestion coefficient would be used if only a single digestion coefficient were

applied. This is particularly important because average digestion rates appear to be artificially

high in captive seals (Tollit et al. 1997; this study). The proportion of otoliths of each grade

recovered from scat samples collected from around the North Sea during 2002 of 0.2% grade

1, 34% grade 2 and 65.8% grade 3 (K. Grellier, unpublished data) was in contrast to the

proportion of each grade recovered from feeding experiments (this study). Because average

digestion rates appear to be artificially high in captive seals, application of species-specific
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digestion coefficients derived from captive feeding experiments will introduce bias because

the undigested size of otoliths recovered from scats collected in the wild will be over¬

estimated a significant proportion of the time. Because the proportion of otoliths assigned to

each grade varies among species, use of species-specific digestion coefficients will affect

prey differently. Therefore, overall diet composition estimates of wild seals may be biased

unless (1) the proportion of otoliths of each grade are similar for each prey species for wild

and captive seals, (2) digestion coefficients for a species are similar amongst grades or (3)

grade-specific digestion coefficients are applied.

In some cases, for example when re-analysing previous data where otoliths were not

graded, the only option is to use species-specific digestion coefficients. We investigated the

sensitivity of estimates of diet composition to using species-specific, rather than grade-

specific, digestion coefficients for the first quarter of 2002 in Orkney (North Sea; K. Grellier,

unpublished data). The relative amount of sandeels in the diet increased by around 4% and

the relative amount of cod decreased by around 5% when species-specific, rather than grade-

specific, digestion coefficients were used. The amounts of other gadoid prey also decreased

except for saithe (Pollachius virens) and ling (Molva molva), which increased. The relative

contribution of flatfish also generally decreased. Overall, then, only small biases resulted

from using species-specific rather than grade-specific digestion coefficients.

The high proportion of grade 3 otoliths recovered from scats collected during these

feeding trials (and in the North Sea in 2002; K. Grellier, unpublished data) suggests that it

would be useful to refine the wear class system and split this grade into two, or even three,

sub-grades; this would be an improvement to the present system and would further reduce

bias.
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Comparison with other studies

Previous studies on the rate of otolith digestion by grey seals are limited to those by

Prime and Hammond (1987), Hammond and Prime (1990) and Marcus et al. (1998).

Methodological differences (all otoliths in this study were fed in situ in whole fish, while a

carrier was used to present otoliths to seals in the other studies (with the exception of herring

otoliths in the study by Marcus et al. 1998)) mean that a fair comparison of recovery rate,

digestion coefficient and passage rate values can be made only for herring (because the

method of otolith delivery affects digestion; Grellier and Hammond 2005). The herring

otolith recovery rate in this study (0.349) was greater than that derived by Marcus et al.

(1998; 0.244) while the passage rates and (otolith length) digestion coefficients and were

similar in both studies. Both systems yielded consistently high bead recovery rates and the

length of herring fed was similar therefore the most likely explanation for the observed

difference in recovery rate concerns the small number of otoliths fed in each meal by Marcus

et al. (1998). When just ten otoliths are fed (as they were in half the trials in Marcus et al.

1998), the percentage difference one otolith makes to the recovery rate is greater than it is

when more otoliths are fed. Factors such as the difference in age (and level of activity) of the

seals used in experiments (all seals used in this study were adults, all those used by Marcus et

al. (1998) were pups) may also have contributed (Warner 1981 not seen cited in Casper et al.

2006).

Significance of work

The interaction between grey seals and fisheries is a contentious issue (e.g., Moore

2003). It is crucial to provide unbiased estimates of diet with associated measures of

uncertainty, particularly given that management actions may be taken based on such

estimates. These digestion correction factors are the most systematically obtained and most

comprehensive for any species of pinniped, and will allow accurate and precise estimation of
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the number and size of fish represented by otoliths recovered from grey seal scat samples

collected in the wild. They will be used to update estimates of grey seal diet composition and

consumption of commercially important species (K. Grellier, unpublished data) which, in

turn, will provide Government with the best available data on which to base policy and

management decisions.
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Table3.1.Detailsofexperimentalpreyhardpartsconsumedandrecoveredincludingnumbereaten(neaten),numberrecovered(nrecovered), meanrecoveryrateandstandarderror(Meanrr(se)),numbercorrectionfactor(NCF),numberofseals(nseals)andnumberoftrials(ntrials). Fishlength(cm)andsquidweight(g)weremeasured.Recoveryratesfromtrialswerecombinedbyindividualandthenbypreyspecies/size combination,preyspeciesandfinallypreytype(alltrisopterans,alllargegadoids,flounder-plaiceandallflatfish). Species

Latinname

Details

Sizerange
neaten

nrecovered
Meanit(se)
NCF

nsealsntria

Norwaypout

Trisopterusesmarki

-

12.0-20.3
1713

1454

0.864(0.013)
1.157

4

4

Poorcod

Trisopterusminutus

-

8.9-22.7

906

895

0.976(0.023)
1.025

4

4

Alltrisopterans

-

8.9-22.7

2619

2349

0.920(0.019)
1.087

5

8

Short-spinedseascorpion
Myoxocephalusscorpius

-

11.9-26.1
190

57

0.356(0.069)2.808
3

3

Dragonets

Callionymuslyra

-

15.0-25.5
505

192

0.306(0.031)3.273
3

3

Herring

Clupeaharengus

-

20.2-29.3
1070

448

0.349(0.041)2.867
5

12

Mackerel

Scomberscombrus

-

26.6-33.0

32

23

0.719(0.079)
1.391

1

1

Sandeels

Ammodytesmarinus

-

13.2-22.4
3278

1151

0.350(0.018)
2.861

5

5

Cod

Gadusmorhua

All

15.8-51.7
193

183

0.943(0.045)
1.060

3

10

Small

15.8-26.5
41

39

0.951(0.034)
1.051

1

1

Large

34.3-51.7
152

144

0.936(0.054)
1.069

3

9

Haddock

Melanogrammusaeglefinus
All

13.5-37.9
801

697

0.899(0.029)
1.113

4

8

Small

13.5-23.0
578

495

0.868(0.019)
1.152

3

3

Large

29.1-37.9
223

202

0.929(0.036)
1.077

4

5

Hake

Merlucciusmerluccius
All

16.5-40.2
492

410

0.925(0.014)
1.081

2

3

Small

16.5-27.7
452

370

0.850(0.020)
1.176

2

2

Large

30.4-40.2

40

40

1.000(0.000)
1.000

1

1

Whiting

Merlangiusmerlangus
All

10.0-35.0
1523

1463

0.973(0.009)
1.027

4

7

Small

10.0-20.7
1199

1144

0.956(0.010)
1.046

3

3

Large

21.0-35.0
324

319

0.991(0.008)
1.009

4

4

Alllargegadoids

-

10.0-51.7
3009

2753

0.935(0.028)
1.069

5

28

Commondab

Limandalimanda

-

14.8-29.3
436

376

0.816(0.045)
1.226

4

4

Flounder

Platichthysflesus

-

23.1-32.5
106

72

0.705(0.048)
1.418

2

2

Lemonsole

Microstomuskitt

-

14.9-32.1
462

306

0.650(0.046)
1.539

4

4
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Longroughdab

Hippoglossoidesplatessoides
-

14.0-23.9
612

550

0.860(0.023)1.163
2

2

Plaice

Pleuronectesplatessa
-

13.8-34.3
519

418

0.840(0.040)1.190
6

8

Witch

Glyptocephaluscynoglossus
-

24.7-32.0
257

248

0.964(0.021)1.037
3

3

Flounder-plaice

-

13.8-34.3
625

490

0.773(0.044)1.294
6

10

Allflatfish

-

13.8-34.3
2392

1970

0.806(0.039)1.241
6

23

Squid

Loligoforbesii

Upperbeak
13.5-337.0
375

353

0.940(0.021)1.064
2

3

Lowerbeak
13.5-337.0
375

354

0.942(0.021)1.062
2

3
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Table3.2.Regressionsusedtoinferthesizeofotolithsandbeaksofthepreyitemsoffered.Otolithlength(OL),otolithwidth(OW)andlower rostrallength(LRL)measurementsareinmm;fishlength(FL)measurementsareincm;squidweight(W)measurementsareing.Originaldata providedbyM.Leopold(Alterra,P.O.Box47,6700AAWageningen,TheNetherlands)andT.Harkonen(SwedishMuseumofNaturalHistory, Box50007,10405Stockholm,Sweden)aresummarisedinLeopoldetal.2001andHarkonen1986,respectively. Species

OL/LRLregression
r2

n

OWregression

r

n

Reference

Norwaypout

OL=0.436FL+0.028
0.98

257

OW

=

0.186FL+0.002
0.98

257

Leopoldpers.comm.

Poorcod

OL=0.362FL+1.718
0.95

267

OW

=

0.178FL+0.731
0.93

275

Leopoldpers.comm.

Short-spinedseascorpion
OL=0.266FL+0.695
0.93

368

OW

=

0.129FL+0.355
0.93

389

Leopoldpers.comm.

Dragonets

OL=0.112FL+0.763
0.94

433

OW

0.055FL+0.344
0.94

481

Leopoldpers.comm.

Herring

OL=0.154FL+0.386
0.96

514

OW

-

0.061FL+0.472
0.93

541

Leopoldpers.comm.

Mackerel

OL=0.152FL-0.298
0.86

71

OW

=

0.040FL+0.323
0.73

157

Leopoldpers.comm.

Sandeels

OL=0.184FL-0.642
0.79

212

OW

—

0.061FL+0.235
0.61

212

GrellierandHammond2005; K.Grellier,unpublisheddata

Cod

OL=0.266FL+2.306
0.93

518

OW

=

0.122FL+0.811
0.96

547

Leopoldpers.comm.

Haddock

OL=0.383FL+1.560
0.97

450

OW

=

0.137FL+0.703
0.96

469

Leopoldpers.comm.

Hake

OL=0.365FL+1.991
0.98

60

OW

=

0.131FL+1.046
0.96

62

Leopoldpers.comm.

Whiting

OL=0.564FL-0.198
0.98

559

OW

=

0.142FL+0.555
0.96

637

Leopoldpers.comm.

Commondab

OL=0.179FL+0.734
0.97

508

OW

-

0.107FL+0.699
0.95

513

Leopoldpers.comm.

Flounder

OL=0.171FL+0.798
0.96

581

OW

=

0.099FL+0.707
0.95

621

Leopoldpers.comm.

Lemonsole

OL=0.091FL+0.624
0.87

240

OW

=

0.059FL+0.356
0.89

240

Leopoldpers.comm.

Longroughdab

OL=0.213FL+0.477
0.95

322

OW

=

0.137FL+0.730
0.91

338

Leopoldpers.comm.

Plaice

OL=0.203FL+0.486
0.99

752

OW

=

0.119FL+0.641
0.97

787

Leopoldpers.comm.

Witch

OL=0.114FL+1.602
0.89

81

-

-

-

Harkonenpers.comm.

Squid

LRL=0.435W0347
0.77

193

-

-

-

TheCIACBeakDatabase; http://www.cephbase.utmb.edu/
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Table3.3.Regressionsusedtoinferpreysizefromotolithsandbeaksthatwerenoteaten.Unitsarefishlength(FL;cm),otolithlength(OL; mm),otolithwidth(OW;mm),squidweight(W;g)andlowerrostrallength(LRL;mm). Species

OL/LRLregression
r2

n

OWregression

r2

n

Reference

Short-spined
FL=3.490L-1.37
0.90

196

FL =7.230W-1.52
0.90

200

Leopoldetal.2001

seascorpion Dragonets

FL=8.410L-5.48
0.92

237

FL=17.330W-5.19
0.92

249

Leopoldetal.2001

Cod

FL=3.490L-6.64
0.88

268

FL=7.840W-5.51
0.86

275

Leopoldetal.2001

Haddock

FL =2.01OL+3.71
0.43

237

FL =5.650W+3.69
0.50

241

GrellierandHammond2005; K.Grellier,unpublisheddata

Commondab
FL =5.430L-3.49
0.88

261

FL =8.880W-5.40
0.90

261

Leopoldetal.2001

Plaice

FL =4.850L-2.07
0.76

405

FL=8.150W-4.70
0.79

405

Leopoldetal.2001

Squid

W=17.33LRL221
0.77

193

-

-

TheCIACBeakDatabase; http://www.cephbase.utmb.edu/
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Table 3.4. The percentage of the total number of otoliths and beaks recovered calculated per
day. The figure shown in brackets in the title row of the table is the approximate number of
hours after feeding that the otoliths/beaks were recovered.

Species Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
(16 h) (40 h) (64 h) (88 h) (112 h) (136 h) (160 h)

Trisopterans 5.02 51.42 97.60 99.86 99.98 100.00 100.00
Sandeels 27.19 94.46 99.79 100.00 100.00 100.00 100.00

Large gadoids 2.16 65.83 96.88 99.56 99.91 100.00 100.00
Flatfish 7.05 85.27 95.24 99.76 100.00 100.00 100.00

All fish species 5.94 77.40 96.96 99.72 99.98 100.00 100.00

Squid_upper 12.40 49.16 76.44 98.23 99.41 100.00 100.00

Squid_lower 5.47 44.67 72.63 96.34 98.55 99.64 100.00
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Table 3.5. Species-specific digestion coefficients calculated for grey seals (Halichoerus
grypus).
(a) Otolith length/lower rostral length digestion coefficients.

Species dc (se) n seals n trials n otoliths/lower beaks recovered

Norway pout 1.25 (0.013) 4 4 1413

Poor cod 1.17 (0.016) 4 4 862

All trisopterans 1.21 (0.014) 5 8 2275

Short-spined seascorpion 1.12(0.042) 1 1 18

Dragonets 1.59 (0.044) 2 2 153

Herring 1.18 (0.029) 4 9 288

Sandeels 1.56 (0.033) 5 5 1123

Cod_large 1.63 (0.080) 3 7 108

Cod_small 1.53 (0.061) 1 1 33

Cod 1.58 (0.071) 3 8 141

Haddock_large 1.66 (0.064) 4 5 157

Haddock_small 1.14 (0.017) 3 3 408

Haddock 1.40(0.047) 4 8 565

Hake_large 1.79 (0.087) 1 1 24

Hake_small 1.57 (0.038) 2 2 283

Hake 1.68 (0.068) 2 3 307

Whiting_large 1.58 (0.041) 3 3 174

Whiting_small 1.40 (0.016) 3 3 961

Whiting 1.49 (0.031) 4 6 1135

All large gadoids 1.54 (0.057) 5 25 2148

Common dab 1.31 (0.042) 4 4 326

Flounder 1.20 (0.055) 2 2 54

Lemon sole 1.25 (0.042) 4 4 288

Long rough dab 1.34 (0.024) 2 2 517

Plaice 1.26 (0.056) 5 7 277

Witch 1.16 (0.027) 3 3 229

Flounder-plaice 1.23 (0.056) 6 9 331

All flatfish 1.25 (0.043) 6 22 1691

Squid 1.02 (0.023) 2 3 354
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(b) Otolith width digestion coefficients.

Species dc (se) n seals n trials n otoliths recovered

Norway pout 1.22 (0.011) 4 4 1454

Poor cod 1.14(0.018) 4 4 895
All trisopterans 1.18 (0.015) 5 8 2349

Short-spined seascorpion 1.58 (0.111) 3 3 57

Dragonets 1.47 (0.039) 2 2 189

Herring 1.40 (0.047) 4 10 446

Mackerel 1.19 (0.031) 1 1 23

Sandeels 1.65 (0.030) 5 5 1151

Cod_large 1.92 (0.120) 3 8 136

Cod_small 1.69 (0.069) 1 1 39

Cod 1.81 (0.098) 3 9 175

Haddock_large 1.63 (0.056) 4 5 203

Haddock_small 1.17 (0.016) 3 3 495

Haddock 1.40 (0.041) 4 8 698

Hake_large 1.59 (0.066) 1 1 42

Hake_small 1.67 (0.037) 2 2 370

Hake 1.63 (0.053) 2 3 412

Whiting_large 1.30 (0.023) 4 4 319

Whiting_small 1.19 (0.011) 3 3 1143

Whiting 1.24 (0.018) 4 7 1462

All large gadoids 1.52(0.060) 5 27 2747

Common dab 1.40 (0.039) 4 4 375

Flounder 1.22 (0.037) 2 2 72

Lemon sole 1.27 (0.043) 4 4 306

Long rough dab 1.36 (0.026) 2 2 550

Plaice 1.27 (0.042) 5 7 329

Flounder-plaice 1.25 (0.039) 6 9 401

All flatfish 1.31 (0.038) 6 19 1632
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Table 3.6. Grade-specific digestion coefficients calculated for grey seals (Halichoerus
grypus).
(a) Otolith length digestion coefficients.

Species Grade dc (se) n seals n trials n otoliths recovered

Norway pout grade 3 1.25 (0.013) 4 4 1399

Poor cod grade 3 1.17 (0.016) 4 4 858
All trisopterans grade 3 1.21 (0.014) 5 8 2257

Dragonets grade 2 1.22 (0.048) 2 2 28

grade 3 1.70 (0.041) 2 2 125

Herring grade 1 1.04 (0.021) 1 2 25

grade 2 1.11 (0.021) 3 7 144

grade 3 1.32 (0.035) 3 3 36

Sandeels grade 2 1.25 (0.041) 2 2 43

grade 3 1.58 (0.034) 5 5 1070

Cod_large grade 3 1.60 (0.063) 3 6 98

Cod_small grade 3 1.53 (0.061) 1 1 33

Cod grade 3 1.56 (0.062) 3 7 131

Haddock_large grade 3 1.66 (0.064) 4 5 157

Haddock_small grade 3 1.14 (0.017) 3 3 406
Haddock grade 3 1.40 (0.047) 4 8 563

Hake_large grade 3 1.84 (0.080) 1 1 23

Hake_small grade 3 1.62 (0.037) 2 2 270

Hake grade 3 1.73 (0.062) 2 3 293

Whitingjarge grade 3 1.59 (0.041) 3 3 166

Whiting_small grade 1+2 1.08 (0.028) 1 1 10

grade 3 1.40 (0.016) 3 3 942

Whiting grade 1+2 1.08 (0.028) 1 1 10

grade 3 1.50 (0.031) 4 6 1108
All large gadoids grade 1+2 1.08 (0.028) 1 1 10

grade 3 1.55 (0.052) 5 24 2095
Common dab grade 2 1.10(0.020) 2 2 127

grade 3 1.38 (0.045) 4 4 193

Flounder grade 2 1.01 (0.024) 1 1 27

grade 3 1.26 (0.073) 2 2 25

Lemon sole grade 1+2 1.11 (0.042) 4 4 144

grade 3 1.46 (0.055) 4 4 144

Long rough dab grade 2 1.05 (0.022) 1 1 32

grade 3 1.36 (0.024) 2 2 478

Plaice grade 1+2 1.10(0.039) 2 2 25

grade 3 1.29 (0.061) 5 7 242

Witch grade 2 1.00 (0.015) 1 1 10

grade 3 1.18 (0.028) 3 3 208

Flounder-plaice grade 3 1.28 (0.068) 6 9 267

All flatfish grade 1+2 1.10(0.041) 4 6 169

grade 3 1.32 (0.051) 6 22 1290
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(b) Otolith width digestion coefficients

Chapter 3

Species Grade dc (se) n seals n trials n otoliths recovered

Norway pout grade 3 1.22 (0.011) 4 4 1439

Poor cod grade 3 1.14(0.018) 4 4 891

All trisopterans grade 3 1.18 (0.015) 5 8 2330

Short-spined seascorpion grade 3 1.76 (0.109) 2 2 33

Dragonets grade 2 1.11 (0.041) 2 2 28

grade 3 1.54 (0.040) 2 2 161

Herring grade 1 1.08 (0.020) 1 2 25

grade 2 1.23 (0.028) 3 8 177

grade 3 1.63 (0.055) 4 9 191

Mackerel grade 3 1.22 (0.045) 1 1 14

Sandeels grade 2 1.22 (0.046) 2 2 43

grade 3 1.68 (0.030) 5 5 1096

Codjarge grade 3 1.92 (0.120) 3 8 134

Cod_small grade 3 1.69 (0.069) 1 1 39
Cod grade 3 1.80 (0.098) 3 9 173

Haddockjarge grade 3 1.63 (0.056) 4 5 203

Haddock_small grade 3 1.17 (0.016) 3 3 492

Haddock grade 3 1.40 (0.041) 4 8 695

Hakejarge grade 3 1.62 (0.065) 1 1 41

Hake_small grade 2 1.09 (0.028) 1 1 10

grade 3 1.72 (0.036) 2 2 356
Hake grade 2 1.09 (0.028) 1 1 10

grade 3 1.67 (0.053) 2 3 397

Whiting_large grade 3 1.30 (0.022) 4 4 311

Whiting_small grade 1+2 1.03 (0.017) 1 1 13

grade 3 1.19(0.011) 3 3 1118

Whiting grade 1+2 1.03 (0.017) 1 1 13

grade 3 1.24 (0.018) 4 7 1429

All large gadoids grade 1+2 1.03 (0.017) 1 1 13

grade 3 1.53 (0.060) 5 27 2694
Common dab grade 2 1.16(0.022) 2 2 128

grade 3 1.48 (0.042) 4 4 241

Flounder grade 2 1.06 (0.020) 1 1 27

grade 3 1.28 (0.053) 2 2 43

Lemon sole grade 1+2 1.12(0.045) 4 4 144

grade 3 1.47 (0.060) 4 4 162

Long rough dab grade 2 1.05 (0.021) 1 1 32

grade 3 1.39 (0.026) 2 2 511

Plaice grade 1+2 1.11 (0.042) 2 2 25

grade 3 1.29 (0.043) 5 7 294

Flounder-plaice grade 3 1.29 (0.048) 6 9 337

All flatfish grade 1+2 1.12(0.043) 4 6 169

grade 3 1.38 (0.046) 6 19 1251
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Figure 3.1. Recovery rates from each trial (showing intra- and inter-individual variability). Each
symbol represents a different seal, (a) Large gadoids (b) Flatfish (c) Other species
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Figure 3.2. Recovery rate plotted against mean undigested otolith size for all trials; larger otoliths
were less likely to be completely digested than smaller otoliths, (a) Otolith length (b) Otolith
width
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Figure 3.3. Species-specific passage rates, (a) High final recovery rate (> 0.9) (b) Medium final
recovery rate (0.6 - 0.9) (c) Low final recovery rate (< 0.4)
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Figure 3.4. Digestion coefficients from each trial (showing intra- and inter-individual
variability). Each symbol represents a different seal. For mackerel (Scomber scombrus), only
otolith width could be used because the length of all of the recovered otoliths was incomplete.
For witch (Glyptocephalus cynoglossus), only otolith length could be used because no suitable
regression for predicting otolith width from fish length was available, (a) Large gadoid otolith
length digestion coefficients (b) Large gadoid otolith width digestion coefficients (c) Flatfish
otolith length digestion coefficients (d) Flatfish otolith width digestion coefficients (e) Other
species otolith length and lower rostral length digestion coefficients (f) Other species otolith
width digestion coefficients
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Figure 3.5. Digestion coefficient plotted against mean undigested otolith size for all trials; larger
otoliths were proportionally more digested than smaller otoliths, (a) Otolith length (b) Otolith
width
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Appendix 3.1. Images (taken and edited by Cindy van Damme, reproduced from Leopold et

al. 2001) of pristine (grade 1; upper image), moderately digested (grade 2; lower left image)

and considerably digested (grade 3; lower right image) otoliths used to classify otoliths to

create relative correction factors. No wear classes were listed for witch or hake; for these

species we used wear classes shown for species with similar otoliths (long rough dab

Hippoglossoides platessoides and whiting, respectively).

Sandeels Norway pout

CJG van Damme I ' CJG van Damme
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Whiting
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Chapter 4

Grey seal diet composition in the

northern North Sea in 2002

86



Orkney diet composition Chapter 4

Abstract

In addition to seabirds, fish, and other marine mammals, the grey seal (Halichoerus

grypus) is a major predator in British waters. Grey seal diet in Orkney, Shetland and

the Moray Firth was assessed seasonally in 2002 using scat analysis. Previous diet

data from 1985 were re-analysed using new digestion correction factors for

comparison. Sandeels, Ammodytidae, dominated the diet in all areas and seasons in

2002, as was the case in 1985. Cod, Gadus morhua, was still a common prey item in

2002 even though total stock biomass had decreased by more than 50%. The rest of

the diet was made up by other gadoids (mainly haddock, Melanogrammus aeglefinus,

saithe, Pollachius virens, and whiting, Merlangius merlangus), benthic species

(predominantly short-spined seascorpion, Myoxocephalus scorpius), and flatfish (in

the Moray Firth in 2002); the importance of these species varied seasonally. Cod and

sandeels consumed in Shetland in 2002 were larger than those consumed in Orkney;

those consumed in Orkney were larger than those consumed in the Moray Firth.

Overall, significantly smaller fish were consumed in 2002 compared with 1985; this

finding mirrors the changes in size that have accompanied the declines in many fish

stocks in the North Sea. Feathers were recovered from a small proportion of scats

collected in the last quarter of the 2002, a time when inexperienced grey seal pups

would have been making their first foraging trips to sea.

87



Orkney diet composition Chapter 4

Introduction

The northeast Atlantic grey seal (Halichoerus grypus) population around Britain has

been increasing in size since records began in the 1960s (SCOS Main Advice 2005). It

is currently estimated to consist of 105 000 individuals (95% CI 78 000 - 141 000), of

whom approximately 63 000 are associated with North Sea colonies, predominantly in

Orkney (-52 000 individuals; Thomas and Harwood 2005). In addition to supporting

this number of marine top predators, the North Sea is one of the most heavily

exploited shelf seas (Heath 2005). It is perhaps not surprising, therefore, to find that

there have been substantial changes (predominantly declines) in the status of

commercial fish stocks in the last two decades (ICES 2005a; ICES 2005b). With an

average daily energy requirement of -5500 Kcal per seal (Sparling 2003), this number

of seals could potentially have a large effect on fish stocks if species of low

abundance were an important component of the diet. This would be of particular

interest if the stocks in question were also of commercial importance.

There are good historical data on the diet composition of grey seals in Orkney

(from the mid 1980s). Using scat analysis, Hammond et al. (1994a) found that

sandeels, Ammodytidae, accounted for almost half the fish consumed, by weight, and

that the rest of the diet was composed mostly of gadoids (particularly cod, Gadus

morhua), flatfish (particularly plaice, Pleuronectes plcitessa), and benthic-living

species. Significant regional and seasonal differences were found in the amounts of

sandeels, whiting, Merlangius merlangus, and plaice consumed while the proportion

of cod, haddock, Melanogrammus aeglefinus, and saithe, Pollachius virens, in the diet

did not vary seasonally or regionally. Several of these prey species are commercially

important including sandeels (which are converted into fish meal for use in animal
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feed and oil which is used largely in the production of margarine; Goodlad and Napier

1997) and cod (primarily caught for human consumption).

Application of digestion correction factors to measurements and counts of fish

otoliths and cephalopod beaks recovered from seal scats is required to accurately

estimate the size and quantity of prey consumed (Bowen 2000; Tollit et al. 1997).

These digestion coefficients (to account for partial digestion) and number correction

factors (to account for complete digestion) are generally estimated by feeding known-

size fish to captive seals held in purpose-built enclosures (e.g., Tollit et al. 1997;

Grellier and Hammond in press see Chapter 3). Hammond et al. (1994a) corrected for

partial digestion of otoliths (using values from Prime and Hammond 1987) but not for

complete digestion because estimates of number correction factors were not available

at that time. Because number correction factors vary between species (e.g., 1.06 for

cod, 2.86 for sandeels; Grellier and Hammond in press see Chapter 3), the proportions

each prey species represent in the diet will be altered by different amounts and the

impact of number correction factors will vary depending on the mixture of prey

species consumed. In the analysis of diet in 1985 by Hammond et al. (1994a), the

contribution of sandeels was likely underestimated and vice versa for cod.

No assessment has been made of the diet of grey seals in the northern North

Sea since 1985 and there was a clear need to update this information. There had been

changes in the status of both the grey seal population and the fish stocks in the North

Sea (Thomas and Harwood 2005; Rogers and Ellis 2000; Jennings et al. 1999) and it

was not uncommon to hear calls for a seal cull due to the perceived link between the

two (e.g., Anon 2001; Moore 2003; Macdonald 2004). In this study the diet of the -48

000 grey seals using Orkney in 2002 was assessed, again using scat analysis. Samples

were collected throughout Orkney in each quarter of the year to allow examination of
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regional and seasonal variation in diet. Diet at sites to the north (in Shetland) and

south of Orkney (in the Moray Firth) was also examined. Better estimates of digestion

coefficients were available, derived to reduce bias and variability in the estimated

proportions of prey species in the diet (Hammond and Rothery 1996), and estimates

of number correction factors for the North Sea prey of grey seals were available for

the first time (Grellier and Hammond in press see Chapter 3). The 1985 diet data were

re-analysed using the newly available digestion correction factors to make a fair

comparison with the new data collected in 2002.

Methods

Sampling

Scat sampling was primarily carried out by helicopter on a quarterly basis in Orkney

(in March, June, September and November) and at sites to the north (in March,

September and December in Shetland) and south (in September in the Moray Firth) in

2002 (Figure 4.1). Further Orkney sampling was carried out by boat at one site where

helicopter access was not permitted and on foot at another site by a local volunteer.

Samples were collected within 3 hours of low water only from sites where grey seals

were actually hauled out because harbour seals (Phoca vitulina) also occur in the

region (e.g., Thompson et al. 2001). Fresh scat samples produced by individual grey

seals were collected, placed in separate plastic bags and stored at -20°C.

Laboratory analysis

Scat samples were defrosted and hard parts (fish otoliths and cephalopod beaks)

extracted using a nest of sieves of mesh sizes 1 mm, 600 pm and 335 pm, running

water and a soft brush. The presence of other remains (e.g., feathers) was noted. For
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sites where more than 50 samples were collected, only enough samples to give 50

containing hard prey remains were sieved. Otoliths (stored dry) and beaks (stored in

70% ethanol) were identified to species using a reference collection and three

identification guides (Harkonen 1986; Leopold et al. 2001; Clarke 1986). Where they

could not be identified to species with 100% certainty, they were recorded at a higher

level (e.g., unidentified gadoid) or as unknown species.

Otolith lengths and widths were measured to the nearest 0.01 mm using digital

callipers (Mitutoyo) under a binocular microscope (PZO MST130). Either lower

rostral or lower hood length measurements were taken from cephalopod beaks. Small

cephalopod beaks were photographed using a microscope (Zeiss Axioskop 2 plus) and

digital camera (Zeiss AxioCam) and measured to the nearest 0.01 mm using image

measurement software (AxioVision 3.1). Large cephalopod beaks were measured

using a binocular microscope equipped with an eyepiece graticule. Broken otoliths

and beaks were counted and measured only if the dimension to be measured was

complete. For scats containing more than 30 otoliths or beaks of the same species, a

random sub-sample was measured and calculations from these extrapolated to the

total number in the sample. For scats containing more than 30 but fewer than 120

otoliths or beaks of the same species, 30 were measured. For scats containing more

than 120 otoliths or beaks of the same species, 25% were measured.

Each recovered otolith was also examined to assess and record the amount by

which it had been digested, which was classified based on its external morphological

features (after Leopold et al. 2001; Grellier and Hammond in press see Chapter 3).

Pristine otoliths were classified as grade 1, moderately digested otoliths as grade 2

and considerably digested otoliths as grade 3. The amount by which beaks had been

digested was not classified.
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Experimental estimation of digestion correction factors

Application of digestion correction factors to measurements and counts of fish otoliths

and cephalopod beaks recovered from seal scats is required to estimate accurately the

size and quantity of prey consumed (Bowen 2000; Tollit et al. 1997). To obtain robust

estimates of these digestion correction factors extensive digestion experiments with

grey seals were carried out at the Gatty Marine Laboratory captive seal facility,

University of St Andrews, Scotland (Grellier and Hammond 2005 see Chapter 2;

Grellier and Hammond in press see Chapter 3). In summary, a set of six preliminary

experiments with two seals was conducted. It was concluded that the best

methodology was to feed whole fish of known size to seals housed individually in a

purpose-built enclosure (Grellier and Hammond 2005 see Chapter 2). Following this

protocol, 86 feeding trials with seven grey seals and 18 prey species were carried out

to derive estimates of digestion coefficients (to account for partial digestion) and

recovery rates (to account for complete digestion) (Grellier and Hammond in press

see Chapter 3).

Estimation of diet composition and variability

The methods used to estimate diet composition broadly followed those used in

previous analyses of seal diet by SMRU (Prime and Hammond 1987; Prime and

Hammond 1990; Hammond and Prime 1990; Hammond et al. 1994a; Hammond et al.

1994b; Hammond and Rothery 1996; Hall et al. 1998); the measurements of fish

otoliths and cephalopod beaks recovered from scats were corrected for digestion and

used to estimate the weight of prey associated with each structure, which were

summed over species and expressed as percentages in the diet by weight. All
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calculations were made using purpose-written Fortran programs (written by P.S.

Hammond, SMRU, University of St Andrews, Scotland).

For each prey species (or higher taxon) represented in the data, a decision was

made on which otolith or beak measurement to use in calculations based on the

accuracy with which fish or cephalopod size could be estimated (tested only for the

experimental prey species), the availability of measurements from recovered hard

parts, the availability of experimental data and the precision of the estimated

experimental digestion coefficients. The decision for otoliths was either length

preferred, width preferred, length only or width only; for cephalopods this was either

lower rostral length only or lower hood length only.

Measurements of partially digested otolith/beak size were converted to

estimates of undigested otolith/beak size using newly obtained experimentally derived

grade-specific digestion coefficients (Grellier and Hammond in press see Chapter 3).

For many species there were insufficient experimental data to obtain grade-specific

digestion coefficients for grades 1 and 2. In these cases a digestion coefficient of 1.0

was used for grade 1 otoliths, and grade 2 digestion coefficients were estimated for

groups of species (e.g., gadoids, flatfish, etc). For species for which no experimental

data were available, either group-specific values (gadoids, flatfish, etc) or the values

for the closest matching species were used. In these latter cases, the prey species were

always minor contributors to the diet.

Estimates of undigested otolith/beak size were then converted to estimates of

fish/cephalopod weight using allometric equations from the literature (Leopold et al.

2001; Brown and Pierce 1998; Santos et al. 2001; Harkonen 1986; Clarke 1986). For

prey species for which no equations were available (all minor prey) equations for the

closest matching species were used. For unidentified gadoid otoliths the relationship
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between otolith size and fish weight for cod was used; for unidentified flatfish the

relationship for plaice was used. Analyses using alternative relationships showed that

results were insensitive to these choices. Estimated weights for cephalopods were

doubled because only one part of the beak was measured.

In scats where only a sub-sample of the otoliths identified for a species had

been measured (usually for sandeel but occasionally for other species), the fish weight

represented by each unmeasured otolith was assumed equal to the mean weight of all

measured otoliths of that species in that scat. If there were no measured otoliths of

that species in that scat, the mean fish weight of that species over all scats was used.

The weights estimated for each species in the group of scats being analysed

were then adjusted by experimentally derived recovery rates (Grellier and Hammond

in press see Chapter 3) to account for species-specific differences in rates of complete

digestion. For species for which no experimental data were available, either group-

specific (e.g., gadoids, flatfish) values or values for the closest matching species were

used.

Variances of diet composition estimates were calculated using the method

described by Hammond and Rothery (1996). There were two elements to this;

"sampling error", estimated using non-parametric bootstrap re-sampling with scat as

the sampling unit and "measurement error", estimated using parametric re-sampling

of the coefficients describing the relationships used to estimate fish/cephalopod

consumption from otolith/beak measurements. Measurement error included variability

associated with (i) estimating undigested otolith/beak size from partially digested

measurements via species-specific or grade-specific digestion coefficients, (ii)

estimating fish/cephalopod weight from estimated undigested otolith/beak size via

species-specific allometric relationships and (iii) accounting for complete digestion of
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otoliths/beaks using estimated recovery rates. Estimates of the variability associated

with experimentally derived estimates of digestion coefficients and recovery rates

were taken from Grellier and Hammond (in press see Chapter 3). Estimates of

variability associated with otolith size/fish weight relationships were taken from

Leopold et al. (2001). For estimates of diet composition within each season, 95%

confidence limits were estimated as the 2.5%-ile and 97.5%-ile of the bootstrapped

distributions.

Equations relating fish length to otolith size from Leopold et al. (2001) were

used to generate frequency distributions of estimated fish length for the major species

in the diet.

Regional variation in diet composition in Orkney in 2002

Previous work on the diet of grey seals in Orkney compared differences in diet

composition between arbitrarily assigned regions: north, south, east and west

(Hammond et al. 1994a). A different approach was taken here, and information on

seal movements, and the diet composition data themselves, were used to assign

regions.

Visual examination of the movement patterns of grey seals fitted with satellite

relay data loggers in Orkney (SMRU unpublished data) showed that regions could not

obviously be assigned based on foraging patterns. This was primarily because the

majority of the data was for the northern part of the island group.

Cluster analysis (agglomerative hierarchical clustering with euclidean

dissimilarity measure and average linkage type; S-PLUS 6.1) was used to investigate

whether sites with similar diet composition estimates were located in intuitively

sensible geographic regions. If they were, the diet composition of sites within the first
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cluster was assessed to see whether it was significantly different to that of sites within

the second cluster by comparing the proportions of each of the main species in the diet

(Equation 1; Bailey 1959).

d = . =■ Equation 4.1
1 1

k(l-k)(- + —)
V ni n2

where kj = proportion of species 1 in cluster 1

k2 = proportion of species 1 in cluster 2

k = proportion of species 1 in clusters 1 and 2

= number of scats in cluster 1

ft2 = number of scats in cluster 2

If the proportions were significantly different, the next cluster in the tree was

examined in the same way.

Seasonal variation in diet composition in Orkney in 2002

Seasons were assigned as Quarter 1 (January to March), Quarter 2+3 (April to

September) and Quarter 4 (October to December). Quarter 1 includes the moult and

Quarter 4 the pupping season. Diet composition was estimated for each season and the

proportions of each of the main species in the diet in the different seasons compared.

Re-analysis of 1985 data

Data collected in Orkney in 1985 were re-analysed with the same methods used for

the 2002 data, with the following differences. The otolith measurement of choice in
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1985 was thickness; however, otolith length and width were also measured most of

the time (with the exception of sandeels). For otoliths where only thickness had been

measured, length and width were estimated from length-thickness or width-thickness

relationships fitted to data on partially digested otoliths. In 1985, otoliths were not

graded for amount of digestion so species-specific digestion coefficients were applied

in all cases. How different the 1985 results would be if these otoliths had been graded

cannot be known. However, the sensitivity of estimates of diet composition in Quarter

1 of 2002 to using species-specific, rather than grade-specific, digestion coefficients

(Table 4.1) was investigated. Overall, the relative amount of sandeel in the diet

increased by around 4% and the relative amount of cod decreased by around 5% when

species-specific digestion coefficients were used. The amounts of other gadoid prey

also decreased, except for saithe and ling, Molva molva, which increased. The relative

contribution of flatfish also generally decreased. Overall then, only slight differences

in the results for 1985 would be expected if grade-specific digestion coefficients had

been used; less sandeel and more of most of the other main prey species. It should be

noted here that a small number of the Orkney samples from 1985 were actually

collected at other island and mainland sites in north-eastern Scotland (i.e., outwith

Orkney), including Helmsdale in the Moray Firth (Hammond et al. 1994a; Figure

4.1).

Differences in results from those generated by previous analyses (Hammond et

al. 1994a) were expected because of the use of the new experimental data on

digestion. In particular, the use of recovery rates to account for species-specific

differences in rates of complete digestion of otoliths and beaks (Grellier and

Hammond in press see Chapter 3), and new relationships between otolith size and fish

weight (primarily from Leopold et al. 2001).
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Results

Grey seal diet was sampled seasonally for one year (2002) at all major haulouts in

Orkney (Figure 4.1; Figure 4.2; Table 4.2); grey seal diet was also sampled seasonally

to the north of Orkney (in Shetland) and to the south of Orkney (in the Moray Firth) in

Quarter 3 (Figure 4.1; Table 4.3). The number of scats collected was smaller in

Quarters 2 and 3. This was not effort-related but primarily due to the behaviour of the

seals, which tended to be hauled out at the water's edge, partially in the water, at these

times of year. More samples were collected at some sites than are shown in Tables 4.2

and 4.3 but only sufficient scats to give 50 containing otoliths or cephalopod beaks

were processed.

Seasonal variation in diet composition in Orkney in 2002

The diet of grey seals using Orkney in 2002 was composed of 58 prey species. The

greatest variety of species (n = 50) was found in Quarter 1, when the greatest number

of scats was collected (Table 4.2), and then Quarter 4 (n = 47) and Quarter 2+3 (n =

24). The number of otoliths of the main prey recovered from scats is detailed in Table

4.4. Sandeel otoliths were the most common hard part recovered, followed by Norway

pout, Trisopterus minutus, haddock, cod, and whiting otoliths. As well as otoliths and

beaks, feathers were recovered from 6% of scats collected in Orkney in Quarter 4.

These were identified as mainly auk (guillemot, Uria aalge, puffin, Fratercula

arctica, and razorbill, Alca tordci) neck and breast feathers by the Museum of

Scotland, Edinburgh, Scotland; one feather was identified as Manx Shearwater,

Puffinus puffinus. Nine of the scats containing feathers were collected from Sule

Skerry (Special Protection Area, SPA, for seabirds including guillemot and puffin;

http://www.jncc.gov.uk/; Figure 4.1), 11 were from North Ronaldsay (seabirds
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present include Manx Shearwater and auks; Figure 4.2) and one was from Copinsay

and Corn Holm (SPA for seabirds including auks; http://www.jncc.gov.uk/; Figure

4.2).

Seasonal variation in grey seal diet in Orkney in 2002 (expressed as the

percentage of each species in the diet, by weight) is given in Table 4.5 and

summarised by prey type (gadoids, flatfish etc.) in Table 4.6. The diet was dominated

by sandeels and gadoids, which had a combined contribution of > 80%, in all quarters

in 2002. Sandeels were always more important (>50%) than gadoids (-25%).

Sandeels were least prevalent (52.8%) in Quarter 1 when gadoids were most prevalent

(32.7%). More than 75% of the gadoid prey was cod and haddock in Quarter 1; saithe,

haddock and whiting in Quarter 2+3; and cod, haddock, ling and three-bearded

rockling, Gaidropsarus vulgaris, in Quarter 4. Benthic species (mainly short-spined

seascorpion, Myoxocephalus scorpius) were most prevalent in Quarter 4 (13.2%);

flatfish (unidentified flatfish, plaice, dab, Limanda limanda, lemon sole, Microstomas

kitt, and witch, Glyptocephalus cynoglossus) were most prevalent in Quarter 2+3

(9%).

Regional variation in diet composition in Orkney in 2002

Cluster analysis showed that there were four potential clusters of sites with similar

diet composition in Quarter 1 (Figure 4.3a) and two main clusters in Quarter 4 (Figure

4.3b); sites where only a few scats had been collected (four sites (nine scats) in

Quarter 1 and two sites (four scats) in Quarter 4) were excluded from this analysis.

The Quarter 2+3 diet composition data were not examined due to the limited number

of samples (n = 26; Table 4.2).
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The diet composition at Sule Skerry (Cluster 1) in Quarter 1 was significantly

different to that of the eight sites in Cluster 2 (Figure 4.1; Figure 4.2; Figure 4.3a;

Table 4.7). However, the diet composition at Auskerry in Quarter 1 was not

significantly different to that of the seven sites in the next cluster, with the exception

of sandeels (Figure 4.2; Figure 4.3a; Table 4.7). Therefore, for the purposes of

investigating regional differences, the data for Quarter 1 are presented in terms of

Sule Skerry vs. the rest. The diet at Sule Skerry in Quarter 1 was predominantly

(92.4%) sandeels (Figure 4.4a; Table 4.8a). Gadoids (mainly ling and cod) made up

just 5% of the diet, compared to 45.4% (mainly cod, haddock and whiting) at the sites

in Cluster 2. Sandeels were almost as important as gadoids at the sites in Cluster 2,

contributing 35.1%. The remaining -20% of the diet at the sites in Cluster 2 was made

up of flatfish (mainly plaice, lemon sole and dab), benthic species (mainly short-

spined seascorpion and dragonet, Callionymus lyra), and Trisopterus spp (mainly

Norway pout).

The diet composition at Sule Skerry, Pentland Skerries, Holm of Papay and

North Ronaldsay (Cluster 1) was found to be significantly different to that at

Copinsay and Corn Holm, Auskerry, Little Linga, Sanday and the Green Holms

(Cluster 2) in Quarter 4 (Figure 4.1; Figure 4.2; Figure 4.3b; Table 4.7). Sule Skerry,

Pentland Skerries, Holm of Papay and North Ronaldsay lie to the W, SE, NW and NE

of the other sites, respectively (Figure 4.1; Figure 4.2), and for the purposes of this

analysis have been classed as "peripheral sites". Copinsay and Corn Holm, Auskerry,

Little Linga, Sanday and the Green Holms are more centrally placed within Orkney

(Figure 4.2) and have been classed as "central sites" for the purposes of this analysis.

Differences in diet composition between the next clusters in Quarter 4 were not

investigated because it did not make geographical sense to split Little Linga from

100



Orkney diet composition Chapter 4

Copinsay and Corn Holm, Auskerry, Sanday and the Green Holms (Figure 4.2). In

addition, a relatively small number of scats (n = 12) was collected at Little Linga.

Therefore the data for Quarter 4 are presented as peripheral vs. central sites. The diet

at the peripheral sites in Quarter 4 was predominantly (79.1%) sandeels compared to

just a fifth of the diet being made up by sandeels at the central sites (Figure 4.4b;

Table 4.8b). The majority of the diet at the central sites was benthic species (mainly

short-spined seascorpion) and gadoids (mainly cod and haddock), each contributing

-32%. In contrast, benthic species (mainly short-spined seascorpion) made up just

4.8% at the peripheral sites and gadoids (mainly cod, three-bearded rockling, haddock

and ling) 12.9%.

Grey seal diet composition to the north (Shetland) and south (Moray Firth) of

Orkney in 2002

The diet of grey seals using Shetland in 2002 was composed of 49 prey species. The

greatest variety of species (n = 46) was found in Quarter 4, when the greatest number

of scats was collected (Table 4.3), and then Quarter 1 (n = 26) and Quarter 3 (n = 7).

The number of otoliths of the main prey recovered from scats is detailed in Table

4.9a. Sandeel otoliths were the most common hard part recovered, followed by

garfish, Belone belone, cod, saithe and ling otoliths. Feathers were recovered from

just one scat, which was collected at Out Skerries, in Quarter 4. Seasonal variation in

grey seal diet in Shetland in 2002 (expressed as the percentage of each species in the

diet, by weight) is given in Table 4.10a and summarised by prey type (gadoids,

flatfish etc.) in Table 4.1 la. The diet was dominated by sandeels in Quarter 1 (94.3%)

and Quarter 3 (87.1%). The rest of the diet in Quarter 3 was made up of gadoids

(mainly cod) and pelagic prey (mainly herring, Clupea harengus). In Quarter 4
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sandeels made up 60% of the diet with gadoids (mainly cod (12.3%) but also ling,

torsk, Brosme brosme, and saithe) being the other major contributor (23%). The

remainder of the diet in Shetland in Quarter 4 was primarily made up of pelagic

(mainly garfish) and benthic species (mainly short-spined seascorpion).

The diet of grey seals using the Moray Firth in Quarter 3 of 2002 was

composed of 18 prey species. The number of otoliths of the main prey recovered from

scats is detailed in Table 4.9b. Sandeel otoliths were the most common hard part

recovered, followed by plaice and flounder-plaice otoliths. Grey seal diet composition

in the Moray Firth in Quarter 3 of 2002 (expressed as the percentage of each species

in the diet, by weight) is given in Table 4.10b and summarised by prey type (gadoids,

flatfish etc.) in Table 4.1 lb. The diet was dominated by sandeels (66%) and then

flatfish (20%), primarily plaice, flounder-plaice and dab. Gadoids, mainly cod,

contributed 7.8% and benthic species (short-spined seascorpion) 4.4%.

Overall, the 2002 diet of grey seals in Orkney and Shetland was dominated by

sandeels; gadoids (mainly cod) were the next most important prey type (Figure 4.5a).

In the Moray Firth in the third quarter of 2002 sandeels dominated the diet, and

flatfish (mainly plaice) were next most important (Figure 4.5a). Small quantities of

pelagic and Trisopterus prey formed part of the diet in Orkney and Shetland in 2002,

but not in the Moray Firth in the third quarter of 2002. Salmonid otoliths (n = 3) were

recovered from only three scats, two of which were collected at Sanday, Orkney (one

in March and the other in November) and the other at Lady's Holm, Shetland (in

December).
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Re-analysis of 1985 data

Grey seal diet was previously sampled seasonally for one year (1985) at all major

haulouts in Orkney (Hammond et al. 1994a; Table 4.12). The number of otoliths of

the main prey recovered from scats is detailed by season in Table 4.13. Sandeel

otoliths were the most common hard parts recovered, followed by whiting, plaice and

cod otoliths.

Seasonal variation in grey seal diet in Orkney in 1985 (expressed as the

percentage of each species in the diet, by weight) is given in Table 4.14 and

summarised by prey type (gadoids, flatfish etc.) in Table 4.15. The diet was

dominated by sandeels (> 70%) in all quarters in 1985. Gadoids (mainly cod, whiting

and ling) were most prevalent in Quarter 4 (17.6%) and least prevalent (4.4%) in

Quarter 2 (when the diet was nearly 94.3% sandeels and 3.5% cod). Benthic species

(mainly unidentified Cottidae) were most prevalent in Quarter 4 (5.7%); flatfish

(mainly plaice) were most prevalent in Quarter 1 (5.4%).

These new estimates for 1985 should be considered as the best estimates for

1985 and previous results (Hammond et al. 1994a) disregarded.

Comparison of grey seal diet in Orkney in 2002 and 1985

There were marked changes in grey seal diet composition between 1985 and 2002

(Tables 4.4 and 4.5 compared with Tables 4.10 and 4.11; Figure 4.5b). While the core

species making up the diet were similar in both time periods, the proportions they

contributed were different. The overall change in diet between 1985 and 2002 was

dominated by a decrease in the percentage of sandeels taken (83% in 1985 to 59% in

2002) and an increase in the percentage of gadoids taken (10% in 1985 to 25% in

2002). A strong feature of this difference was an approximate three-fold increase in
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the percentage of gadoids taken in the first three quarters of 2002 compared with

1985. Particularly notable is the large increase in the percentages of cod and haddock

taken in the first quarter of the year.

Size of prey consumed by seals

Estimated length distributions of cod and sandeels (the main prey species) consumed

by grey seals in 2002 (and 1985) in Orkney, Shetland and the Moray Firth are given in

Figures 4.6 and 4.7 (and Figures 4.8 and 4.9) respectively. Because these lengths are

estimated, the tails of the distributions are likely a result of the associated error and

these should not be over-interpreted.

Cod consumed in Shetland in 2002 (mean length 47.2cm) were significantly

larger than those consumed in Orkney (mean length 36.8cm; t = 5.424, p<0.001;

Figure 4.6). Too few cod were consumed in the Moray Firth in 2002 (n = 7 otoliths

recovered) to be able to make a meaningful comparison. Cod consumed in Orkney in

2002 were smaller than those consumed in the same area in 1985 (mean length

38.0cm; Figure 4.8) but this difference was not significant (t = 1.192, p = 0.234).

Sandeels consumed in Shetland in 2002 (mean length 18.4cm) were

significantly larger than those consumed in Orkney (mean length 16.3cm; t = 42.212,

p<0.001); those consumed in Orkney were significantly larger than those consumed in

the Moray Firth in both 2002 (mean length 14.7cm; t = 13.015, p<0.001; Figure 4.7)

and 1985 (mean length in Orkney 19.3cm; mean length in the Moray Firth 18.7cm; t =

3.939, p<0.001; Figure 4.9). Sandeels consumed in both Orkney and the Moray Firth

in 2002 were significantly smaller than those consumed in the same areas in 1985

(Orkney t = 65.621, p<0.001; Moray Firth t = 20.201, p<0.001).
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Discussion

The advantages and disadvantages of the method used to determine seal diet in this

study, namely the analysis of fish otoliths and cephalopod beaks recovered from scats

collected at haulout sites, have been discussed extensively elsewhere (e.g., Hammond

and Prime 1990; Hall et al. 1998; Cottrell et al. 1996). Scat analysis is a representative

technique for estimating the diet composition of grey seals in the North Sea and is not

liable to the main potential biases for the following reasons. First, our methods use

comprehensive and robust estimates of digestion coefficients and recovery rates to

account for partial and complete digestion of hard parts (Grellier and Hammond in

press see Chapter 3) therefore any biases resulting from these effects have been

reduced. Second, analysis of data on the passage rate of prey remains through seal

guts (Grellier and Hammond in press see Chapter 3) combined with information on

seal movements and foraging areas from telemetry data (SMRU unpublished data)

and prey distribution (from analyses of fish survey data) shows that no bias in diet

composition is expected from sampling scats collected from British grey seal haulout

sites (Smout 2006). Third, many otoliths of large fish were recovered from scats

collected in 1985 and 2002. This fact, combined with observations carried out during

digestion experiments with short-term captive grey seals (Grellier and Hammond in

press see Chapter 3; K. Grellier pers obs), indicates that grey seals do eat the heads of

large fish and that scat analysis is not biased towards smaller prey (although it still

might be if heads of large fish are not always eaten). Fourth, calculations based on the

otoliths found in scats and stomachs of large fish show clearly that the contribution of

secondary prey to estimates of diet composition is minimal (e.g., Prime and

Hammond 1990).
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Diet composition

Although grey seals in Orkney consumed a large number of different prey species in

2002 (n = 58), sandeels dominated the diet, as they did in 1985 (Figure 4.5). In fact,

sandeels were the major contributor to the diet in all areas, seasons and almost all

regions examined in both time periods (1985 and 2002). This is the first time that diet

composition has been estimated for grey seals in Shetland. Information on diet is

available for harbour seals, which are more numerous in Shetland, for one calendar

year (in 1995-6 in southeast Shetland) when they were found to be eating mainly

gadoids (53.4%), sandeels (28.5%) and pelagic fish (11.1%; Brown and Pierce 1998).

The occurrence of garfish in the diet in September (34.1%) and in the last quarter of

the year (6.3%) was felt to be worthy of comment by the authors because garfish had

not previously been reported in harbour seal diet in the UK. These last quarter

findings are consistent with this study (in which garfish only occurred in the diet in

Quarter 4, contributing 6.3%). Garfish are thought to be found inshore during autumn

(Wheeler 1978) although, since this species is not commercially exploited in northern

European waters, little is known about its biology. The Moray Firth was the only area

examined in 2002 where flatfish contributed significantly to the diet (20.1% in

Quarter 3); this finding is consistent with that of Thompson et al. (1996) in a study

carried out at the same time of year albeit ten years earlier. Using acoustic and bottom

trawl surveys, Greenstreet et al. (1998) found that of the twelve most abundant fish

species in the inner Moray Firth in 1992-1994, four were flatfish (common dab, lemon

sole, plaice and long rough dab, Hippoglossoides platessoides). The relative

abundance of each species was generally greatest in the September/October survey

(compared to surveys carried out in January and June). Whether flatfish were
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seasonally important in the diet of grey seals in the Moray Firth in 2002 remains

unknown because data were only collected there in September.

Sandeels (a collective term for a number of species in the family

Ammodytidae) are extremely abundant in northern European waters; they are an

important part of the North Sea ecosystem and represent around 10-15% of the total

fish biomass (Wright et al. 2000; Jensen et al. 2003; Pedersen et al. 1999). The lesser

sandeel, Ammodytes marinus, is by far the most common species comprising over

90% of the sandeel catch (Jensen et al. 2003; Goodlad and Napier 1997; Bergstad and

Hpines 2001) and, from the size distributions (they reach 20-25cm in length), also

appears to be the main species eaten by grey seals in the North Sea (Figure 4.11).

Adult sandeels are relatively stationary because of their dependence on suitable

sediment types (Lewy et al. 2004; P.J. Wright unpublished data cited in Wright and

Begg 1997) and rarely emerge from the seabed between September and March with

the exception of spawning in December and January (Wright and Begg 1997). That

they appear in the diet year-round indicates that grey seals are able to disturb and prey

on buried sandeels. Although they continue to be the most important component of

grey seal diet, annual sandeel consumption by seals in the North Sea is much less than

the consumption by fish and seabirds or removal by the fishery (Pedersen et al. 1999;

Fisheries Research Services 2003b; Furness 2002). The general conclusions of the

International Council for the Exploration of the Sea (ICES) assessments indicate that

for the North Sea as a whole, the sandeel stock can support the current fishing level

(Fisheries Research Services 2003b). However, the North Sea sandeel "stock"

actually comprises several populations which are isolated by the availability of sandy

sediments that sandeels bury in, the limited migrations of adults and the limited

dispersal of the larvae between patches of sediment (Pedersen et al. 1999; Fisheries

107



Orkney diet composition Chapter 4

Research Services 2003b). This is of concern because long-term changes in the

distribution of fishing have led to changes in the exploitation of different populations

and grounds (Fisheries Research Services 2003b); exploitation is an important force

structuring the age and length composition of sandeel stocks on heavily fished

grounds (Bergstad and Hpines 2001). While this appears to be an issue for seabird

predators of sandeels in the central North Sea (e.g., Wanless et al. 2004; Frederiksen

et al. 2004; Lewis et al. 2001), exploitation rates in the Orkney/Shetland area remain

relatively low (Poloczanska et al. 2004; Lewy et al. 2004; Pedersen et al. 1999). A re-

analysis of previous data on the diet of grey seals in the central North Sea (collected

in 1983-1988 and 1996-1999; Hammond and Prime 1990 and Hall et al. 2000,

respectively) will be carried out in the near future and compared to diet composition

estimates for 2002 (Chapter 6). This is a potentially interesting dataset given its

longevity, the importance of sandeels in grey seal diet, the history of the local sandeel

fishery and the wealth of available information regarding the breeding performance of

local seabird populations, which prey on sandeels (e.g., Lewis et al. 2001).

Gadoids (and in particular cod) were the next most important contributor to

grey seal diet in 2002, with benthic species and flatfish continuing to feature as

relatively minor contributors, as found previously. That cod was still/even more of a

common prey item in 2002 (e.g., in Quarter 1 compared with 1985) is surprising given

the >50% decrease in total stock biomass in the North Sea, from 475,000 tonnes in

1985 to 225,000 tonnes in 2002 (ICES 2005a; Figure 4.12). Cod stocks in the North

Sea are now outside safe biological limits and there are calls for (1) fisheries that

target cod to be closed to allow stocks a chance to recover (Fisheries Research

Services 2003a; Anon 2003), (2) changes in fishing techniques because cod are taken

by a range of gears and by boats fishing for a variety of target species in the North Sea
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(Kell et al. 2005) and (3) the number of seals to be reduced by means of a cull (e.g.,

Moore 2003; Anon 2001; Macdonald 2004). There is also concern over the potential

impact that climate change may be having on the status of cod stocks (e.g., Brander

and Mohn 2004). Cod in the North Sea exist near to the southern temperature

boundary of their habitat range (O'Brien et al. 2000). Changing water temperatures

may lead to a shift in the distribution of stocks with cod in the southern North Sea

declining (Drinkwater 2005; Anon 2003). Indeed, the 1990s were associated with a

displacement of cod towards deeper waters in the northern North Sea. This decline in

cod stocks in the southern North Sea is apparent from changes in grey seal diet; the

importance of cod in the diet at a site in the southern North Sea (Donna Nook,

Lincolnshire, England) had decreased from 15.6% in 1985 to 5.4% in 2002 (Chapter

5). It is unclear whether cod in the southern North Sea are migrating north or dying

out (Hedger et al. 2004). In addition, there is a significant negative relationship

between sea temperature and recruitment rates (Cook and Heath 2005; Drinkwater

2005) and a significant positive effect of the North Atlantic Oscillation (NAO) on cod

recruitment (Brander and Mohn 2004) which has made these stocks more vulnerable

to over-fishing in a warming climate (Lyndon 2004; Blanchard et al. 2005; Heath

2005). Based upon the observed responses of cod to temperature variability, the

expected response of cod stocks to the future temperature scenarios is a decline

(Drinkwater 2005). Although cod remained a common prey item of grey seals in the

northern North Sea in 2002 in the face of declining stocks, losses from the North Sea

cod stock resulting from grey seal predation are still small compared to those from

other sources of natural mortality; fishing mortality is still estimated to be the

dominant cause of mortality affecting the dynamics of the North Sea cod stock (C.D.

Darby pers comm).
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Regional variation in diet composition in Orkney in 2002

The regional differences in grey seal diet found within Orkney are interesting, if

slightly perplexing. While more ecologically representative than information from

arbitrarily assigned regions, interpretation of these findings is not straightforward

mainly due to a lack of available (published) information on the fine-scale distribution

and abundance of the main prey of grey seals, sandeels. However, there are some

unpublished data on sandeel distribution around Orkney which show that there are

important spawning areas around the periphery of the island group (P.J. Wright pers

comm). In addition, Smout (2006), using data from International Bottom Trawl

Surveys (IBTS) in the 1980s and 1990s, mapped the probability of finding sandeels in

a given place in the North Sea and predicted sandeel "hotspots" (p>0.8) around Sule

Skerry and to the north and east of mainland Orkney. This helps explain why the diet

of grey seals at Sule Skerry was dominated by sandeels. But why should the diet at

peripheral sites in Orkney contain a significantly greater proportion of sandeels than

that at the more central sites? Could it be that seals hauling out at the centrally located

sites are foraging locally (on inshore prey)? In Quarter 4 the majority of the diet of

seals hauling out at these central sites was short-spined seascorpions (Table 4.8b), an

inshore species which occurs in relatively shallow water (Miller and Loates 1997).

Data on the foraging movements of grey seals in the last quarter of the year, when this

pattern was apparent, are sparse (SMRU unpublished data); tags are generally

deployed early in the year, soon after the moult, to maximise the potential for data

collection and have ceased working by this time.
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Size of prey consumed by seals

The cod and sandeels consumed in the northern North Sea in 2002 were significantly

smaller than those consumed in 1985. This finding is likely related to the changes in

size and age at maturity etc. that have accompanied the recent declines in many fish

stocks (Rogers and Ellis 2000; Jennings et al. 1999). Inshore North Sea cod now

(circa 2002) mature at a smaller size and younger age than they did thirty years ago;

there has also been a significant decrease in body condition in recent times (Yoneda

and Wright 2004). Sandeels, too, have undergone a significant reduction in growth

rate and mean length since the 1960s following many generations of exploitation

(Bergstad et al. 2002); there is also evidence, albeit indirect, of a decrease in size-at-

age of sandeels (e.g., Wanless et al. 2004). The finding that cod and sandeels

consumed in the northern North Sea in 2002 were smaller than those consumed in

1985 still follows when data from throughout the North Sea are examined (Figure

4.10 and Figure 4.11). This is a more useful dataset from which to draw conclusions

because fish stock assessments are carried on relatively large geographical scales. For

example, the area to which cod stock assessments relate (ICES Sub-Area IV and

Divisions Ilia and Vlld) includes the North Sea, the Skagerrak and the eastern English

Channel.

In both time periods (1985 and 2002), significantly larger cod and sandeels

were consumed further north (those consumed in Shetland were larger than those

consumed in Orkney; those consumed in Orkney were larger than those consumed in

the Moray Firth). This fits with their geographical size distributions, with young

(smaller) cod being found in the southern North Sea and the distribution gradually

shifting north into deeper water as they age (C.D. Darby pers comm; Hedger et al.

2004; Fisheries Research Services 2003a). More importantly, cod from the northern
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North Sea mature at a larger size and older age than cod from the central North Sea

(Neat et al. 2006). For sandeels the picture is less clear although there do appear to be

spatial differences within the North Sea, with sandeels in the southern North Sea

having significantly lower growth rates and asymptotic lengths than those in the

northern area (Bergstad et al. 2002; Bergstad and Hpines 2001).

A full analysis of the age and maturity of fish consumed by grey seals remains

to be undertaken in collaboration with fisheries scientists at the Centre for

Environment, Fisheries & Aquaculture Science (Cefas) and Fisheries Research

Services (FRS). Broadly speaking, however, cod mature at 68 to 78cm in length in the

North Sea, which equates to between four and five years of age (Miller and Loates

1997). Figure 4.10 shows that grey seals mostly consumed relatively small, immature

cod in both time periods examined. For sandeels, the mean length, weight and

condition-at-age differ significantly between year-classes and there is also

considerable individual variation at a given age (Bergstad et al. 2002). Bergstad et al.

(2001) found that the length and age at which 50% of the fish on two grounds in the

North Sea were mature was 14cm and 3 years respectively (although this age estimate

was one year higher than that found previously in the southern North Sea and adopted

for the ICES assessments of the North Sea spawning stock). Using Bergstad et al.

(2001) as a yardstick, grey seals mostly consumed relatively large, mature sandeels,

particularly in 1985 (Figure 4.11).

Grey seal predation on birds

An interesting incidental finding of this study was the occurrence of feathers in scats

collected at certain sites. Most records of seal predation on birds come from the

Southern Hemisphere (e.g., Casaux et al. 2004; Ainley et al. 2005; Mecenero et al.
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2005). There are fewer records from the Northern Hemisphere but they do exist e.g.,

harbour seal predation on a harlequin duck, Histrionicus histrionicus (Tallman and

Sullivan 2004) and grey seal predation on wigeon, Anas penelope, razorbill, and eider

duck, Somateria mollissima (Barnes 1986; del-Nevo 1986; Morgan 1986; Moore

2001). The majority of these records report at-surface observations of seals taking

birds; just one (Moore 2001) includes observations of a grey seal actually eating the

bird taken. This study provides corroborating evidence, that grey seals do indeed eat

the birds they catch. That all feathers in this study were recovered from scats collected

in November (Orkney) and December (Shetland) suggests that the most likely culprits

were inexperienced grey seal pups on their first foraging trips to sea. However, data

from grey seal scats collected in every month of 2002 at Donna Nook, Lincolnshire,

suggest otherwise; feathers were recovered only from scats collected prior to the grey

seal pupping season (in May, September and October; Chapter 5). Consumption of

birds was not factored into our diet composition estimates and, because only tiny neck

and breast feathers were recovered, it is hard to see how this information might be

incorporated quantitatively (other than by following the methods of Casaux et al.

(2003) who arbitrarily considered one individual represented per sample containing

feathers and assumed weight consumed per scat sample as mean mass (of fledgling

chicks) minus the mean mass of carcasses killed by seals found along the shore).

However, given that feathers were found in a relatively small proportion of scats

(2%), it does not appear that a major component of grey seal diet was missed. While

grey seals do not appear to be having a large impact on local bird populations in

Orkney (unlike the situation reported in David et al. 2003 in South Africa) this is

nonetheless an interesting finding.
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The North Sea is one of the most heavily exploited and studied shelf seas (Heath

2005). Updated information on grey seal diet was long overdue, not least because the

grey seal population in Orkney (and indeed throughout the North Sea) has been

steadily increasing since the last diet composition estimates were carried out almost

twenty years ago (Thomas and Harwood 2005), but also because there have been

substantial changes in the status of fish stocks and the North Sea fish food web

(Rogers and Ellis 2000; Jennings et al. 1999). Re-analysis of the 1985 seal diet data

earned out as part of this study (using the new digestion correction factors; Grellier

and Hammond in press see Chapter 3) was also important for the purposes of a fair

comparison because Hammond et al. (1994a) did not correct for complete digestion of

prey hard parts, which is variable among prey species. Therefore previous analyses of

the data collected in 1985 (Hammond et al. 1994a) underestimated the importance of

sandeels in the diet, and overestimated the importance of cod. The ability to provide

accurate and precise estimates of the diet of top marine predators is important,

particularly when the information is being used to inform policy. It is ecologically

interesting that, fundamentally, grey seal diet has changed little in the last two decades

in the face of the changing North Sea environment. However, detailed stock

assessments exist for only a few (approximately ten) commercially important fish

species of the 200 or so present in the North Sea, and there is little knowledge of its

unexploited state because trawl fisheries were already active in the early twentieth

century when reliable catch records began (Heath 2005).
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Figure 4.1. Areas (and sites outwith Orkney) sampled in the northern North Sea in 2002.
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Figure 4.2. Grey seal haulout sites in Orkney sampled in 2002.
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Figure 4.3. Cluster analysis dendrograms for Orkney 2002 diet composition data,
(a) Quarter 1. Site codes are as follows. 1 = Sule Skerry, 2 = Pentland Skerries, 3
=Swona, 4 = Copinsay and Corn Holm, 5 = Auskerry, 6 - Sanday, 7 = Holm of Papay,
= North Ronaldsay, 9 = Rusk Holm.

CO 00

(b) Quarter 4. Site codes are as follows. 1 = Sule Skerry, 2 = Pentland Skerries, 3 =

Copinsay and Corn Holm, 4 = Auskerry, 5 = Little Linga, 6 = Sanday, 7 = Holm of
Papay, 8 = North Ronaldsay, 9 = Green Holms.
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Figure 4.4. Regional variation in grey seal diet in Orkney in 2002 presented according to
prey type (expressed as the percentage of each prey type in the diet, by weight),
(a) Quarter 1. Cluster 1 is Sule Skerry; Cluster 2 is Pentland Skerries, Swona, Copinsay
and Corn Holm, Auskerry, Sanday, Holm of Papay, North Ronaldsay and Rusk Holm.
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(b) Quarter 4. Cluster 1 is Sule Skerry, Pentland Skerries, Holm of Papay and North
Ronaldsay (the "peripheral sites"); Cluster 2 is Copinsay and Corn Holm, Auskerry,
Little Linga, Sanday and the Green Holms (the "central sites").
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Figure 4.5. Comparison of grey seal diet composition in different areas in 2002 and in
Orkney in different years.
(a) Orkney, the Moray Firth and Shetland in 2002
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Figure 4.6. Frequency distributions of estimated fish length for cod consumed by grey
seals in Shetland, Orkney and the Moray Firth in 2002.
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Figure 4.7. Frequency distributions of estimated fish length for sandeels consumed by
grey seals in Shetland, Orkney and the Moray Firth in 2002.
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Figure 4.8. Frequency distributions of estimated fish length for cod consumed by grey
seals in Orkney and the Moray Firth in 1985.
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Figure 4.9. Frequency distributions of estimated fish length for sandeels consumed by
grey seals in Orkney and the Moray Firth in 1985.
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Figure 4.10. Size distribution of cod eaten by grey seals in the North Sea. The solid lines
represent the length of cod at age 1 (20cm), 2 (50cm) and 4 (80cm). The dashed line
represents the minimum landing size for cod (35cm).

1985

o
ts
<D
3
CT
<D
•—

Ph

150 T

100

50

H H-4 i-1-1- ! n ; | rin |

10 20 30 40 50

Length (cm)

60 70

150

2002

o
c
<D
3
CT
<U

£

100

50

0

10 20 30

XL

40 50 60

Length (cm)

+

70 80

135



Orkney diet composition Chapter 4

Figure 4.11. Size distribution of sandeels eaten by grey seals in the North Sea. The solid
lines represent the length at which 50% of fish are mature (corresponding age is 3 years;
Bergstad et al. 2001).
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Figure 4.12. Cod in Sub-Area IV and Divisions Ilia and Vlld. Vertical lines mark 1985
and 2002, the years when comprehensive diet composition estimates were made for grey
seals.
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Table 4.1. The sensitivity of estimates of diet composition (expressed as the percentage
of each species in the diet, by weight) in a combined Orkney and Moray Firth 2002
dataset to using species-specific, rather than grade-specific, digestion coefficients. Prey
species listed are those contributing >1% in any season.

Prey species Quarter 1 Quarter 2+3 Quarter 4
Species Grade Species Grade Species Grade

Sandeel 57.55 52.79 66.71 64.1 63.37 61.26
Cod 13.3 14.22 4.33 3.97 6.06 6.93

Whiting 2.33 2.87 1.55 1.93 0.35 0.47
Haddock 8.78 10.48 2.14 2.69 2.67 3.51

Saithe 1.46 1.37 3.88 3.14 0.71 0.66

Ling 1.71 1.64 1.38 0.89 2.5 2.54

Rockling 0.8 0.88 0.74 0.94 1.36 1.49
Three-bearded rockling 0.56 0.31 0 0 3.67 2.05

Norway pout 1.31 1.61 0.84 1.04 0.05 0.06
Plaice 1.51 1.71 7.38 9.22 0.45 0.51

Lemon sole 0.83 1.17 0.5 0.58 0.79 1.03
Unidentified flatfish 0.76 1.24 1.06 1.66 0.1 0.17

Dab 1.42 1.66 2.36 1.74 0.2 0.17
Flounder-Plaice 0.02 0.03 1.3 1.83 0 0

Dragonet 1.44 1.24 0.23 0.36 0.86 0.83

Short-spined seascorpion 2.28 2.14 3.24 3.24 9.16 10.61

Long-spined seascorpion 0.27 0.31 0 0 1.89 1.48
Lesser octopus 1.01 1.31 0.66 0.82 0.66 0.89

Unidentified squid 0.02 0.02 0.21 0.26 0.93 1.26

Table 4.2. Number of grey seal scat samples (containing hard parts) collected in Orkney
in each quarter of 2002 and number of hard parts recovered.

Orkney 2002
n scats n otoliths

Quarter 1 339 20889

Quarter 2+3 26 937

Quarter 4 326 22380
Total 691 44206

Table 4.3. Number of grey seal scat samples (containing hard parts) collected in Shetland
and the Moray Firth in each quarter of 2002 and number of hard parts recovered.

Shetland 2002 Moray ^irth 2002
n scats n otoliths n scats n otoliths

Quarter 1 95 18231

Quarter 3 19 770 20 1948

Quarter 4 130 5502
Total 244 24503 20 1948
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Table 4.4. Numbers of otoliths recovered from scat samples collected in Orkney in each
quarter of 2002. Prey species listed are those which contribute >2% of the diet by weight
in any season.

Prey species Quarter 1 Quarter 2+3 Quarter 4 Total

measured total measured total measured total

Cod 196 218 153 171 389
Haddock 376 445 11 11 121 121 577

Ling 41 41 2 2 73 73 116

Rockling 45 45 1 1 75 75 121
Saithe 77 77 6 6 35 35 118

Three-bearded rockling 17 17 37 37 54

Whiting 299 299 13 13 62 62 374

Norway Pout 421 568 34 54 24 24 646
Sandeel 5541 18057 281 806 6060 20448 39311
Plaice 84 84 7 7 27 27 118

Unidentified flatfish 79 79 4 4 14 14 97

Short-spined seascorpion 45 45 3 3 221 221 269

Table 4.5. Seasonal variation in grey seal diet in Orkney in 2002 (expressed as the
percentage of each species in the diet, by weight). Prey species listed are those
contributing >2% in any season.

Prey species Quarter 1 Quarter 2+3 Quarter 4
% 95% CI % 95% CI % 95% CI

Cod 14.23 6.69 22.98 0 0 0 6.93 3.19 12.53
Haddock 10.49 4.71 17.26 6.4 0 22.02 3.51 1.54 6.47

Ling 1.65 0.6 3.22 2.12 0 8.88 2.54 1.19 4.31

Rockling 0.88 0.21 2.02 2.23 0 8.55 1.49 0.43 3.47
Saithe 1.37 0.2 17.55 6.48 0 51.76 0.66 0.09 7.25

Three-bearded

rockling 0.31 0.01 0.81 0 0 0 2.05 0.49 4.75

Whiting 2.87 1.4 4.56 4.38 0.3 11.37 0.47 0.17 0.85

Norway Pout 1.61 0.66 3 2.48 0.1 8.19 0.06 0.01 0.16
Sandeel 52.76 32.17 71.08 61.61 12.03 87.91 61.26 43.03 76.45
Plaice 1.71 0.79 2.84 2.89 0 8.71 0.51 0.22 0.86

Unidentified
flatfish 1.24 0.51 2.24 2.92 0 10.67 0.17 0.02 0.4

Short-spined
seascorpion 2.14 0.85 4.48 1.75 0 6.44 10.61 4.61 21.57
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Table 4.6. Grey seal diet in Orkney in 2002 listed according to prey type (expressed as
the percentage of each prey type in the diet, by weight).

Prey type Quarter 1 Quarter 2+3 Quarter 4 All

Benthic species 4.0 2.6 13.2 5.6

Cephalopods 1.8 1.0 3.0 1.7
Flatfish 5.9 9.0 1.9 6.5
Gadoids 32.7 22.3 18.6 24.0
Others 0.0 0.0 0.0 0.0

Pelagics 0.3 0.7 1.1 0.7
Salmonids 0.1 0.0 0.3 0.1
Sandeels 52.8 61.6 61.3 59.3

Trisopterus spp. 2.4 2.7 0.6 2.1

Table 4.7. Results of analysis on whether diet composition in different clusters of sites
was significantly different, ns = not significant, * = significant at the 5% level, *** =

significant at the 1% level.

Quarter Cluster 1 Cluster 2 Top species d

1 Sule Skerry Pentland Skerries, Swona, Sandeel 7.443 ***

Copinsay and Corn Holm, Cod 3.489 ***

Auskerry, Sanday, Holm of Haddock 3.366 ***

Papay, North Ronaldsay,
Rusk Holm

1 Auskerry Pentland Skerries, Swona, Sandeel 4.228 ***

Copinsay and Corn Holm, Cod 0.757 ns

Sanday, Holm of Papay, Haddock 1.447 ns

North Ronaldsay, Rusk
Holm

4 Sule Skerry, Copinsay and Corn Holm, Sandeel 10.747 ***

Pentland Skerries, Auskerry, Little Linga, Short-spined 6.211 ***

Flolm of Papay, Sanday, Green Holms seascorpion
North Ronaldsay Cod 3.423 ** *

Haddock 2.273 *
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Table 4.8. Regional variation in grey seal diet in Orkney in 2002 (expressed as the
percentage of each species in the diet, by weight). Prey species listed are those
contributing >2% in each season.
(a) Quarter 1. Cluster 1 is Sule Skerry; Cluster 2 is Pentland Skerries, Swona, Copinsay
and Corn Holm, Auskerry, Sanday, Holm of Papay, North Ronaldsay and Rusk Holm.

Prey species Cluster 1 Cluster 2

% 95% CI % 95% CI
Cod 1.06 0 4.4 19.12 10.35 28.6

Haddock 0.26 0 0.97 16.42 8.16 25.64

Whiting 0.09 0 0.33 4.39 2.42 6.84

Ling 3.07 0.5 8.92 1.05 0.37 2.12

Norway Pout 0.12 0.03 0.32 2.34 0.98 4.17
Sandeel 92.41 81.37 97.55 35.09 19.46 53.51
Plaice 0 0 0 2.49 1.28 4.12

Short-spined seascorpion 0 0 0 3.4 1.49 7.17
Lesser Octopus 0.21 0 0.73 2.03 0.95 3.59

(b) Quarter 4. Cluster 1 is Sule Skerry, Pentland Skerries, Holm of Papay and North
Ronaldsay (the "peripheral sites"); Cluster 2 is Copinsay and Corn Holm, Auskerry,
Little Linga, Sanday and the Green Holms (the "central sites").

Prey species Cluster 1 Cluster 2

% 95% CI % 95% CI

Cod 3.87 1.14 8.26 13.73 6.58 22.62
Haddock 2.1 0.49 5.02 6.88 2.38 11.9

Ling 2.08 0.76 4.24 3.82 1.5 6.92
Three-bearded rockling 2.16 0.25 6.59 2.08 0.45 4.67

Sandeel 79.06 63.48 89.65 19.97 7.95 36.55

Short-spined seascorpion 3.95 1.28 9.04 25.79 12.74 42.92

Long-spined seascoipion 0.57 0.03 2.69 3.57 0.68 12.15

Dragonet 0.17 0.01 0.5 2.3 0.45 5.45

Temporary squid beak code 0.69 0.06 1.64 2.59 0.52 5.12
Lesser Octopus 0.39 0.08 0.84 2.03 0.76 3.57
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Table 4.9. Numbers of otoliths and beaks recovered from scat samples collected in (a)
Shetland and (b) the Moray Firth in each quarter of 2002.
(a) Shetland 2002 (prey species which contribute >2% of the diet by weight in any season
are listed)

Prey species Quarter 1 Quarter 3 Quarter 4 Total

measured total measured total measured total
Cod 19 21 1 1 25 27 49

Ling 5 5 28 28 33
Saithe 20 20 1 1 27 27 48
Torsk 6 6 6

Sandeel 4793 18012 296 759 1614 4972 23743

Short-spined seascorpion 3 3 22 22 25
Garfish 68 68 68

Herring 8 8 6 6 10 10 24
Sea Trout 1 1 1

(b) Moray Firth 2002 (prey species which contribute >1% of the diet are listed)

Prey species Quarter 3
measured total

Cod 7 9
Sandeel 521 1678

Dab 12 12
Flounder-Plaice 37 51

Plaice 61 86

Short-spined seascorpion 4 4

Lesser Octopus 2 2
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Table 4.10. Seasonal variation in grey seal diet in (a) Shetland and (b) the Moray Firth in
2002 (expressed as the percentage of each species in the diet, by weight). Prey species
listed are those contributing >2% in any season in Shetland and >1% in the Moray Firth,
(a) Shetland 2002

Prey species Quarter 1 Quarter 3 Quarter 4
% 95% CI % 95% CI % 95% CI

Cod 1.89 0.5 4.91 5.19 0 22.16 12.33 3.41 24.37

Ling 0.39 0.04 1.21 0 0 0 3.16 1.18 5.77

Saithe 0.46 0.04 4.43 1.43 0 20.72 2.08 0.27 19.28

Torsk 0 0 0 0 0 0 2.24 0.44 4.99

Sandeel 94.25 86.48 97.63 87.11 58.45 97.95 60.17 36.09 78.3

Short-spined
seascorpion 0.21 0 0.62 0 0 0 3.75 0.78 9.83

Garfish 0 0 0 0 0 0 6.34 1.14 20.15

Herring 0.28 0.03 0.84 5.21 0 21.27 1.41 0.21 3.19

Sea Trout 0 0 0 0 0 0 2.14 0 7.76

(b) Moray Firth 2002

Prey species Quarter 3
% 95% CI

Cod 6.88 0 25.46
Sandeel 65.68 20.01 91.81

Dab 1.85 0 6.51
Flounder-Plaice 3.17 0 12.16

Plaice 13.89 0.16 44.23

Short-spined seascorpion 4.36 0 19.42
Lesser Octopus 1.12 0 3.94
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Table 4.11. Grey seal diet in (a) Shetland and (b) the Moray Firth in 2002 listed
according to prey type (expressed as the percentage of each prey type in the diet, by
weight).
(a) Shetland 2002

Prey type Quarter 1 Quarter 3 Quarter 4 All

Benthic species 0.3 0.0 4.3 1.2

Cephalopods 0.5 0.0 1.3 0.5

Flatfish 0.7 0.0 0.9 0.5

Gadoids 3.7 7.7 22.5 9.9

Others 0.1 0.0 0.0 0.1

Pelagics 0.3 5.2 8.1 4.1

Salmonids 0.1 0.0 2.3 0.6
Sandeels 94.3 87.1 60.2 83.1

Trisopterus spp. 0.1 0.0 0.5 0.2

(b) Moray Firth 2002

Prey type Quarter 3
Benthic species 4.36

Cephalopods 1.99
Flatfish 20.09
Gadoids 7.81
Others 0

Pelagics 0
Salmonids 0
Sandeels 65.68

Trisopterus spp. 0.06

Table 4.12. Number of grey seal scat samples (containing hard parts) collected in Orkney
in each quarter of 1985 and number of hard parts recovered.

Orkney 1985
n scats n otoliths

Quarter 1 363 35087

Quarter 2 68 7259

Quarter 3 43 3887

Quarter 4 385 22068

Total 859 68301
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Table4.13.NumbersofotolithsrecoveredfromscatsamplescollectedinOrkneyineachquarterof1985.Preyspecieslistedarethose whichcontribute>2%ofthedietbyweightinanyseason. Preyspecies

Quarter1

Quarter2

Quarter3

Quarter4

Total

measured

total

measured
total

measured
total

measured

total

Cod

131

131

17

17

17

17

135

135

300

Whiting

155

155

6

6

16

16

1016

1017

1194

Haddock

67

67

6

6

21

21

66

66

160

Ling

90

90

1

1

9

9

134

134

234

Sandeel

4664

33364

1464

7194

853

3766

3991

19797

64121

Plaice

231

231

10

10

22

22

46

46

309

Short-spinedseascorpion
187

187

41

41

228

Unidentifiedcottidae
69

69

192

193

262

Table4.14.SeasonalvariationingreysealdietinOrkneyin1985(expressedasthepercentageofeachspeciesinthediet,byweight). Preyspecieslistedarethosecontributing>2%inanyseason. Preyspecies

Quarter1

Quarter2

Quarter3

Quarter4

%

95%CI

%

95%CI

%

95%CI

%

95%CI

Cod

4.3

1.528.3
3.45

0.7210.2
3.16

0.4910.1
6.37

2.5811.5

Whiting

0.65

0.211.34
0.08

0.010.24
0.43

0.11.17
3.86

1.776.5

Haddock

1.17

0.422.28
0.82

0.172.34
2.65

0.796.35
1.53

0.612.86

Ling

1.84

0.663.56
0.01

00.06
1.99

0.15.84
3.78

1.716.67

Sandeel

79.4

49.989.8
94.3

85.698.1
87.1

71.294.9
71.4

47.883.8

Plaice

3.8

1.237.83
0.35

0.031

2.95

0.268.38
0.39

0.150.78

Short-spinedseascorpion
2.13

0.346.15
0

00

0

00

1.51

0.374.31

Unidentifiedcottidae
1.41

0.383.54
0

00

0

00

4.14

1.1410.4
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Table 4.15. Grey seal diet in Orkney in 1985 listed according to prey type (expressed as
the percentage of each prey type in the diet, by weight).

Prey type Quarter 1 Quarter 2 Quarter 3 Quarter 4 All
Benthic species 3.9 0.6 0 5.7 2.6

Flatfish 5.4 0.5 4 2.3 3.1
Gadoids 10.1 4.4 8.5 17.6 10.2

Pelagics 0.2 0 0 2.4 0.7
Sandeels 79.4 94.3 87.1 71.4 83.1

Trisopterus spp. 0.4 0.1 0.1 0.3 0.2
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Chapter 5

Grey seal diet composition in the

southern North Sea in 2002
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Abstract

In addition to seabirds, fish, and other marine mammals, the grey seal (Halichoerus

grypus) is a major predator in British waters. Grey seal diet at Donna Nook, the

southernmost concentration of grey seals in the North Sea, was assessed monthly in

2002 using scat analysis. Previous diet data from 1985 were re-analysed using new

digestion correction factors for comparison. In contrast with 1985 (when sandeels,

Ammodytidae, cod, Gadus morhua, and sole, Solea solea, were prominent in the diet),

benthic species (mainly short-spined seascorpion, Myoxocephalus scorpius, and

dragonet, Callionymus lyra) dominated the diet in every month of 2002 except May,

June and October (when sandeels were more important than benthic species) and

November (when the percentage contribution of gadoids was slightly greater). Fish

movement patterns, particularly in relation to breeding behaviour, shed some light on

the variation in contribution of the different prey to the diet of grey seals at Donna

Nook at different times of year. Changes in the diet since 1985 reflected changes in

the structure of demersal fish assemblages in British coastal waters during the 20th

century with large-bodied fish species declining, and smaller, non-target, species

increasing, in abundance in the southern North Sea (and in their contribution to the

diet). With the exception of sole, significantly smaller fish were consumed in 2002

compared with 1985; this finding mirrors the changes in size that have accompanied

the declines in many fish stocks in the North Sea. Cod consumed at Donna Nook were

small compared with those consumed in the northern North Sea; cod in the southern

North Sea have been found to reach a smaller maximum length than those in the

north, which explains the observed differences in the length of fish consumed by grey

seals in the two areas.
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Introduction

The northeast Atlantic grey seal (Halichoerus grypus) population around Britain has

been increasing in size since records began in the 1960s (SCOS Main Advice 2005). It

is currently estimated to consist of 105 000 individuals (95% CI 78 000 - 141 000), of

whom approximately 63 000 are associated with North Sea colonies (Thomas and

Harwood 2005). The rate of increase in grey seal pup production is not as high as it

was in the late 1980s and early 1990s, with the exception of the steadily increasing

(but still relatively small) colony at Donna Nook, in the southern North Sea (Duck and

Mackey 2005). The overall annual percentage increase in pup production at Donna

Nook in the period 2000 to 2004 was 14.3% (Duck and Mackey 2005).

Approximately 700 pups were born at Donna Nook during the 2002 breeding season;

in 2004 over a thousand pups were born (Duck and Mackey 2005). As the size of the

Donna Nook colony increases, its potential for impacting local fish stocks may be

increasing, depending on its diet composition.

There are good historical data on the diet composition, assessed using scat

analysis, of both grey and harbour seals, Phoca vitulina, in the southern North Sea (at

Donna Nook in the mid 1980s (Prime and Hammond 1990) and in The Wash in the

early 1990s (Hall et al. 1998), respectively). Prime and Hammond (1990) found that,

in 1985, three species (sandeels, Ammodytidae, cod, Gadus morhua, and sole, Solea

solea) accounted for over half the diet of grey seals, by weight, and that other flatfish

(dab, Limanda limanda, flounder, Platichthys flesus, and plaice, Pleuronectes

platessa) contributed a further 22%; they also found considerable seasonal variation in

the percentage contribution of the different prey species to the diet. Hall et al. (1998)

also found that a strong seasonality was apparent in the diet of harbour seals but that,

overall, diet was dominated by four species (whiting, Merlangius merlangus, sole,
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dragonet, Callionymus lyra, and sand goby, Pomatoschistus minutus) with other

flatfish, gadoids, short-spined seascorpions, Myoxocephalus scorpius, and sandeels

also being consumed. Differences in grey seal and harbour seal diets were thought to

be consistent with the two species feeding in different areas (offshore and coastal

waters, respectively; Hall et al. 1998).

No assessment has been made of the diet of grey seals in the southern North

Sea since 1985 and there was a clear need to update this information due the increase

in the grey seal population, and changes in the diversity and community structure of

demersal fish assemblages, in the southern North Sea (Duck and Mackey 2005;

Heessen and Daan 1996; Callaway et al. 2002; Rogers and Ellis 2000). Fish

populations in English coastal regions of the southern North Sea have become more

diverse in the last century (Rogers and Ellis 2000). Large-bodied fish species such as

plaice have declined in abundance in the southern North Sea while smaller, non-

target, species such as dragonet, bib (Trisopterus luscus) and short-spined seascorpion

have become more abundant (Rogers and Ellis 2000). Furthermore, demersal fish in

the North Sea now mature at a younger age and smaller size than they did in the early

1900s, and reach a smaller maximum size (Jennings et al. 1999).

Application of digestion correction factors to measurements and counts of fish

otoliths and cephalopod beaks recovered from seal scats is required to accurately

estimate the size and quantity of prey consumed (Bowen 2000; Tollit et al. 1997).

Prime and Hammond (1990) corrected for partial digestion of otoliths (using values

from Prime and Hammond 1987) but not for complete digestion because estimates of

number correction factors were not available at that time. Hall et al. (1998) followed

the same protocol, correcting for partial digestion (using values from Tollit et al.

1997) but not complete digestion (probably because number correction factors were
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available for just four of the top eleven prey species found; Tollit et al. 1997).

Because number correction factors vary between prey species (e.g., 1.06 for cod, 2.86

for sandeels; Grellier and Hammond in press see Chapter 3), the proportions each

prey species represent in the diet will be altered by different amounts and the impact

of number correction factors will vary depending on the mixture of prey species

consumed. In the analysis of diet at Donna Nook in 1985 by Prime and Hammond

(1990) the contribution of sandeels was likely underestimated and vice versa for cod.

In this study the diet of grey seals using Donna Nook was assessed on a

monthly basis in 2002, again using scat analysis. Better estimates of digestion

coefficients were available, derived to reduce bias and variability in the estimated

proportions of prey species in the diet (Hammond and Rothery 1996), and estimates

of number correction factors for the North Sea prey of grey seals were available for

the first time (Grellier and Hammond in press see Chapter 3). The 1985 diet data were

re-analysed using the newly available digestion correction factors to make a fair

comparison with the new data collected in 2002.

Methods

Scat sampling was carried out at Donna Nook, a site on the south bank of the River

Humber in Lincolnshire (Figure 5.1), in each month of 2002. At low tide, and when

the RAF bombing range was not active, this sandy beach was accessed from the

mainland by foot. Areas of the beach where grey seals were hauled out were visited

and fresh scat samples (produced by individual grey seals) collected, placed in

separate plastic bags and stored at -20°C.

The methods used to process scat samples, identify, measure and grade the

otoliths and beaks recovered, estimate digestion correction factors, and estimate diet
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composition and variability have been described in detail in Chapter 4. In summary,

fish otoliths and cephalopod beaks were extracted from scats using a nest of sieves of

decreasing mesh size, running water and a soft brush; the presence of other remains

(e.g., feathers, crustaceans) was noted. Otoliths and beaks were identified to species

using a reference collection and three identification guides (Harkonen 1986; Leopold

et al. 2001; Clarke 1986). They were measured either using digital callipers or a

microscope, digital camera and image measurement software; the amount by which

otoliths had been digested was also assessed (after Leopold et al. 2001).

Measurements were corrected for partial digestion (Chapter 3) and used to estimate

the weight of prey associated with each structure. These weights were then summed

over species, adjusted to account for species differences in the rate of complete

digestion (Chapter 3), and expressed as the percentage of the diet each species

contributed, by weight. Variances were calculated using the method described by

Hammond and Rothery (1996). All calculations were made using purpose-written

Fortran programs (written by P.S. Hammond, SMRU, University of St Andrews,

Scotland). Equations relating fish length to otolith size from Leopold et al. (2001)

were used to generate frequency distributions of estimated fish length for the major

species in the diet.

Cluster analysis (agglomerative hierarchical clustering with euclidean

dissimilarity measure and average linkage type; S-PLUS 6.1) was used to investigate

whether months that were close in time had similar diet composition estimates and

could thus be grouped into seasons for further analysis (Figure 5.2). Although some

adjacent months did cluster together (e.g., May and June; November and December;

Figure 5.2), most months did not cluster into sensible groups or seasons and therefore

a decision was made to analyse the data by month. Diet composition was estimated
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for each month and the proportions of each of the main species in the diet in the

different months compared.

As for data collected in the northern North Sea (Chapter 4), data collected at

Donna Nook in 1985 were re-analysed with the same methods used for the 2002 data.

Differences in results from those generated by previous analyses (Prime and

Hammond 1990) were expected because of the use of the new experimental data on

digestion, in particular the use of recovery rates to account for species-specific

differences in rates of complete digestion of otoliths and beaks (Chapter 3), and new

relationships between otolith size and fish weight (primarily from Leopold et al.

2001).

Results

Grey seal diet was sampled on a monthly basis for one year (2002) at Donna Nook in

Lincolnshire (Figure 5.1; Table 5.1). On average, 35 scats containing prey hard part

remains were collected in each month of 2002 (Table 5.1). Overall, the diet was

composed of 42 prey species. On average, 25 prey species were found per month; the

fewest were found in September (n=20) and the greatest number in February (n=30;

Table 5.2b). The number of otoliths of the main prey recovered from scats is detailed

in Table 5.2b. Sandeel otoliths were the most common hard part recovered, followed

by whiting, dragonet and short-spined seascorpion otoliths. As well as otoliths and

beaks, auk (guillemot, Uria aalge, puffin, Fratercula arctica, and razorbill, Alca

torda) neck and breast feathers were recovered from five scats (1.2% of those

collected); two of the scats containing feathers were collected in May, two in

September and one in October. Crustacean remains were recovered from 62% of

scats, compared with 44% in 1985 (Prime and Hammond 1990).
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Monthly variation in diet composition at Donna Nook in 2002

Monthly variation in grey seal diet at Donna Nook in 2002 (expressed as the

percentage of each species in the diet, by weight) is given in Table 5.4 and

summarised by prey type (gadoids, flatfish etc.) in Table 5.5b and Figure 5.3b.

The diet was dominated by benthic species (mainly short-spined seascorpion,

dragonet and long-spined seascorpion, Taurulus bubalis) in every month of 2002

except May, June, October and November (Table 5.4; Table 5.5b; Figure 5.3b). These

species had an average combined monthly contribution of greater than 50%; in

August and September they made up around three quarters, or more, of the diet.

Dragonets were more important than short-spined seascorpion from February to

August; their contribution to the diet was much reduced in the last quarter of the year

(Table 5.4). After benthic species, the next most important prey types were gadoids,

sandeels, and then flatfish (Table 5.5b; Figure 5.3b). Gadoids (mainly whiting, cod

and haddock, Melanogrammus aeglefinus\ Table 5.4) were most important in the

winter months, particularly November and December (Table 5.5b; Figure 5.3b).

Sandeels were most important in late spring/early summer (Table 5.4; Table 5.5b;

Figure 5.3b). They were next most important in October. Flatfish (mainly sole and

plaice; Table 5.4) were also found in the diet in all months but were most common in

the spring (Table 5.5b; Figure 5.3b). Small quantities of pelagic prey (almost

exclusively herring, Clupea harengus; Table 5.4) formed part of the diet in January,

February and October (Table 5.5b; Figure 5.3b). Just one salmonid otolith (sea trout,

Salmo trutta) was recovered (in July).
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Re-analysis of 1985 data

Grey seal diet was previously sampled on a monthly basis for one year in 1985 (Prime

and Hammond 1990). On average, 30 scats containing prey hard part remains were

collected in each month of 1985 (Table 5.1). Overall, the diet was composed of 26

prey species. On average 14 prey species were found per month; the fewest number

were found in June and October (n=9), the greatest in January (n=20; Table 5.2a). The

number of otoliths of the main prey recovered from scats is detailed in Table 5.2a.

Sandeel otoliths were the most common hard part recovered, followed by sole,

dragonet and dab otoliths.

Monthly variation in grey seal diet at Donna Nook in 1985 (expressed as the

percentage of each species in the diet, by weight) is given in Table 5.3 and

summarised by prey type (gadoids, flatfish etc.) in Table 5.5a and Figure 5.3a.

Sandeels dominated the diet in 1985 contributing >40% by weight in every month

except April, May, November and December (Table 5.3; Table 5.5a; Figure 5.3a).

They were most prevalent in the summer months (June-September; Table 5.3; Table

5.5a; Figure 5.3a). After sandeels, the next most important prey types were flatfish,

gadoids and benthic species (Table 5.5a; Figure 5.3a). Flatfish (mainly sole, plaice,

flounder and dab; Table 5.3a) were most prevalent in April and May (Figure 5.3a;

Table 5.5a). Gadoids (predominantly cod; Table 5.3a) occurred in the diet in every

month, in particular in December (Table 5.5a; Figure 5.3a). They contributed least

(<5%) during the summer months (July, August and September). Benthic species

(mainly dragonet and short-spined seascorpion; Table 5.3a) dominated the diet in

November (Table 5.5a, Figure 5.3a) and were also common (contributing -25%) in

late winter/spring (Table 5.5a; Figure 5.3a). Pelagic prey (herring; Table 5.3a)

occurred in the diet in almost every month in 1985 but only contributed significantly
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in September (Table 5.5a; Figure 5.3a). These new estimates should be considered as

the best estimates for 1985 and previous results (Prime and Hammond 1990)

disregarded.

Comparison of grey seal diet at Donna Nook in 1985 and 2002

The core species found in the diet of grey seals at Donna Nook were similar in both

1985 and 2002 (Table 5.3; Table 5.4), but there were marked changes in diet

composition (Figure 5.3). Benthic prey (mainly dragonet and seascorpions) were more

important, and sandeels less important, in 2002 than in 1985 (Figure 5.4). The mean

proportion of gadoids in the diet was almost the same in each year (Table 5.5), but

less cod (and more whiting) were consumed in 2002 compared with 1985 (Figure

5.4). Less flatfish were eaten in 2002 than 1985 (Table 5.5; Figure 5.3); this was

largely a result of fewer plaice being consumed in April and fewer sole being

consumed in May (Figure 5.4).

Size of prey consumed by seals

Estimated length distributions of the main prey species consumed by grey seals at

Donna Nook in 1985 and 2002 are given in Figure 5.5. Because these lengths are

estimated, the tails of the distributions are likely a result of the associated error and

these should not be over-interpreted.

The mean length of the main prey species consumed by seals at Donna Nook

in 1985 and 2002 is given in Table 5.6. For cod, sandeels, dragonet and short-spined

seascorpion, fish consumed in 2002 were significantly smaller than those consumed in

1985 (Table 5.6). In contrast, sole consumed in 2002 were slightly larger than those

consumed in 1985 (p<0.05; Table 5.6). In comparison with those consumed by grey
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seals in the northern North Sea in 2002 (Chapter 4), cod consumed at Donna Nook

were relatively small and sandeels relatively large (~ the same size as those consumed

in Shetland).

Discussion

The spatial distribution of fish communities in the North Sea is closely related to

depth and they can be divided into two main groups located north and south of the

50m depth line (Callaway et al. 2002). The southern North Sea is generally shallow

(<50m depth) and its fish community is characterised by small, non-commercial

species, for example, dragonet (Conway et al. 1997; Callaway et al. 2002). Of the

commercial species, whiting are most abundant (Callaway et al. 2002). Callaway et al.

(2002) found a greater number of species in the southern, compared to the northern,

North Sea; Rogers and Millner (1996) also refer to a general trend of decreasing

numbers of taxa from south to north that is typical of fish distributions in the north¬

east Atlantic. This is in contrast with our findings; 42 prey species were found in the

diet of grey seals in the southern North Sea in 2002 while 63 species were found in

the north (in Shetland, Orkney and the Moray Firth; Chapter 4). However, the spatial

pattern of low species richness in the northern North Sea found by Callaway et al.

(2002) occurred with the exception of areas around the Scottish coast, which may help

to explain this apparently contradictory finding. Also likely is that this finding is an

artefact of differences in sample size; more than double the number of scat samples

was collected in the northern North Sea in 2002 (n = 955; Chapter 4) compared with

the south (n = 429; Table 5.1).

157



Diet composition at Donna Nook Chapter 5

Comparison of grey seal diet at Donna Nook in 1985 and 2002

During the course of the 1900s, fish populations in English coastal regions of the

southern North Sea have become more diverse (Rogers and Ellis 2000). The greater

number of species found in the diet of grey seals at Donna Nook in 2002, compared

with 1985, reflects this change. However, this inference should be treated with caution

because (1) the number of samples collected in 2002 was greater than the number

collected in 1985 (Table 5.1) and (2) there may have been methodological differences

in the level (i.e., family or species) to which otoliths and beaks were identified in

1985 and 2002 (it is possible that identification was more rigorous in 2002).

The core species found in the diet of grey seals at Donna Nook were similar in

both 1985 and 2002, but there were dramatic changes in diet composition. While

sandeels dominated the diet in 1985, and cod was the second most important species,

the diet in 2002 was completely dominated by benthic species (mainly short-spined

seascorpion and dragonet). Given the effects of climate change (e.g., O'Brien et al.

2000; Rogers and Millner 1996) and exploitation (e.g., Jennings et al. 1999; Clarke

2003; Heath 2005), it is perhaps not surprising to find that there have also been

changes in the diversity and community structure of demersal fish assemblages in

British coastal waters during the 20th century (e.g., Heessen and Daan 1996;

Callaway et al. 2002; Rogers and Ellis 2000), and that these changes are reflected in

the diet of a top marine predator such as the grey seal. In general terms, large-bodied

fish species have declined in abundance in the southern North Sea, while smaller,

non-target species have become more abundant (Rogers and Ellis 2000). More

specifically, as plaice, whiting, sole and dab became less abundant in the late 1900s,

the relative abundance of several non-target species such as dragonet, bib and short-

spined seascorpion increased (Rogers and Ellis 2000). There is evidence of these
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changes in fish abundance in the percentage contribution of the different prey in the

diet of grey seals at Donna Nook, by weight. For example, the mean monthly

contribution of short-spined seascorpion to the diet in 2002 was more than four times

that in 1985, while the contribution of sole in 2002 was less than half. In addition to

the observed increase in the contribution of dragonets and short-spined seascorpions

to the diet of grey seals in the southern North Sea since the mid 1980s, catch rates and

relative abundances of both species have also increased (Heessen and Daan 1996;

Rogers and Ellis 2000). Sandeels are poorly sampled by certain trawl gears (ICES-

FishMap; Rogers and Millner 1996) and therefore have not been included in these

assessments of diversity and community structure. They are, however, abundant in the

southern North Sea and are important prey for many species of demersal fish (ICES-

FishMap), as well as continuing to feature in the diet of grey seals.

The crustacean remains that were frequently found in scats were unlikely to

have been consumed by the seals directly. More likely is that they came from the

stomachs of their prey. Crustaceans form part of the diet of many fish including

haddock (contributing around 30% to the diet in young haddock and 10% in older

fish), whiting (50% in young fish, 10-20% in older fish), plaice and cod (70% in

young cod, -30% in older fish; ICES-FishMap; Greenstreet et al. 1998). Short-spined

seascorpions are also reported to feed voraciously on crustaceans (Miller and Loates

1997). It is likely that the increased percentage contribution of short-spined

seascorpions to the diet of grey seals at Donna Nook in 2002, compared with 1985,

led to the increased percentage of scats containing crustacean remains.
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Monthly variation in diet composition at Donna Nook in 2002

Examination of fish biology, and in particular fish movement patterns and breeding

behaviour, sheds some light on the variation in contribution of different prey to the

diet of grey seals at Donna Nook at different times of year in 2002 (Table 5.4; Table

5.5b; Figure 5.3b).

Gadoids (mainly whiting, cod and haddock) were most important in the diet of

grey seals at Donna Nook in the winter months, particularly November and

December. This is likely due to their increased availability in the area surrounding

Donna Nook at this time of year, as they move to their traditional grounds to spawn.

For example, the spawning season of whiting, one of the most numerous and

widespread species found in the North Sea, lasts from late January (in the south) to

June (in the north). While this overall spawning season is long, the season for each

female lasts around ten weeks or more. The main spawning grounds in the North Sea

are around Scotland and offshore, to the northeast and southeast of Donna Nook

(Fisheries Research Services 2003d). Cod occur mainly in the deeper waters of the

northern and central North Sea although young cod overwinter in the shallow coastal

areas of the southeastern North Sea (Fisheries Research Services 2003a). Cod migrate

southwards for spawning during autumn and north again to their feeding grounds

during spring (ICES-FishMap). Spawning (at the surface as a pair; Miller and Loates

1997) occurs in offshore areas including that off Flamborough Head, to the north of

the Humber (Figure 5.1), between January and April, peaking in the last week of

January to mid February (ICES-FishMap). Haddock occur mainly in the northern and

central areas of the North Sea, but can be found as far south as the Humber Estuary

(ICES-FishMap; Figure 5.1). At the beginning of the 20th century they were also

abundant in the southern North Sea (Fisheries Research Services 2003c). Spawning
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runs from March until May. Young haddock (and whiting and cod) spend the first few

months of life in the upper water layers before moving to the seabed. After spawning

the adult shoals first spread out and then tend to concentrate around Orkney and

Shetland to feed (primarily on Norway pout, Trisopterus esmarki), while others move

into the central part of the North Sea (where their preferred fish prey is sandeels). By

November they start to return to their spawning grounds. The movement of these

gadoid species to their spawning grounds in the southern North Sea coincides with the

period when they were found to be most important in the diet of grey seals at Donna

Nook.

Sandeels were most important in the diet of grey seals at Donna Nook during

late spring/early summer (just after spawning) and in October (just prior to spawning).

Sandeels spawn (from November to February; Miller and Loates 1997) relatively

locally, between the Humber/Wash area and Dogger Bank (Figure 5.1; Fisheries

Research Services 2003b), and these peaks in abundance in the diet may reflect small

scale movements to and from the spawning grounds; adult sandeels are relatively

stationary because of their dependence on suitable sediment types (Lewy et al. 2004;

P.J. Wright unpublished data cited in Wright and Begg 1997). Sandeels rarely emerge

from the seabed between September and March (with the exception of spawning in

December and January; Wright and Begg 1997) which fits with their reduced

contribution to the diet of grey seals at this time (although grey seals are able to

disturb and prey on buried sandeels; Chapter 4).

Flatfish (mainly sole and plaice) were found in the diet in all months but were

most common in the spring. Sole is a southern species that reaches its northern limit

in the southern North Sea (ICES-FishMap); sole are temperature-sensitive and stock

biomass can be dramatically reduced after severe winters (Miliner and Whiting 1996).
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Sole spawn in and around The Wash in spring; peak spawning usually occurs in late

May, although its exact timing is triggered by water temperature. In autumn sole

migrate to warmer offshore grounds and may form dense aggregations in the deeper

parts of the southern North Sea. They return to inshore waters in March-May (ICES-

FishMap); this movement of fish inshore to spawning grounds coincides with the

observed peak in contribution of sole to grey seal diet in March and April. North Sea

plaice make seasonal migrations between feeding and spawning grounds; in the

southern North Sea, tidal streams play a major role in structuring plaice dispersion

(Hunter et al. 2004). Plaice feed chiefly from March to October and then migrate

south to spawning grounds in the southern North Sea (e.g., off Flamborough Head;

ICES-FishMap) where they breed from December to March (Miller and Foates 1997;

Rijnsdorp and Millner 1996). Peak spawning is mid-February off Flamborough

(ICES-FishMap). Their period of greatest contribution to the diet of grey seals at

Donna Nook is in October and November, when they are starting to arrive at the

spawning ground off Flamborough Head.

Within the North Sea, herring may be found everywhere. They spawn in both

autumn and spring. There are three major "races" of autumn spawners which mix on

feeding grounds throughout the North Sea for the majority of the year but then

migrate to specific grounds to spawn (at different times of year). Banks or Dogger

herring spawn in the central North Sea off the northeast English coast during August

to October (Fisheries Research Services 2003e; ICES-FishMap). Herring are demersal

spawners; shoals gather on spawning grounds and spawn simultaneously. Herring

contributed most to the diet of grey seals at Donna Nook in October, January and

February. This is at the end of/after spawning, when fish would have either been

moving towards, or would have reached, their feeding grounds.
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The diet was dominated by benthic species (mainly short-spined seascorpion,

dragonet and long-spined seascoipion) in every month except May, June and October

(when sandeels dominated) and November (when gadoids dominated). Both dragonets

and seascorpions are small, coastal, bottom-living fishes (Miller and Loates 1997).

There are four sub-populations of short-spined seascorpions in North Sea, one of

which occurs just to the south of Donna Nook, around The Wash (Figure 5.1; Heessen

and Daan 1996). Because neither seascorpions nor dragonets are commercially fished,

information about their biology is comparatively sparse. However, unlike the other

species discussed here, it appears that they do not make offshore migrations after

spawning, but rather remain in their inshore habitat all year. They would therefore be

available to seals at times of year when other prey species are absent, or occur at

lower densities. Dragonets were more important than short-spined seascorpions from

February to August. At the start of this period (February to April) dragonets are

breeding, with pairs rising off the seabed to spawn (Miller and Loates 1997). Short-

spined seascorpions breed from December to March in the North Sea while their long-

spined counterpart occurs closer inshore and breeds slightly later in the year, from

February to April (Miller and Loates 1997).

Size of prey consumed by seals

With the exception of sole, smaller fish were consumed by grey seals at Donna Nook

in 2002, compared with 1985 (Figure 5.5; Table 5.6). This finding is likely related to

the changes in size and age at maturity etc. that have accompanied the recent declines

in many fish stocks (Rogers and Ellis 2000; Jennings et al. 1999). Demersal fish in the

North Sea now mature at a younger age and smaller size than they did in the early

1900s, and reach a smaller maximum size (Jennings et al. 1999). Conversely, there
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have been significant increases in mean length at age of sole since the 1950s and

1960s when (1) beam trawl effort increased and, indirectly, increased the availability

of food to sole (Millner and Whiting 1996) and (2) there was an increase in the input

of nutrients into the southern North Sea which affected eutrophication and potentially,

in turn, food availability (Millner and Whiting 1996; Rijnsdorp et al. 2004 not seen

cited in ICES-FishMap).

In comparison with those consumed by grey seals in the northern North Sea in

2002 (Chapter 4), cod consumed at Donna Nook were relatively small. However, cod

in the southern North Sea have been found to reach a smaller maximum length than

those in the north (Daan 1974 not seen cited in ICES-FishMap), which explains the

observed differences in the length of fish consumed by grey seals in the two areas.

Some cod mature in their second year of life (~30cm in length), but most are not

capable of spawning until they are four (~60cm); by the time they reach six years old

(~80cm in length) all cod are mature (data from Quarter 1 IBTS 2000-2004 ICES-

FishMap; Fisheries Research Services 2003a). The majority of cod consumed by grey

seals at Donna Nook in 2002 would have been immature fish. For the fishing industry,

the minimum landing size for North Sea cod is 35cm (http://www.defra.gov.uk/);

many fish are caught before they have the chance to spawn.

Bergstad et al. (2001) found that the length and age at which 50% of sandeels

on two grounds in the North Sea were mature was 14cm and 3 years respectively

(although mean length at age differs significantly between year-classes and there is

also considerable individual variation; Bergstad et al. 2002). Using this as a yardstick,

grey seals at Donna Nook mostly consumed relatively large, mature sandeels in 2002.

Female sole grow faster and attain a larger size than males (ICES-FishMap).

The majority of those consumed by grey seals at Donna Nook in 2002 would have
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been around two (females) or three (males) years old (ICES-FishMap). The fish

consumed by seals were of similar size to those that can legally be landed (the

minimum landing size for sole is 24cm; http://www.defra.gov.uk/). The proportion of

mature fish-at-age has varied considerably over time, but without a clear temporal

trend (Rijnsdorp et al. 1991 not seen cited in ICES-FishMap), so the proportion of

sole consumed by grey seals at Donna Nook in 2002 that would have been mature

cannot be known.

Juvenile short-spined seascorpions (<13cm) are predominantly found in

coastal waters close to the Wash while larger fish are more widespread and extend

further off the coast (Heessen and Daan 1996). From the frequency distribution of

estimated fish length consumed by grey seals at Donna Nook in 2002, it appears that

seals almost exclusively consumed older/adult short-spined seascorpions (Figure 5.5).

The age and length of dragonets at maturity is 2.5 years and 13cm,

respectively (Jennings et al. 1999; Van der Veer et al. 1990). From the frequency

distribution of estimated fish length, it appears that grey seals at Donna Nook were

predominantly eating mature/adult dragonets in 2002. Dragonets in the southern North

Sea show a clear pattern of abundance with highest densities in the coastal zone and

decreasing numbers going offshore (Van der Veer et al. 1990); that they are a major

contributor to the diet of grey seals fits with what is known about seal movements and

foraging areas (McConnell et al. 1999; Matthiopoulos et al. 2004).

Changes in the diversity and community structure of demersal fish assemblages in

British coastal waters during the 20th century (Heessen and Daan 1996; Callaway et

al. 2002; Rogers and Ellis 2000) are reflected in the diet of top marine predators, such

as the grey seal. However, grey seals appear to be foraging selectively. Grey gurnards,
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Eutrigla gurnardus, are now one of the main demersal species in the North Sea

(Floeter et al. 2005) and account for 12.8%, by weight, of the species in the southern

North Sea fish community (ICES-FishMap). They are widespread in summer and

occur in dense aggregations to the northwest of Dogger Bank in winter (Heessen and

Daan 1996; ICES-FishMap). Catches from Scottish research vessels in the northern

and central North Sea up to the 1970s were stable and, since the late 1980s,

abundance has been consistently high (catches during the annual International Bottom

Trawl Survey, IBTS, have at least doubled; ICES-FishMap; Floeter et al. 2005).

While grey gurnards are estimated to be responsible for approximately 60% of the

total predation mortality on age-0 Atlantic cod (Floeter et al. 2005), so far, a major

predator of gurnards has not been identified (ICES-FishMap). It is unclear why, as

potentially suitable prey of grey seals, grey gurnards are virtually ignored; just three

grey gurnard otoliths were recovered from grey seal scats collected at Donna Nook, in

the southern North Sea, in 2002.
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Table 5.1. Number of grey seal scat samples (containing hard parts) collected at Donna
Nook in each month of 1985 and 2002 and number of hard parts recovered.

Month n scats n otoliths

1985 2002 1985 2002

January 46 42 2874 1122

February 15 43 614 1197
March 43 46 931 658

April 8 37 74 490

May 54 44 326 2122

June 30 24 840 585

July 42 46 1607 1770

August 36 46 1437 663

September 23 43 1366 749
October 16 19 480 1111

November 31 20 385 383
December 16 19 96 424

Total 360 429 11030 11274
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Table5.2.NumbersofotolithsrecoveredfromscatsamplescollectedatDonnaNookineachmonthof1985and2002,andthetotal numberofpreyspeciesfoundineachmonth.Preyspecieslistedarethosecontributing>5%ofthedietbyweightineachmonth, (a)1985
Preyspecies

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Total

%measured

Sandeel

2231

470

635

20

70

761

1270

1074

1220

428

150

8

8337

28

Cod

65

19

34

9

11

9

11

7

5

16

10

7

203

100

Sole

191

15

87

7

162

14

26

13

3

24

13

555

99

Dragonet

80

20

24

4

23

2

56

93

68

44

414

100

Short-spinedseascorpion
11

4

5

2

1

3

4

13

75

118

100

Plaice

58

9

35

2

6

83

1

1

16

6

217

99

Flounder

1

3

7

12

19

42

1

5

12

102

95

Dab

35

14

9

9

7

45

84

12

3

14

24

256

100

UnidentifiedCottidae
32

17

1

1

4

55

100

Herring

2

1

2

2

1

27

5

6

46

100

Turbot

2

1

3

100

Hooknose

2

2

7

7

1

1

1

9

2

32

66

Totalnspeciesfound
20

15

17

14

18

9

14

15

12

9

16

11

26
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(b)2002
Preyspecies

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Total

%measured

Short-spinedseascoipion
145

48

51

59

44

26

199

127

126

61

53

93

1032

99

Dragonet

123

114

176

130

155

54

276

236

128

4

8

13

1417

98

Sandeel

379

306

13

88

1555

294

687

20

177

817

92

31

4459

37

Whiting

161

324

107

26

98

33

87

60

183

112

106

135

1432

83

Cod

18

17

15

3

23

6

8

8

14

14

12

15

153

92

Long-spinedseascoipion
113

114

13

24

6

6

45

51

14

4

2

11

403

98

Sole

21

35

86

46

33

1

12

3

3

17

3

29

289

100

Haddock

1

12

7

3

4

1

1

9

5

43

100

Herring

20

26

1

2

6

1

17

1

1

75

100

Plaice

2

4

11

13

33

6

121

25

3

16

6

6

246

78

Totalnspeciesfound
27

30

27

26

26

21

28

22

20

22

28

23

42
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Table5.3.MonthlyvariationingreysealdietatDonnaNookin1985.Preyspecieslistedarethosecontributing>5%inanymonth, (a)Thepercentageofeachspeciesinthedietbyweight Preyspecies

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mean

Sandeel

55.6

48.2

41.2

8.9

4.7

80.3

68.8

69.1

74.2

55.4

11.2

3.2

43.4

Cod

16.2

18.2

13.3

14.7

9.4

9.9

1.2

2.6

3.9

32.0

10.7

55.4

15.6

Sole

6.3

1.8

15.9

12.9

64.3

5.0

7.9

1.1

0.5

0.0

6.2

6.4

10.7

Dragonet

7.3

9.1

9.5

10.9

6.6

0.8

12.0

13.5

9.8

0.0

14.2

0.0

7.8

Short-spinedseascorpion
1.4

2.1

4.7

4.7

0.2

0.0

0.0

1.9

1.4

8.0

44.0

0.0

5.7

Plaice

1.7

1.1

1.1

21.9

0.0

0.7

2.6

0.0

0.1

0.0

1.1

1.9

2.7

Flounder

0.1

0.2

4.2

0.0

3.6

0.0

2.3

3.5

0.1

0.0

2.7

14.8

2.6

Dab

0.5

0.0

2.3

2.1

1.1

1.5

1.0

2.0

0.3

0.1

2.3

13.0

2.2

UnidentifiedCottidae
4.3

13.3

0.7

3.1

0.0

0.0

0.0

2.5

0.0

0.0

0.0

0.0

2.0

Herring

0.1

0.2

0.0

3.3

0.0

0.0

0.8

0.1

9.0

2.7

3.2

0.0

1.6

Turbot

0.0

0.0

0.0

9.0

0.0

0.0

0.0

0.0

0.0

0.0

0.2

0.0

0.8

Hooknose

0.0

0.0

0.1

6.8

0.2

0.0

0.3

0.0

0.0

0.2

0.9

0.0

0.7

Total

93.3

94.3

93.1

98.3

90.0

98.1

96.9

96.2

99.2

98.3

96.6

94.7

95.7
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(b)95%confidenceintervals Preyspecies

95%CI

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Sandeel

L

24.87

5.19

15.29

0.64

0.4

38.38

41.45

28.91

20.85

22.01

2.84

0.25

U

80.23

80.46

71.82

25.81

15.88

94.41

87.67

90.49

93.29

91.32

32.09

11.37

Cod

L

4.66

0.25

1.66

0

0

1.92

0

0

0

0

1.44

12.93

U

34.82

55.8

28.33

46.67

22.55

33.97

3.32

9.93

20.29

70.06

27.87

83.74

Sole

L

2.46

0.17

3.72

0

42.94

0.76

1.91

0.13

0

0

0.63

1.19

U

12.87

3.6

32.54

43.23

81.39

19.9

17.31

3.38

2.52

0

17.67

29.69

Dragonet

L

3.2

1.11

0.98

0

1.47

0

3.27

2.61

0.46

0

6.05

0

U

13.4

16.66

21.75

26.06

14.22

4.23

25.85

35.65

43.39

0

23.03

0

Short-spinedseascorpion
L

0

0

0

0

0

0

0

0

0

0

7.68

0

U

5.52

11.59

15.43

18.14

0.63

0

0

7.15

10.15

26.37

69.36

0

Plaice

L

0.31

0

0.48

0

0

0.06

0.39

0

0

0

0.31

0

U

3.96

5.71

2.06

46.14

0

3.25

7.48

0.06

0.37

0

2.9

5.56

Flounder

L

0

0

0

0

0.47

0

0.47

0.29

0

0

0

4.56

U

0.21

1.35

11.35

0

8.12

0

6.11

12.49

0.58

0

8.98

29.52

Dab

L

0.12

0

0.01

0.53

0.04

0

0.25

0.16

0

0

0.02

0

U

1.28

0

5.49

5.94

3.23

7.08

2.6

7.52

1.31

0.41

6.98

35.74

UnidentifiedCottidae
L

0.61

0

0

0

0

0

0

0

0

0

0

0

U

13.03

49.93

3.24

15.08

0

0

0

11.79

0

0

0

0

Herring

L

0

0

0

0

0

0

0

0

1.27

0

0

0

U

0.18

0.98

0

11.2

0

0

2.97

0.65

36.47

12.99

11.73

0

Turbot

L

0

0

0

0

0

0

0

0

0

0

0

0

U

0

0

0

19.36

0

0

0

0

0

0

0.85

0

Hooknose

L

0

0

0

0.88

0.05

0

0

0

0

0

0

0

U

0.14

0

0.19

13.4

0.55

0

0.92

0.15

0

0.89

2.92

0
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Table5.4.MonthlyvariationingreysealdietatDonnaNookin2002.Preyspecieslistedarethosecontributing>5%inanymonth, (a)Thepercentageofeachspeciesinthedietbyweight Preyspecies

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mean

Short-spinedseascorpion
35.5

13.5

22.3

19.4

8.6

10.1

24.8

30.7

40.3

22.0

29.5

38.6

24.6

Dragonet

18.9

18.0

28.2

45.9

15.8

20.9

32.3

46.8

30.0

1.7

3.3

2.7

22.0

Sandeel

9.1

14.7

0.7

4.7

39.2

50.0

19.5

1.0

7.8

37.4

5.7

2.7

16.0

Whiting

10.8

16.0

8.4

2.2

5.9

4.0

3.7

3.3

8.3

11.7

22.0

18.6

9.6

Cod

2.4

2.1

10.0

0.8

4.8

2.0

1.8

3.3

5.2

7.9

9.7

14.7

5.4

Long-spinedseascorpion
11.0

10.5

1.7

3.4

0.5

1.6

3.4

7.3

3.1

0.7

0.2

6.7

4.2

Sole

3.1

3.9

14.3

12.1

5.5

0.3

1.5

0.4

0.1

3.1

1.0

4.5

4.2

Haddock

0.5

0.0

0.0

4.4

1.7

1.3

0.6

0.1

0.0

0.7

9.8

2.2

1.8

Herring

4.7

6.9

0.3

0.0

0.1

1.6

0.0

0.1

0.0

5.7

0.3

0.6

1.7

Plaice

0.0

0.2

1.1

0.2

6.2

0.3

0.9

0.4

0.1

4.6

3.2

1.3

1.5

Total

96.1

85.8

87.1

93.1

88.2

92.1

88.5

93.3

94.9

95.5

84.6

92.5

91.0
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(b)95%confidenceintervals Preyspecies

95%CI

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Short-spinedseascorpion
L

19.3

5.38

8.72

7.71

2.54

2.23

13.06

15.18

18.5

1.96

8.4

16.77

U

53.86

25.42

41.12

34.47

19.27

23.87

39.08

49.59

60.5

54.29

75.15

59.87

Dragonet

L

9.5

5.61

15.13

25.01

6.61

3.72

16.98

25.59

11.81

0

0.92

0.94

U

29.09

34.26

43.79

67.59

34.9

41.66

47.29

64.76

50.39

4.06

5.49

5.28

Sandeel

L

0.47

1.17

0.14

0.08

8.5

9.91

5.21

0.06

1

0.31

0

0.03

U

22.34

43.18

2.1

17.11

66.36

81.68

42.75

3.55

23.82

75.02

12.69

10.3

Whiting

L

3.53

4.76

2.46

0.26

2.75

1.27

1.11

0.14

2.11

3.49

3.1

9.29

U

20.02

30.2

14.64

4.2

9.18

8.07

7.41

8.35

16.05

28.91

32.58

34.14

Cod

L

0.99

0.76

2.17

0

1.75

0

0.1

0

0.63

0.2

0.12

0.99

U

4.7

4.71

20.81

1.73

9.09

5.93

4.43

10.86

12.58

23.72

17.08

36.2

Long-spinedseascorpion
L

3.71

2.73

0.23

0.9

0.02

0

1.01

0.76

0.49

0

0

0.29

U

30.09

31.28

6.97

10.24

2.36

6.15

11.03

23.24

11.36

3.16

1.27

30.16

Sole

L

0.7

0.83

6.68

6.64

0.42

0

0.03

0

0

0.24

0

1.42

U

7.34

8.41

23.97

17.98

14.04

1.28

4.35

1.69

0.43

8.12

4.18

8.44

Haddock

L

0

0

0

0

0

0

0

0

0

0

0

0

U

1.51

0

0

10.85

4.28

3.7

2.11

0.31

0

2.64

17.57

5.59

Herring

L

0.02

0.3

0

0

0

0.14

0

0

0

0.84

0

0

U

13.05

15.79

1.2

0

0.27

5.8

0

0.53

0

15.96

2.08

2.52

Plaice

L

0

0

0.06

0.04

0.99

0.03

0.16

0.07

0

0.76

0

0

U

0.13

0.57

2.63

0.41

14.21

0.78

2.04

1.1

0.51

14.73

5.78

3.36
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Table5.5.GreysealdietatDonnaNookin1985and2002listedaccordingtopreytype(expressedasthepercentageofeachpreytype
inthediet,byweight). (a)1985

Preytype

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mean

Sandeels

55.6

48.2

41.2

8.9

4.7

80.3

68.8

69.1

74.2

55.4

11.2

3.2

43.4

Flatfish

9.3

3.6

23.6

46.0

73.6

7.2

13.8

8.3

1.0

0.1

13.1

36.1

19.6

Gadoids

18.6

21.3

15.2

15.9

12.1

10.2

3.4

2.9

4.3

33.5

13.4

60.5

17.6

Benthicspecies
13.0

25.4

15.3

25.4

7.1

0.8

12.4

17.8

11.2

8.1

59.1

0.0

16.3

Pelagics

0.1

0.2

0.1

3.5

0.0

1.5

1.6

1.8

9.3

2.9

3.2

0.2

2.0

Trisopterans
3.5

1.3

3.0

0.4

0.1

0.1

0.0

0.1

0.0

0.0

0.1

0.1

0.7

Salmonids

0.0

0.0

1.5

0.0

2.3

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.3

Others

0.0

0.0

0.0

0.0

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Cephalopods
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

(b)2002 Preytype

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mean

Benthicspecies
66.1

42.7

56.2

69.5

25.2

37.1

62.2

85.9

73.8

24.4

37.5

49.5

52.5

Gadoids

14.2

22.2

19.9

9.3

13.0

7.7

7.5

7.2

14.0

20.5

42.2

35.7

17.8

Sandeels

9.1

14.7

0.7

4.7

39.2

50.0

19.5

1.0

7.8

37.4

5.7

2.7

16.0

Flatfish

4.1

12.3

19.4

15.7

20.5

2.1

9.9

5.8

3.9

11.8

8.5

8.5

10.2

Pelagics

4.7

6.9

0.3

0.0

0.1

1.6

0.0

0.1

0.0

5.8

0.4

0.6

1.7

Trisopterans
1.2

0.9

3.4

0.4

2.0

1.4

0.2

0.0

0.1

0.1

0.4

2.1

1.0

Cephalopods
0.0

0.0

0.0

0.4

0.0

0.0

0.5

0.0

0.5

0.0

5.2

0.6

0.6

Others

0.5

0.3

0.0

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.2

0.3

0.1

Salmonids

0.0

0.0

0.0

0.0

0.0

0.0

0.2

0.0

0.0

0.0

0.0

0.0

0.0
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Diet composition at Donna Nook Chapter 5

Table 5.6. Comparisons of the mean length of fish consumed by grey seals at Donna
Nook in 1985 and 2002. * denotes significance at the 5% level, *** denotes significance
at the 1% level.

Prey species Year Mean fish length (cm) z P
Cod 1985 36.2 2.719 0.007 ***

2002 32.8
Sandeels 1985 20.4 15.024 «0.001 ***

2002 18.2

Sole 1985 23.0 2.073 0.038 *
2002 24.3

Dragonet 1985 22.2 5.553 «0.001 ***
2002 20.8

Short-spined seascorpion 1985 20.6 4.429 «0.001 ***
2002 18.5
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Diet composition at Donna Nook Chapter 5

Figure 5.1. Map showing the location of Donna Nook and other places in the southern
North Sea mentioned in the text.
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Diet composition at Donna Nook Chapter 5

Figure 5.2. Cluster analysis dendrogram for Donna Nook 2002 diet composition data by
month.
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Diet composition at Donna Nook Chapter 5

Figure 5.3. Monthly variation in the percentage by weight of the different components
found in the diet of grey seals at Donna Nook in 1985 and 2002.
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Diet composition at Donna Nook Chapter 5

Figure 5.4. Comparison of the percentage, by weight, the main prey species consumed by
grey seals at Donna Nook contributed to the diet in 1985 (blue) and 2002 (red).
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Diet composition at Donna Nook Chapter 5

Figure 5.5. Frequency distributions of estimated fish length of the main prey species
consumed by grey seals at Donna Nook in 1985 and 2002.

Cod 1985 Cod 2002

40

fr 30

§ 20 --

I 10 n,[ H.nti—i -

10 20 30 40 50 60 70

Fish length (cm)

40

p 30
3 20
a"

£ io

o H—FH 1—I-

10 20 30 40 50 60 70 80

Fish length (cm)

Sandeels 1985 Sandeels 2002

14 18 22

Fish length (cm)

400

300

I 200
cr
<D

it 100

0 UlLm
10 14 18 22 26

Fish length (cm)

30

Sole 1985 Sole 2002

150

a 100
0)
=3

e 50 +
tu

0 □ i □ H

5 10 15 20 25 30 35 40 45 50

Fish length (cm)

100

O00Kc
S 60

H 40 __

e
20 rpi

0 n, L-H

5 10 15 20 25 30 35 40 45 50

Fish length (cm)

Dragonet 1985 Dragonet 2002

150

100

2 50
u. D an H

12 15 18 21 24 27 30 33 36

Fish length (cm)

500

g. 400 f
1 300

I 200& 100

0 XI a H

12 15 18 21 24 27 30 33 36

Fish length (cm)

Short-spined seascorpion 1985

50 j
>> 40 --
o

g 30 "

§• 20 --

10 -

0 —

U-

n Q
10 15 20 25 30 35

Fish length (cm)

40

Short-spined seascorpion 2002

500

>. 400

1 300

I 200£ 100

0 n
10 15 20 25 30 35

Fish length (cm)

40

185



Prey consumption by grey seals in the North Sea Chapter 6

Chapter 6

Grey seal diet composition in the central

North Sea and prey consumption in the

whole North Sea in 2002, compared with

1985
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Prey consumption by grey seals in the North Sea Chapter 6

Abstract

In addition to seabirds, fish, and other marine mammals, the grey seal (Halichoerus

grypus) is a major predator in British waters. Grey seal diet in the central North Sea

was assessed seasonally in 2002 using scat analysis; previous central North Sea diet

data were re-analysed using new digestion correction factors, for comparison. The

percentage of gadoids in the diet was lower, and the percentage of sandeels

(.Ammodytidae) higher, in the central North Sea in 2002 compared with 1983-1988.

Within the gadoids the percentage of cod (Gadus morhua) in the diet declined almost

fivefold while the percentage of haddock (Melanogrammus aeglefinus) increased by

an order of magnitude. The main seasonal difference was in the first quarter of the

year; in 1983-1988 sandeels were almost absent while in 2002 they dominated the

diet. This assessment of grey seal diet composition (in addition to that from the

northern and southern North Sea; Chapter 4 and Chapter 5) thus completes the picture

for the whole North Sea.

Estimates of annual consumption of prey by grey seals in the North Sea

increased markedly from 39 000 tonnes in 1985, to 116 000 tonnes in 2002 (in line

with the almost threefold increase in population size). Sandeels, cod, other gadoids

and plaice (Pleuronectes platessa) remained the most common prey of grey seals

despite declines in stocks. In 1985 the amounts taken by grey seals were almost

certainly insignificant compared to stock sizes (consumptions were equivalent to less

than 1% of ICES total stock biomass (TSB) estimates for all ten species assessed). In

2002 the amounts consumed were higher, but only for cod (3.7%), sandeels (2.7%)

and plaice (1.5%) were the percentages greater than 1%.
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Prey consumption by grey seals in the North Sea Chapter 6

Introduction

In addition to seabirds, fish, and other marine mammals, the grey seal (Halichoerus

grypus) is a major marine predator in British waters. The increasing population (Duck

and Mackey 2005) is often accused by fishermen as the reason why commercially

exploited fish stocks are low and, therefore, of adversely affecting their livelihood. As

a result there are regular calls by fishermen's organisations for culls, or other means to

control the population, in order to increase fish catches (e.g., Anon 2001; Macdonald

2004). In the UK, the focus of this debate has been the North Sea, a relatively small

2 3
basin with a surface area of about 575 300 km and a volume of 42 300 km (ICES-

FishMap) which currently supports around 63 000 grey seals (Thomas and Harwood

2005). Waters are shallow over much of the area, with average depths ranging from

about 30m in the southeast to 200m in the northwest (along the edge of the continental

shelf, west of Orkney and Shetland); over 230 fish species have been recorded (ICES-

FishMap), i.e., it is a highly productive sea. As well as supporting a large number of

marine top predators, the North Sea is one of the most heavily exploited shelf seas

(Heath 2005).

The purpose of this (short) chapter is (1) to present data on the diet

composition of grey seals in the central North Sea which, in addition to that from the

northern and southern North Sea (Chapter 4 and Chapter 5), completes the picture for

grey seals in the North Sea, (2) to estimate consumption of prey by grey seals in the

North Sea and (3) to compare the amounts of the different prey consumed by grey

seals in the North Sea (in 2002 and 1985) with stock assessments and catch data

(ICES 2005a; ICES 2005b). Putting the amount of prey taken by grey seals in the

North Sea into context is a useful exercise, and also provides a springboard for the

General Discussion (Chapter 7).
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Methods

Grey seal diet composition in the central North Sea

Scat sampling was carried out at sites throughout the central North Sea on a monthly

(Abertay Sands, Eden Estuary and Isle of May), quarterly (Fame Islands) and

opportunistic (Fast Castle) basis throughout 2002 (Figure 6.1). Haulout sites were

visited at low tide either on foot (Fast Castle) or by boat (other sites). Fresh scat

samples (produced by individual grey seals) were collected, placed in separate plastic

bags and stored at -20°C.

The methods used for laboratory analysis, experimental estimation of

digestion correction factors and estimation of diet composition, are detailed in the

preceding four chapters. Previous data collected in the central North Sea in 1983-1988

(at the Fame Islands and the Isle of May; Hammond and Prime 1990) were re-

analysed with the same methods used for the 2002 data. Differences in results from

those generated by previous analyses were expected because of the use of (1) new

experimental data on digestion, in particular the use of recovery rates to account for

species-specific differences in rates of complete digestion of fish otoliths and

cephalopod beaks (Grellier and Hammond in press; Chapter 3), and (2) new

relationships between otolith size and fish weight (primarily from Feopold et al.

2001).

Amount of prey consumed by grey seals in the North Sea

In each region of the North Sea (Donna Nook, central North Sea, Orkney and

Shetland) in each season (quarter), estimated weights for each prey species were

converted to units of energy using energy density values from the literature (Murray

and Burt 1977). Species-specific energy values were expressed as a proportion of the

189



Prey consumption by prey seals in the North Sea Chapter 6

total energy represented by the group of scats being analysed. These proportions were

then multiplied by the estimated number of seals in the region (see next section), the

average daily energy requirement for a grey seal (5497 Kcals; Sparling 2003) and the

number of days in the season represented, to give estimates of the proportion of

energy of each prey species consumed by the population of seals in the region. These

values were then divided by the species-specific values of energy density to give

estimates of prey weight consumed, expressed as tonnes consumed per annum. All

calculations were made using purpose-written Fortran programs (written by P.S.

Hammond, SMRU, University of St Andrews, Scotland). Where no data were

available for a season in a region, the amount of prey consumed in that quarter was

assumed to be equal to the average of the two adjacent quarters in that region. Finally,

estimates of consumption of each prey species were summed across quarters and

regions to give values for the whole North Sea. These estimates were compared with

stock assessments for the commercially exploited species in the North Sea (ICES Sub-

Area IV; ICES 2005a; ICES 2005b).

Grey seal population size

Estimates of the number of grey seals in each region in 2002 were derived from

population estimates calculated by Thomas and Harwood (2005), who fitted a range

of models to data on grey seal pup production to generate regional estimates of

population size. Models allowed density dependent population growth through either

decreasing juvenile survival, or decreasing fecundity, with increasing population size.

For each mechanism, two models were fitted; one in which the rate of decline in

survival or fecundity was a simple linear function of population size, and an extended

one incorporating an additional parameter to allow this rate to be non-linear. Results
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showed that all the models received approximately equal support from the data, but

that the resulting population estimates varied widely. There is thus considerable

model uncertainty in current estimates of grey seal population size. The 2005 meeting

of the NERC Special Committee on Seals (SCOS) noted this uncertainty and

recommended as a high priority that work be undertaken to reduce it. SCOS

concluded that, in the meantime, estimates from the simple linear density dependent

survival model were more likely to be a reflection of true population size (i.e., they

are the current best estimates of grey seal population size), and these estimates have

therefore been used (Table 6.1). It should be noted, however, that Thomas and

Harwood (2005) considered that results from the extended non-linear density

dependent survival model better reflected the observed patterns of variation in pup

production; to capture the considerable model uncertainty population estimates from

this model were therefore also considered (Table 6.1).

It was assumed that these estimates applied to all four quarters of the year in

each region (even though they were calculated using grey seal pup production data

collected in Quarter 4). At present there are no systematic data on the distribution of

grey seals in the North Sea outwith the pupping season that can be used to assess this

assumption.

Results

Grey seal diet composition in the central North Sea in 2002

Grey seal diet was sampled for one year (2002) at all major haulouts in the central

North Sea (Figure 6.1; Table 6.2). The number of scats collected was smaller in

Quarters 2 and 3. This was not effort-related but was primarily due to the behaviour of

the seals, which tended to be hauled out at the water's edge, partially in the water, at
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these times of year. More samples were collected at some sites than are shown in

Table 6.2, but only sufficient scats to give 50 containing otoliths or beaks were

processed from each site. The number of otoliths of the main prey recovered from

scats collected in the central North Sea in 2002 is detailed by season in Table 6.3a.

The prey species listed are those which contributed >5% of the diet by weight in any

region or season, and those for which the results of ICES stock assessments were

available. Sandeel, Ammodytidae, otoliths were the most common hard part

recovered, followed by whiting, Merlangius merlangus, haddock, Melanogrammus

aeglefinus, cod, Gadus morhua, and plaice, Pleuronectes platessa, otoliths.

Seasonal variation in grey seal diet in the central North Sea in 2002 (expressed

as the percentage of each species in the diet, by weight) is given for each species in

each season in Table 6.4a and summarised by prey type (e.g., gadoids, flatfish etc.) in

Figure 6.2b. Sandeels were the most important prey, contributing more than half the

diet in each quarter. Gadoids (mainly cod and haddock) were also important,

contributing 12-15% in quarters 2 and 3 and 28-35% in quarters 1 and 4. Benthic

species (mainly dragonet, Callionymus lyra, and short-spined seascorpion,

Myoxocephalus scorpius) and flatfish (mainly plaice) were also found in the diet, on

average contributing 8% and 6% to the overall diet, respectively.

Grey seal diet composition in the central North Sea in 1983-1988

Previously collected data from the central North Sea were available from 1983-1988

(Table 6.2). The number of otoliths of the main prey recovered from scats is detailed

by season in Table 6.3b. Sandeel otoliths were the most common hard part recovered,

followed by cod and whiting otoliths.
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Seasonal variation in grey seal diet in the central North Sea in 1983-1988,

expressed as the percentage of each species in the diet, by weight, is given for each

species in each season in Table 6.4b and summarised by prey type (e.g., gadoids,

flatfish etc.) in Figure 6.2a. The diet was dominated by gadoids (mainly cod) in

Quarter 1, sandeels and gadoids (mainly cod) in Quarter 2, and sandeels in Quarter 4.

Benthic prey (mainly dragonets) contributed significantly (18%) in Quarter 1. These

new estimates should be considered as the best estimates for 1983-1988 and previous

results (Hammond and Prime 1990) disregarded.

Comparison of grey seal diet composition in the central North Sea in 1983-1988

and 2002

The percentage of gadoids in the diet was lower, and the percentage of sandeels

higher, in the central North Sea in 2002 compared with 1983-1988 (Figure 6.2; Table

6.4). Within the gadoids the percentage of cod in the diet declined almost fivefold,

while the percentage of haddock increased by an order of magnitude (Table 6.4). The

main seasonal difference was in the first quarter of the year; in 1983-1988 sandeels

were almost absent while in 2002 they dominated the diet (Figure 6.2).

Prey consumption in the North Sea in 2002

Table 6.5 gives the estimates of prey consumption by grey seals by region, season and

species for 2002. The pattern of relative consumption of different species followed

that of their percentage contribution to the diet, by weight, in each region and quarter,

but in regions with more seals, more fish was consumed. Estimated prey consumption

was dominated by the estimates for the Orkney region because this region contained

80% of the North Sea grey seal population (Table 6.1a).
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Consumption of the key prey species (those making a significant contribution

to the diet in at least one quarter in a region, and those for which ICES stock

assessments were available) is given for the whole North Sea in 2002 in Table 6.6a.

Of the commercially important species, the main consumption was of sandeels (69

000 tonnes), cod (8300 tonnes), haddock (6500 tonnes), plaice (5200 tonnes), whiting

(2500 tonnes) and saithe (Pollachius virens', 2000 tonnes). Grey seals also consumed

significant quantities of short-spined seascorpion (6000 tonnes) and dragonet (1900

tonnes). Overall, grey seals were estimated to have consumed 116 000 tonnes (95%

CI 100 000-142 000 tonnes) of prey in the North Sea in 2002. If population estimates

from the extended non-linear density dependent survival model had been used (Table

6.1a), the estimates of prey consumption would have been approximately 40% larger.

Prey consumption in the North Sea in 1985

Table 6.7 gives the estimates of prey consumption by grey seals by region, season and

species for 1985 (1983-1988 for the central North Sea). As in 2002, the pattern of

relative consumption of different species followed that of their percentage

contribution to the diet, by weight, but in regions with more seals, more fish was

consumed. Estimated prey consumption was, again, dominated by the estimates for

Orkney (this region contained 80% of the North Sea grey seal population; Table 6.1b).

Consumption of the key prey species is given for the whole North Sea in 1985

in Table 6.6b. Of the commercially important species, the main consumption was of

sandeels (29 000 tonnes) and cod (4200 tonnes). Relatively small amounts of other

prey species were taken. Overall, grey seals were estimated to have consumed 39 000

tonnes (95% CI: 34 000-44 000 tonnes) of prey in the North Sea in 1985. If

population estimates from the extended non-linear density dependent survival model
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were used (Table 6.1b), the estimates of prey consumption would have been

approximately 25% larger.

Comparison of prey consumption in the North Sea in 1985 and 2002

Estimates of annual consumption of prey by grey seals increased markedly from 39

000 tonnes in 1985 to 116 000 tonnes in 2002 (Table 6.6), in line with the almost

threefold increase in population size (Table 6.1). If estimates of population size from

the extended non-linear density dependent model were used (Table 6.1), estimated

annual prey consumption would have been 49 000 tonnes in 1985 and 161 000 tonnes

in 2002.

The estimated amount of sandeels consumed by grey seals in the North Sea

increased two and a half times, from 29 000 tonnes in 1985 to 69 000 tonnes in 2002;

the estimated consumption of cod doubled, from 4200 tonnes to 8300 tonnes. These

increased consumptions were both less than the almost threefold increase in grey seal

population size (Table 6.1). Compared to 1985, an order of magnitude more haddock

(6500 tonnes in 2002; 600 tonnes in 1985) and plaice (5200 tonnes in 2002; 600

tonnes in 1985) was consumed in 2002. The estimated amount of whiting and herring,

Clupea harengus, consumed increased approximately in line with grey seal population

size (Table 6.6). Of the non-commercially exploited fish, there were large increases in

the estimated consumption of seascorpions (6600 tonnes in 2002; 1000 tonnes in

1985) and dragonets (1900 tonnes in 2002; 300 tonnes in 1985).

Another way of illustrating the changes in consumption between 1985 and

2002 is to compare the average amount of fish consumed per seal in each of the two

years (Table 6.8). Per capita prey consumption in the North Sea in 2002 was 4.71 kg

per day (which equates to 1.72 tonnes per year) compared with 4.48 kg per day (1.64
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tonnes per year) in 1985. Total per capita prey consumption would be expected to

remain approximately the same because the analytical method equates information on

diet to the estimated energy requirement and the current best estimate of energy

requirement (Sparling 2003) was used in analyses of both datasets. For the two main

species in the diet, consumption per seal decreased between 1985 and 2002: for cod

by -30% (0.48 to 0.34 kg per day) and for sandeels by -15% (3.34 to 2.82 kg per

day). Consumption per seal remained about the same for whiting, approximately

trebled for plaice, and approximately quadrupled for haddock (Table 6.8).

Grey seal consumption in the North Sea in 1985 and 2002 compared to Fish stock

assessments and catches/landings

Table 6.9 shows the estimated consumption of prey by grey seals compared to

estimates of total stock biomass (TSB) in ICES Sub-Area IV (the North Sea) in 1985

and 2002 for the ten fish species for which ICES has conducted stock assessments

(ICES 2005a; ICES 2005b). It is important to emphasize that estimates of total stock

biomass are subject to uncertainty (and that there is therefore uncertainty associated

with the comparisons of seal prey consumption with total stock biomass). In 1985, it

is clear that grey seal predation was not significant for any of these species; estimated

prey consumption was equivalent to less than 1% of the total stock biomass for all

species. In 2002, relative consumptions of most prey species were several times

higher, but only for cod (3.7%), sandeels (2.7%) and plaice (1.5%) were the

percentages greater than 1%. These changes (between 1985 and 2002) were caused by

a combination of three factors; increased consumption of prey by grey seals (driven

by an almost threefold increase in seal numbers), changes in grey seal diet

composition, and declines in most of the assessed fish stocks.

196



Prey consumption by grey seals in the North Sea Chapter 6

Table 6.9 also gives information on catches/landings of the assessed species

(except sprat, Sprattus sprattus). The size of the catch and the estimated consumption

by seals relative to the estimated stock size give some information on the likely size of

natural mortality from grey seal predation (small) compared with fishing mortality

(substantially larger).

Table 6.10 compares relative changes in estimated prey consumption, total

stock biomass and catch/landings of the ten commercially exploited species for which

stock assessments are available in the North Sea between 1985 and 2002.

Consumption had increased for all species (except sprat) driven by the increase in seal

numbers. The greatest increases in consumption relative to grey seal population size

were for Norway pout, Trisopterus esmarki, haddock and plaice (in the face of stock

declines). Sandeel and cod consumption declined relative to population size; total

stock biomass of cod in 2002 was just under half what it was in 1985. These changes

were driven by changes in diet composition between 1985 and 2002. Total stock

biomass of all the gadoid species decreased between 1985 and 2002 (except for saithe

which stayed the same); sandeels decreased; sole, Solea solea, stayed the same while

plaice decreased; total stock biomass of the two pelagic stocks (herring and sprat)

increased. Catches/landings in 2002 were approximately half what they were in 1985

with the exception of sandeels, which increased (Table 6.10).

Discussion

Grey seal diet composition in the central North Sea

Grey seal diet in the central North Sea was largely composed of sandeels and gadoids

in both 2002 and 1983-1988. While these prey were equally important in the overall

diet of grey seals in 1983-1988, sandeels dominated the diet in every season in 2002.
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These findings reflect the decline of gadoid fish in the North Sea (Rogers and Ellis

2000; ICES 2005a). That the 2002 diet of grey seals in the central North Sea was

dominated by sandeels is of particular interest given the history of the sandeel fishery

in the Firth of Forth (landings peaked in 1993; catch rates dropped between 1997 and

1998; and the fishery was closed in 2000; FRS 2003). These central North Sea

analyses will be expanded in the near future to incorporate other previous data (on the

diet of grey seals) collected between 1996 and 1999 (Hall et al. 2000). This is a

potentially interesting dataset given its longevity, the importance of sandeels in grey

seal diet, the history of the local sandeel fishery and the wealth of available

information regarding the breeding performance of local seabird populations, which

prey on sandeels (e.g., Lewis et al. 2001).

When taken with the results in Chapter 4 and Chapter 5, this assessment of

grey seal diet composition thus completes the picture for the whole North Sea. Grey

seals do occur in other places around the North Sea, for example, in Norway and in

countries bordering the Wadden Sea, but their numbers are small and the large

majority use UK haulout sites.

Prey consumption in the North Sea

To estimate consumption, estimated diet composition was equated to the estimated

energy requirement of the seal population in question. For this to be free from bias,

estimates of seal energy requirements and population size should be unbiased. The

estimate of seal energy requirement used was an annual average (Sparling 2003).

However, grey seal energy expenditure (and intake) will vary seasonally as part of the

annual cycle of pupping and moulting. Seasonal values of energy requirements have

yet to be estimated but the general effect is expected to be a reduction in the influence
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of estimates of prey consumption in Quarter 3 and, in particular, Quarter 4, and an

increase in the influence of estimates in quarters 1 and 2 (C.A. Sparling pers comm).

Model uncertainty in the estimation of grey seal population size is the main source of

remaining uncertainty in the diet estimates. The estimates used here are the lowest of

those presented by Thomas and Harwood (2005). It is therefore more likely that the

estimates of prey consumption presented here are underestimated, than overestimated.

Grey seal pup production in the North Sea is still increasing (Duck and

Mackey 2005) and the amount of fish that grey seals consume will thus also continue

to increase in the future. The diet is likely to change if the abundance of fish prey

continues to change, as it did between 1985 and 2002 (Rogers and Ellis 2000;

Heessen and Daan 1996; Callaway et al. 2002; ICES 2005a; ICES 2005b). It will

therefore be important to reassess grey seal diet in the North Sea in the relatively near

future.

Prey consumption in the North Sea compared to fish stock assessments and

catch/landings data

There is also uncertainty in how the results should be interpreted in relation to the

impact grey seals might be having on fish stocks. Estimates of fish stock biomass in

the North Sea (from ICES assessments) are also subject to uncertainty, and

comparisons of estimated consumption by grey seals with estimates of total stock

biomass are therefore also uncertain. However, most fish stocks in ICES Sub-Area IV

have declined, and the increased estimated consumptions between 1985 and 2002

(driven by the increase in seal numbers) are of considerable interest.

These results provide evidence that sandeels, cod, other gadoids, and plaice

remain the most common prey of grey seals (because they continued to feature in the
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diet in 2002 despite declines in stocks). In 1985, the amounts taken by grey seals were

insignificant compared to stock sizes. In 2002, the amounts consumed relative to

stock size were higher (and potentially significant for cod and sandeels). The message

is that while grey seal predation on commercially important fish stocks in the North

Sea was not significant in 1985, this may no longer be the case.

In light of these findings, the question of the impact that grey seals may have on fish

stocks is an important one. Might grey seals limit the ability of species such as cod to

recover in the North Sea? Alternatively, might declines in fish stocks impact grey seal

population growth? Simple comparisons between estimates of prey consumption by

grey seals and estimates of fish stock size do not allow an assessment of the impact of

seals on fish stocks and fisheries because of the complexity of the ecosystem in which

these species coexist. In particular, these results cannot be used to infer grey seal

impact on a fish stock without information on the predation rates of other predators

(see next paragraph). A dynamic model of grey seal interactions with their prey,

incorporating a multi-species functional response, would be a useful tool to help

address these questions. Results from this study will be useful when parameterising

such models to address these, and other related, management questions.

As well as grey seals, there are also large numbers of harbour seals (Phoca

vitulina) in the North Sea (SCOS Main Advice 2005). Previous studies on their diet

composition have been carried out in southeast Shetland (for one year in 1995-1996;

Brown and Pierce 1998), the Moray Firth (between 1988 and 1992; Tollit and

Thompson 1996), and in the south-western North Sea (in 1990-1992; Hall et al.

1998). Current (collected between 2000 and 2003) diet information for harbour seals

in the North Sea is limited to the St Andrews Bay area (in the central North Sea)
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where the diet was found to be dominated by sandeels (45%) and whiting (22%;

Sharpies 2005). In assessments of the impact of pinniped predation on commercially

important fish stocks, it will be important to make a current and comprehensive

assessment of the diet of harbour seals throughout the North Sea (as was carried out

for grey seals in 2002) and include the estimates of harbour seal prey consumption

alongside those of grey seals. Consumption by other top predators in the North Sea,

such as seabirds, fish, and cetaceans, should also be considered.
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Figure 6.1. Map showing sites in the central North Sea where scat samples were collected in
2002.
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Figure 6.2. Seasonal variation in the percentage by weight of the different components found in
the diet of grey seals in the central North Sea.
(a) 1983-1988

(b) 2002
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Table 6.1. Estimates of grey seal population size for 2002 and 1985 for the North Sea derived
from Thomas & Harwood (2005). For each year, there are two sets of estimates derived from a
model incorporating either simple linear density dependent survival (Linear DDS) or an
extended model incorporating non-linear density dependent survival (Non-linear DDS). The
Model estimates include only animals associated with regularly surveyed pupping sites. The
Total estimates include animals associated with pupping sites that are not regularly surveyed
(only relevant in Orkney). Estimates for sub-regions within the central/southern North Sea were
prorated according to pup counts in those areas. There were no diet data from Shetland in 1985.
Figures in bold were the estimates used in analysis.
(a) 2002

Linear DDS Non-linear DDS

Model
estimates CV

Total
estimates

Model
estimates CV

Total
estimates

Donna Nook

Central North Sea
1,754
9,177

2,545
13,313

Central/southern North Sea 10,931 0.146 10,931 15,858 0.193 15,858

Orkney
Shetland

47,835 0.148 53,315
2,828

65,938 0.141 73,492
3,641

Total (including Shetland) 67,074 92,991
Total (excluding Shetland) 64,246 89,350

(b)1985

Linear DDS Non-linear' DDS

Model
estimates CV

Total
estimates

Model
estimates CV

Total
estimates

Donna Nook

Central North Sea

148

4,632

172

5,392
Central/southern North Sea 4,780 0.126 5,564 0.133

Orkney
Shetland

17,224 0.131 18,900
3,126

22,071 0.150 24,219
3,799

Total (including Shetland) 26,806 33,582
Total (excluding Shetland) 23,680 29,783
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Table 6.2. Number of grey seal scat samples (containing hard parts that were processed)
collected from the central North Sea in 2002 and 1983-1988 and the total number of hard parts
(fish otoliths and cephalopod beaks) recovered. In 2002 the region included the Fame Islands,
Fast Castle, Isle of May, Abertay Sands and the Eden Estuary. In 1983-1988 the region included
scats collected from the Fame Islands and Isle of May.

Quarter 2002 1983-1988
Scats Hard parts recovered Scats Hard parts recovered

1 127 9,462 14 210
2 65 2,598 69 2,744
3 47 4,174
4 117 9,447 153 8,649

Totals 356 25,681 236 11,603
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Table 6.3. Numbers of otoliths from major prey species recovered from scat samples collected in
the central North Sea in each quarter of 2002 and 1983-1988. Prey species listed are those which
contribute >5% of the diet by weight in any region/season and those for which ICES stock
assessment data are available.

(a) 2002

Species Quarter 1 Quarter 2 Quarter 3 Quarter 4 Total

meas. total meas. total meas. total meas. total

Cod 66 76 9 9 20 27 87 106 218

Whiting 208 309 86 86 11 11 123 123 529
Haddock 202 210 22 22 22 22 198 225 479
Saithe 2 2 0 0 1 1 3

Norway pout 6 6 1 1 0 69 69 76

Sandeel 2,410 8,333 888 2,360 1,250 4,016 2,503 8,340 23,049
Sole 0 0 0 0 0

Plaice 73 73 39 39 34 34 50 50 196

Herring 6 6 3 3 1 1 0 10

Sprat 3 3 1 1 0 2 2 6

Dragonet 31 31 17 17 2 2 19 19 69
Garfish 0 0 0 2 2 2

Short-spined
seascorpion 21 21 5 5 9 9 91 91 126

Long-spined
seascorpion 1 1 0 0 0 1

(b) 1983-1988

Species Quarter 1 Quarter 2 Quarter 4 Total

meas. total meas. total meas. total
Cod 33 33 177 177 183 183 393

Whiting 50 50 134 134 147 147 331
Haddock 3 3 37 37 6 6 46
Sailhe 29 29 4 4 33

Ling 4 4 1 1 3 3 8

Norway pout 58 58 10 10 68
Sandeel 63 63 658 2,197 2,377 8,257 10,517
Sole 1 1 2 2 3
Plaice 2 2 5 5 5 5 12

Herring 2 2 2

Sprat 1 1 1

Dragonet 12 12 5 5 17

Short-spined seascorpion 2 2 1 1 3
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Table 6.4. Seasonal variation in grey seal diet (expressed as % by weight) in the central North
Sea in 2002 and 1983-1988. Listed are species contributing >5% in any quarter and species of
commercial importance.
(a) 2002

Species Quarter 1 Quarter 2 Quarter 3 Quarter 4
% 95% CI % 95% CI % 95% CI % 95% CI

Cod 12.02 3.99-23.69 2.41 0.57-6.04 2.75 0-9.45 9.37 3.9-17.48

Whiting 3.95 1.55-7.72 4.7 1.05-11.37 0.23 0.07-0.51 1.44 0.41-2.91

Haddock 16.86 7.42-29.66 5.97 0.98-15.07 9.2 1.06-22.61 14.76 5.34-28.49
Saithe 0.06 0-0.63 0.04 0-0.54

Norway pout 0.06 0.01-0.16 0.05 0-0.19 0.18 0.04-0.42

Sandeel 53.58 27.56-74.95 65.59 36.68-84.65 75.58 52.94-89.74 52.94 31.72-73.22

Sole
Plaice 1.23 0.35-2.99 6.03 1.62-13.9 3.22 0.91-7.56 0.98 0.21-2.02

Herring 0.09 0-0.27 0.14 0-0.43 0.26 0-0.9 0

Sprat 0.02 0-0.06 0.02 0-0.09 0 0.01 0-0.03

Dragonet 2.67 1.06-5.52 6.95 1.19-16.49 1.05 0-3.51 1.36 0.49-2.76
Garfish 0.16 0-0.85

Short-spined
seascorpion 2.02 0.35-6.01 1.5 0-5.94 3.56 0-11.21 10.78 4.71-21.2

Long-spined
seascorpion 0.1 0-0.66

(b)1983-1988

Species Quarter 1 Quarter 2 Quarter 4
% 95% C.I. % 95% C.I. % 95% C.I.

Cod 54.0 8.69 - 74.5 28.3 10.1 -48.8 15.7 5.64-31.5

Whiting 8.92 2.18-30.8 2.95 0.86-5.86 1.8 0.57-3.65

Haddock 3.08 0-15.1 2.17 0.46-5.01 0.22 0.03 - 0.56
Saithe 0 0-0 4.19 0.38 -47.9 0.34 0-7.2

Ling 0.94 0 - 2.64 0.09 0-0.35 0.48 0- 1.47

Norway pout 0 0-0 0.48 0.09-1.2 0.03 0-0.1

Sandeel 5.96 0.98-21.6 53.2 20.1 -79.9 80.5 61.1-92.3

Sole 3.61 0-7.09 0.08 0 - 0.25 0 0-0

Plaice 0.18 0-0.35 0.1 0-0.32 0.07 0 - 0.23

Herring 1.28 0-5.27 0 0-0 0 0-0

Sprat 0 0-0 0.02 0 - 0.09 0 0-0

Dragonet 8.52 2.01-24.8 0 0-0 0.16 0 - 0.55

Short-spined
seascorpion 2.35 0-9.85 0.38 0- 1.74 0 0-0

Unid cottidae 6.71 0-32.8 0 0-0 0 0-0
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Table 6.5. Amount of prey (tonnes) consumed by grey seals in different regions and seasons in
the North Sea in 2002. Listed are species contributing >5% in any quarter and species of
commercial importance.
(a) Donna Nook 2002

Species Quarter 1 Quarter 2 Quarter 3 Quarter 4
95% CI 95% CI 95% CI 95% CI

Cod 36.6 14.8-73.0 26.3 8.6-50.1 28.6 8.7-61.9 93.8 28.0-206.3

Whiting 111.1 47.1-201.1 37.6 17.0-65.0 43.3 17.3-81.6 148.1 57.3-283.4

Haddock 1.5 0-5.0 19.4 1.9-47.6 2.4 0-8.0 31.8 2.5-84.0
Saithe

Norway pout
Sandeel 85.1 17.6-222.7 265.3 102.0-472.1 94.4 29.1-206.0 164.1 11.4-405.2

Sole 53.9 23.3-98.3 52.1 17.1-108.8 7.2 0.8-19.4 26.4 9.5-56.6

Plaice 3.2 0.6-7.3 29.1 5.3-69.4 4.7 1.4-9.9 28.9 8.3-61.0

Herring 41.1 7.3-89.4 2.9 0.5-8.0 0.4 0-1.5 24.3 5.4-59.8

Sprat
Dragonet 184.1 95.2-306.8 204.3 92.4-389.8 325.5 186.7-495.2 21.6 9.2-39.5

Garfish

Short-spined
seascorpion 203.4 102.7-374.1 96.8 38.2-214.1 277.3 153.0-460.8 260.0 100.8-508.7

Long-spined
seascorpion 76.7 26.0-237.9 12.1 3.5-44.6 40.7 12.6-129.3 21.6 1.7-120.4

(b) Central North Sea 2002

Species Quarter 1 Quarter 2 Quarter 3 Quarter 4
95% CI 95% CI 95% CI 95% CI

Cod 505.1 153.1-1242.7 93.4 20.3-250.7 102.8 0-421.9 389.6 144.0-846.4

Whiting 166.1 55.4-376.7 182.3 39.4-482.5 8.6 2.3-20.6 59.9 15.0-136.5

Haddock 708.5 263.7-1558.2 231.4 38.9-655.3 343.3 42.3-991.7 613.7 191.7-1352.7
Saithe 2.5 0-26.9 1.6 0-21.5

Norway pout 2.6 0.4-7.1 1.8 0-7.7 7.7 1.6-20.0

Sandeel 2251.3 1247.7-3314.4 2543.6 1518.9-3655.2 2820.7 1853.2-4078.4 2201.4 1258.4-3303.5

Sole

Plaice 51.8 13.7-135.8 233.9 61.3-607.8 120.3 33.4-306.8 40.6 9.0-95.5

Herring 3.6 0-12.4 5.3 0-17.9 9.8 0-38.3

Sprat 0.7 0-2.6 0.7 0-3.4 0.3 0-1.1

Dragonet 112.2 40.8-272.8 269.4 47.5-764.2 39.2 0-152.8 56.7 18.0-131.3
Garfish 6.6 0-35.9

Short-spined
seascorpion 85.1 14.0-284.2 58.2 0-257.0 133.0 0-474.0 448.0 185.0-997.0

Long-spined
seascorpion 4.1 0-30.6
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Species Quarter 1 Quarter 2+3 Quarter 4
95% CI 95% CI 95% CI

Cod 3461.8 1454.7-6413.7 1793.9 0-6841.3 1582.2 628.0-3290.6

Whiting 698.8 295.0-1346.0 874.1 79.5-2522.4 107.5 37.8-219.7

Haddock 2551.6 989.7-4906.8 1217.2 0-4444.1 801.4 298.1-1622.2

Saithe 334.0 41.7-3228.3 1420.2 71.4-16173.0 149.9 18.5-1442.0

Norway pout 391.2 131.4-789.0 471.5 19.2-1679.4 14.4 1.8-38.5

Sandeel 12850.1 8097.7-18516.8 28998.9 14210.5-42152.8 13988.3 8854.7-20178.5

Sole 4.3 0-15.7
Plaice 417.2 160.0-832.1 4169.0 213.0-12045.3 115.8 41.7-228.9

Herring 21.4 3.7-56.2 125.2 0-576.4 64.1 16.8-149.1

Sprat 0.6 0-2.1

Dragonet 301.4 68.5-732.2 164.7 0-743.8 189.8 43.7-497.5

Garfish 129.0 22.4-454.7

Short-spined
seascorpion 521.7 188.4-1265.2 1467.0 0-6426.1 2423.5 965.3-5348.6

Long-spined
seascoipion 74.4 7.3-382.1 338.6 80-1169

(d) Shetland 2002

Species Quarter 1 Quarter 3 Quarter 4
95% CI 95% CI 95% CI

Cod 20.0 5.1-56.3 59.8 0-294.0 150.1 38.6-346.7

Whiting 5.8 0.7-18.4 9.9 1.5-22.1

Haddock 2.5 0.6-6.7 10.8 0-35.6 2.2 0-6.9

Saithe 4.9 0.4-50.6 16.4 0-269.0 25.3 3.5-266

Norway pout 0.2 0-0.7 0.1 0-0.4 2.0 0.1-6.6

Sandeel 1000.6 708.8-1368.2 919.5 560.0-1315.7 732.5 422.9-1049.1

Sole

Plaice 0.7 0-2.2

Herring 3.0 0.3-9.5 60.0 0-254.2 17.2 2.7-41.2

Sprat
Dragonet 0.7 0-2.6 0.3 0-1.1

Garfish 77.2 13.2-292.8

Short-spined
seascorpion 2.3 0-6.8 45.6 9.6-126.4

Long-spined
seascorpion 0.5 0-2.0

212



Prey consumption by grey seals in the North Sea Chapter 6

Table 6.6. Estimates of the amount (in tonnes) of prey consumed by grey seals in the North Sea
in 2002 and 1985, in rank order. Listed are species contributing >5% in any quarter and species
of commercial importance.
(a) 2002

Species Consumption 95% C.I.

Sandeel 68,916 52,306-85,694
Cod 8,344 5,028-14,941
Haddock 6,538 3,880-10,715
Short-spined seascorpion 6,022 3,605-11,556
Plaice 5,215 1,280-13,016
Whiting 2,453 1,447-4,204
Saithe 1,955 611-17,702
Dragonet 1,870 1,276-2,740
Norway pout 892 268-2,115
Long-spined seascorpion 569 281-1,503
Herring 378 169-927

Garfish 213 74-596

Sole 144 87-220

Sprat 2.3 0.3-5.8

All species 116,243 99,739-141,623

(b)1985

Species Consumption 95% C.I.

Sandeel 28,832 24,216-33,183
Cod 4,150 2,484-5,760
Whiting 776 476-1,460

Ling 621 358-1,061
Haddock 619 385-1,091
Unid cottidae 614 229-1,446
Plaice 571 254-1,150
Saithe 431 162-4,074

Short-spined seascorpion 374 139-848

Dragonet 317 128-753

Sole 135 23-248

Herring 113 49-226

Norway pout 42 20-77

Sprat 3.3 1.1-7.1

All species 38,699 34,416-44,415
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Table 6.7. Amount of prey (tonnes) consumed by grey seals in different regions and seasons in
the North Sea in 1985. Listed are species contributing >5% in any quarter and species of
commercial importance.
(a) Donna Nook 1985

Species Quarter 1 Quarter 2 Quarter 3 Quarter 4
95% C.I. 95% C.I. 95% C.I. 95% C.I.

Cod 10.5 3.4-25.0 6.9 1.9-16.0 1.5 0.3-4.7 17.6 3.3-44.5

Whiting 1.4 0.5-3.0 0.4 0.1-1.0 0.5 0.1-1.3 1.4 0.3-3.6

Haddock 0.2 0-0.6 0 0-0 0 0-0 0.4 0-1.5

Saithe 0 0-0 0 0-0 0 0-0 0 0-0

Ling 0 0-0 0 0-0 0 0-0 0 0-0

Norway pout 0 0-0 0 0-0 0 0-0 0 0-0

Sandeel 33.8 18.2-51.0 25.1 6.4-44.0 41.7 25.5-58 20.3 8.0-38.9

Sole 4.9 1.7-10.0 24.8 9.3-47.0 1.7 0.4-4.4 2.7 0.6-6.9
Plaice 1 0.3-2.3 1.3 0-4.8 0.5 0.1-1.5 0.5 0.2-1.2

Herring 0 0-0.1 0.2 0-0.7 1.9 0.3-5.7 1.9 0-5.6

Sprat 0 0-0.1 0.4 0.1-1.4 0.6 0.1-1.8 0.1 0-0.2

Dragonet 5.3 2.2-10.0 3.1 0.8-7.8 6.9 2-17.0 5 1.4-9.8

Short-spined
seascorpion 1.4 0.2-4.2 0.3 0-1.2 0.7 0-2.6 17.9 4.1-37.3

Unid cottidae 3.4 0.5-10.0 0.2 0-0.8 0.5 0-2.7 0 0-0

(b) Central North Sea 1983-1988

Species Quarter 1 Quarter 2 Quarter 4
95% C.I. 95% C.l. 95% C.I.

Cod 1470.5 192.7-2468.1 606.6 187.0- 1245.9 292.5 91.5-710.6

Whiting 242.8 52.4-819.0 63.1 16.6-154.9 33.6 10.2-76.7
Haddock 83.9 0-392.2 46.4 9.8-122.6 4.2 0.6-11.8

Saithe 0 0-0 89.6 8.5- 1252.3 6.4 0-152.4

Ling 25.6 0-69.3 1.9 0-7.7 8.9 0-29.2

Norway pout 0 0-0 10.4 1.7-31.0 0.6 0-2.1

Sandeel 162.4 28.4-515.2 1138.8 483.3- 1746.9 1498.8 1065.6-2073.1
Sole 98.3 0-206.9 1.8 0-5.9 0 0-0

Plaice 5 0-10.8 2.2 0-7.3 1.3 0-4.3

Herring 35 0-128.0 0 0-0 0 0-0

Sprat 0 0-0 0.5 0-2.0 0 0-0

Dragonet 231.9 54.0-665.2 0 0-0 3.0 0-11.0

Short-spined
seascorpion 64 0-265.4 8.1 0-37.6 0 0-0

Unid cottidae 182.7 0-748.5 0 0-0 0 0-0
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Species Quarter 1 Quarter 2 Quarter 3 Quarter 4
95% C.I. 95% C.I. 95% C.I. 95% C.I.

Cod 323.2 109.0-681.5 245.3 50.4-750.7 231.7 35.1-778.4 494.1 189.0-981.6

Whiting 48.5 14.8-107.3 5.7 0.4-18.5 31.5 6.6-89.9 299.2 124.0-556.9
Haddock 87.6 29.9-188.4 58.3 11.5-173.6 193.9 51.1-521.4 118.8 42.3-255.7
Saithe 139.5 7.4-2258 2.7 0-34.3 20.3 0-373.8 124.9 13.8-1912

Ling 138.5 46.9-286.2 1.0 0-4.4 145.8 7.3-482.4 293.6 126.0-586.3

Norway pout 19.9 6.8-41.0 0.4 0-1.9 0.2 0-0.7 4.5 1.7-8.7

Sandeel 5967.2 3787-8268 6704 4804-8993 6377.5 4398-8717 5543.4 3553-7565

Sole 0 0-0.8 0 0-0 0 0-0 0 0-0

Plaice 285.8 92.7-640.1 24.9 1.6-78.5 215.9 17-661.8 30.6 10.7-68.5

Herring 9.1 0-25.9 0 0-0 0 0-0 65.3 18.9-152

Sprat 0.1 0-0.4 0.8 0-2.8 0 0-0 0.5 0-2.0

Dragonet 13.7 2.5-33.9 44.0 8.2-128.9 0 0-0 2.8 0-12.3

Short-spined
seascorpion 160.2 23.7-496.0 0 0-0 0 0-0 117.0 28.4-354.0
Unid cottidae 105.9 28.1-280 0 0-0 0 0-0 321.2 82.9-851.1
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Table 6.8. Per capita consumption rates (kg consumed per day) of grey seals in different regions
of the North Sea in 1985 and 2002.

Species Year Donna Nook Central North Sea Orkney Shetland North Sea

Cod 1985 0.68 1.67 0.19 0.48
2002 0.29 0.33 0.35 0.22 0.34

Whiting 1985 0.07 0.23 0.06 0.09
2002 0.53 0.12 0.09 0.02 0.10

Haddock 1985 0.01 0.09 0.07 0.07
2002 0.09 0.57 0.24 0.02 0.27

Plaice 1985 0.06 0.01 0.08 0.07
2002 0.10 0.13 0.24 0.21

Sandeels 1985 2.24 2.44 3.56 3.34
2002 0.95 2.94 2.87 2.57 2.82

All spp. 1985 4.93 5.16 4.31 4.48
2002 5.50 4.78 4.75 3.24 4.71
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Table 6.9. Grey seals prey consumption (and catches/landings) in the North Sea in 1985 and
2002 compared to estimates of total stock biomass (TSB) for species assessed by ICES Working
Groups (ICES 2005a; ICES 2005b).
(a) 1985

Species TSB Estimated Consumption as Catch or Catch or

(tonnes) consumption a % of TSB landings landings as a
(tonnes) (tonnes) % of TSB

Cod 475,000 4,150 0.9 244,000 51.4

Whiting 480,000 776 0.2 106,000 22.1
Haddock 1,160,000 619 <0.1 258,000 22.2

Saithe 712,000 2,297 0.3 226,000 31.7

Norway 31.9

pout 643,000 42 <0.1 205,000
Sandeel 3,220,000 28,832 0.9 707,000 22.0
Sole 53,000 135 0.3 24,000 45.3
Plaice 560,000 571 0.1 221,000 39.5

Herring 3,460,000 113 <0.1 614,000 17.7

Sprat 187,000 3.0 <0.1 - -

(b) 2002

Species TSB Estimated Consumption as Catch or Catch or

(tonnes) consumption a % of TSB landings landings as a
(tonnes) (tonnes) % of TSB

Cod 225,000 8,344 3.7 67,000 29.8

Whiting 327,000 2,453 0.7 47,000 14.4

Haddock 806,000 6,538 0.8 108,000 13.4
Saithe 730,000 2,628 0.4 122,000 16.7

Norway 15.6

pout 494,000 892 0.2 77,000
Sandeel 2,600,000 68,916 2.7 807,000 31.0
Sole 55,000 144 0.3 17,000 30.9
Plaice 355,000 5,215 1.5 131,000 36.9

Herring 4,040,000 378 <0.1 371,000 9.2

Sprat 662,000 2.3 <0.1 - -
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Table 6.10. Proportional change between 1985 and 2002 in estimated prey consumption by grey
seals, total stock biomass (TSB) and catch/landings of the main commercially exploited species
in the North Sea, expressed as the ratio of the values for 2002 and 1985. Also shown is the
change in consumption relative to the change in size of the grey seal population in the North Sea
between 1985 and 2002.

Species Estimated

consumption
Change in consumption relative

to change in population size
TSB Catch/landings

Cod 2.0 0.71 0.47 0.27

Whiting 3.2 1.12 0.68 0.44
Haddock 10.6 3.73 0.70 0.42
Saithe 1.4 1.60 1.03 0.54

Norway pout 21.5 7.59 0.77 0.37
Sandeel 2.4 0.84 0.81 1.14

Sole 1.1 0.38 1.02 0.70
Plaice 9.1 3.23 0.63 0.59

Herring 3.3 1.18 1.17 0.60

Sprat 0.7 0.25 3.55 -
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Accurate assessment of the diet of predators is essential for assessing the impact of

predator on prey, and changes in prey abundance on predator; basically for defining

the role of predators in food webs. For marine mammals, direct observations of

feeding events are uncommon therefore indirect methods are employed to determine

their diet. Identifying prey hard part remains in scats is currently the most widely used

method of diet sampling in pinnipeds, primarily because sample collection is

relatively easy and non invasive compared with lethal sampling (Berg et al. 2002),

stomach lavage (Ferreira and Bester 1999), quantitative fatty acid signature analysis

(Iverson et al. 2004), and genetic analysis (Deagle et al. 2005). Lethal sampling is

now considered unethical by many researchers, but findings from such studies are still

being reported (e.g., Berg et al. 2002); stomach lavage can yield little information

(e.g., Hammond and Hall 1994); and while tissue fatty acid analysis and detection of

prey DNA remains in scats show promise, both techniques have similar levels of

complexity as scat analysis and (because they are relatively new techniques) are still

being developed. The main criticisms of scat analysis have been adequately addressed

for grey seals (Halichoerus grypus) in the North Sea and it is a suitable technique for

assessing the diet of this species in this area (Hammond and Rothery 1996; Prime and

Hammond 1990; Grellier and Hammond in press see Chapter 3; Smout 2006).

Data on the diet of grey seals in the North Sea were collected in the mid 1980s

and diet composition estimates calculated using scat analysis (Hammond and Prime

1990; Prime and Hammond 1990; Hammond et al. 1994a). Grey seals were found to

be eating mainly sandeels, Ammodytidae, large gadoids (mainly cod, Gadus morhua,

and whiting, Merlangius merlangus) and flatfish. Compared to fish stock assessments

made by the Working Groups of the International Council for the Exploration of the

Sea (e.g., ICES 2005a; ICES 2005b), grey seals were taking the equivalent of less
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than 1% of total stock biomass for all ten species assessed. Notwithstanding some

additional data collected in the central North Sea in the mid 1990s (Hall et al. 2000),

there was a clear need for grey seal diet composition estimates to be updated due to

changes (an almost threefold increase) in the status of the grey seal population and

changes in the diversity and community structure of demersal fish assemblages in the

North Sea (Duck and Mackey 2005; Heessen and Daan 1996; Rogers and Ellis 2000;

Callaway et al. 2002). In addition, aspects of the methodology used to estimate grey

seal diet composition needed to be addressed, namely: the derivation of better

estimates of digestion coefficients to reduce bias and variability in the estimated

proportions of prey species in the diet (Hammond and Rothery 1996), and estimates

of number correction factors for the main North Sea prey of grey seals. Application of

digestion coefficients and number correction factors to the measurements and counts

of fish otoliths and cephalopod beaks recovered from seal scats is necessary to

account for the partial and complete digestion undergone by these structures as a

result of passage through a seal before the size or quantity of fish consumed can be

accurately estimated; otherwise they would be underestimated. If biases were constant

across species, the relative importance of different prey (which is how the data are

usually expressed) would be accurate. However, digestion is not equal for different

species therefore use of appropriate species-specific digestion correction factors is

crucial (Bowen 2000). Better estimates of species-specific digestion coefficients were

required for North Sea prey consumed by grey seals because those available existed

only for a few species and were based on measurements of otolith thickness; a poor

indicator compared to length or width (Pierce et al. 1993). Furthermore, intra-specific

variation in otolith digestion also occurs as a result of otoliths being subjected to

different degrees of digestion. The use of external morphological features to grade the
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degree of digestion, and application of appropriate grade-specific digestion

coefficients, can further improve estimates of prey biomass consumed (Tollit et al.

1997). Grade-specific digestion coefficients needed to be estimated for the main

North Sea fish prey of grey seals. Finally, number correction factors (to account for

species-specific differences in rates of complete digestion of otoliths and beaks)

needed to be derived; the data previously available (Prime and Hammond 1987) were

never used when estimating diet composition (Hammond and Prime 1990; Prime and

Hammond 1990; Hammond et al. 1994a; Hall et al. 2000) because they were

acknowledged to be underestimates.

As part of this study, robust estimates of species-specific digestion

coefficients, grade-specific digestion coefficients, number correction factors, and

passage rates were calculated for otoliths and beaks of the main prey of grey seals in

the North Sea using digestion experiments with captive grey seals at the Sea Mammal

Research Unit (SMRU), University of St Andrews (Grellier and Hammond in press

see Chapter 3). Otoliths and beaks were fed in situ in whole prey rather than using a

carrier species. This protocol better mimics feeding in the wild, and the method of

otolith delivery is important because it affects digestion (Grellier and Hammond 2005

see Chapter 2). Application of the digestion correction factors derived in this study to

hard parts recovered from scats collected in the wild means that some of the major

biases involved when using scat analysis to determine seal diet can now be routinely

addressed. Although these digestion experiments were carried out on grey seals, the

general principles are applicable to other seal species.

Having derived robust estimates of the necessary digestion correction factors,

grey seal diet in the North Sea was re-assessed (in 2002), and data collected in the mid

1980s re-analysed using the newly available digestion correction factors (Grellier and

222



General Discussion Chapter 7

Hammond in press see Chapter 3) to allow a fair comparison between the two time

periods. The 2002 diet of grey seals in the northern North Sea was dominated by

sandeels (Chapter 4). Gadoids (mainly cod) were the next most important prey type in

Orkney and Shetland while flatfish (mainly plaice, Pleuronectes platessa) were next

most important in the Moray Firth. Small quantities of Trisopterus spp and pelagic

prey formed part of the diet. Sandeels were also the most important prey type in the

central North Sea (Chapter 6). Gadoids (mainly cod and haddock, Melanogrammus

aeglefinus) were also important, as were benthic species (mainly dragonet,

Callionymus lyra, and short-spined seascorpion, Myoxocephalus scorpius) and flatfish

(mainly plaice). In the southern North Sea the diet was dominated by benthic species

(mainly short-spined seascorpion, dragonet and long-spined seascorpion, Taurulus

bubalis', Chapter 5). The next most important prey types were gadoids (mainly

whiting, cod and haddock), sandeels, and then flatfish (mainly sole, Solea solea, and

plaice). Small quantities of pelagic prey (almost exclusively herring, Clupea

harengus) were also found.

Assessing diet composition is important in defining the potential impact of

predators on prey. In the North Sea, current robust diet composition estimates were

required (by the Department for Environment, Food and Rural Affairs) in order that

an assessment might be made of the interactions between grey seals, commercially

harvested fish prey and fisheries. The North Sea has a long history of multi-species

exploitation of a wide variety of pelagic and demersal fish (Harwood and Croxall

1988). Fish stocks in the North Sea are assessed annually (e.g., ICES 2005a; ICES

2005b) and, unlike those of stocks off western Scotland, stock assessments in the

North Sea are considered reasonably robust. Estimates of annual consumption of prey

by grey seals in the North Sea increased markedly from 39 000 tonnes in the mid
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1980s to 116 000 tonnes in 2002 (Chapter 6). In the mid 1980s it is clear that grey seal

predation was not significant for any of the ten fish species for which ICES has

conducted stock assessments (ICES 2005a; ICES 2005b); estimated prey consumption

was equivalent to less than 1% of the total stock biomass for all species. In 2002,

relative consumptions of most prey species were several times higher, but only for

cod (3.7%), sandeels (2.7%) and plaice (1.5%) were the percentages greater than 1%

(Chapter 6). These changes (between the mid 1980s and 2002) were caused by a

combination of three factors; increased consumption of prey by grey seals (driven by

an almost threefold increase in seal numbers), changes in grey seal diet composition,

and declines in most of the assessed fish stocks.

These increases in consumption by grey seals between the mid 1980s and

2002 relative to estimates of total stock biomass of the species assessed by ICES are

of great interest. However, the consumption estimates need to be treated with caution

and considered in context. First, while methods for estimating diet composition are

relatively advanced and robust, there remains considerable uncertainty in the data

used to convert estimates of diet composition to estimates of annual prey

consumption. In order to estimate consumption, estimated diet composition was

equated to the estimated energy requirement of the seal population (in each area in

question). Seasonal energy requirement values (due to the annual cycle of pupping

and moulting) have yet to be estimated so the available annual average estimate

(Sparling 2003) was used. More importantly, the considerable model uncertainty in

the estimation of grey seal population size means that adult population size of British

grey seals in 2002 could have been 99 000 (95% CI 75 000 - 132 000) seals, 212 000

(95% CI 154 000 - 307 000) seals, or an intermediate number because the grey seal

pup production data could not distinguish between several population models fitted to
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the data (Thomas and Harwood 2005). Consumption estimates scale directly with

population estimates so the differences resulting from this model uncertainty have a

significant effect on consumption estimates, which should therefore be treated with

caution. Second, grey seals are not the only marine top predators in the North Sea and

it is important to put these consumption estimates in context. Other marine piscivores

in the North Sea include whales, dolphins, porpoises, harbour seals (Phoca vitulina),

seabirds, and predatory fish. But much debate has arisen as to the impact of grey seals

on fisheries (e.g., Moore 2003) because (a) considerable effort has gone into

estimating grey seal diet composition (e.g., Prime and Hammond 1990; Hammond et

al. 1994a; 1994b; Hall et al. 2000) and consumption of commercial fish species, (b)

many of the commercial fish stocks have declined (ICES 2005a; ICES 2005b), (c)

grey seal pup production is still increasing (Duck and Mackey 2005), and (d) grey

seals are highly visible when they haul out in large clusters (particularly during the

moult). Although it is likely that grey seals are impacting fish stocks to a greater

extent than they were 20 years ago (due to their diet composition and the increase in

numbers), it is difficult to put these results in context and define the role, and relative

impact, of grey seals in the North Sea food web because biomass reconstruction and

consumption estimates are not available for other North Sea marine piscivores. As for

grey seals (Chapter 6), in order to be able to estimate consumption by these other

North Sea marine predators, information on their diet composition, individual energy

requirements, and population sizes is required. Some information on the diet

composition of many of the North Sea marine mammal species is available (e.g.,

Pierce et al. 2004; Santos et al. 2001; Santos et al. 2004; Hall et al. 1998). However,

in the absence of estimates of annual individual energy requirement values, such as

that by Sparling (2003) for grey seals, assumptions about how much fish an average
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individual of each of these species eats per day would need to be made. Because they

would be based on limited data, these estimates would necessarily be crude.

Notwithstanding this, such estimates have been made. For example, three to four kg

per day has been used for harbour seals, and equivalent values have been "calculated"

for species such as harbour porpoises, Phocoena phocoena, and minke whales,

Balaenoptera acuturostrata (SMRU unpublished data). In terms of population sizes,

current and robust estimates of abundance will soon be available for many of the

cetacean species present in the North Sea (from rigorous surveys carried out in 2005

as part of the SCANS II project; http://biology.st-andrews.ac.uk/scans2/). And there

are currently estimated to be around 20 000 harbour seals associated with British

North Sea haulout sites (SCOS Main Advice 2005); harbour seal abundance is

assessed by counting animals hauled out, and accounting for the proportion of the

population at sea while the count was made using a conversion factor. While

information on the diet composition and local abundance of many seabird species in

the North Sea are available (e.g., Furness 2002; http://www.jncc.gov.uk/), more

difficult will be assessing how much prey fish predators consume. However, it should

be noted that comparison of estimates of fish consumption by fish, marine mammals,

birds and fisheries in six ecosystems (Bax 1991 not seen cited in Bowen 1997) and

multispecies predation models (Trites et al. 1997) indicate that the most significant

consumer of fish and competitor of commercial fisheries is other predatory fish, and

not marine mammals. Indeed, bioenergetics modelling in the North Sea indicates that

predatory fish take far more sandeel than the industrial fishery or wildlife (Furness

2002). Realistically, while the ratio of the quantity of fish consumed by seals

compared to the commercial catch (Chapter 6) provides a useful index of the relative

importance of seal predation and commercial fishing (Harwood and Croxall 1988), it
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will not be possible to assess the relative impact of grey seal predation on fish stocks

until other sources of natural mortality are quantified.

Despite this, there have been several calls over the years for a cull to bring

British seal numbers down to a "more acceptable level" in order to protect fish stocks

(e.g., Anon 2001). With the exception of an aborted cull in the late 1970s, the last cull

in Britain was carried out in the 1960s prior to the introduction of protective

legislation for seals. Seals (and other marine mammals) are currently culled (and also

commercially harvested) elsewhere in the world, despite international controversy

(e.g., Ambrose 2004). For example, harp seals (Pagophilus groenlandicus), the most

abundant pinniped in the North Atlantic, are the focus of the largest annual marine

mammal harvest in the world (Haug et al. 2006). Pups are culled annually to control

numbers and as a source of income (from meat and pelt sales). In 2002 the three harp

seal populations in the North Atlantic had a combined total reported harvest of 450

000 animals (Haug et al. 2006). Whether a cull would ever happen in the UK, even if

(grey) seals were found to be limiting the ability of species such as cod (in the North

Sea) to recover, is debatable (e.g., Anon 1995). It would certainly require a bold

politician to sanction any kind of seal cull given the current level of public awareness

of, and interest in, animals and their welfare. Furthermore, unlike harp seals, which

whelp on pack ice and are thus relatively inaccessible, grey seals breed on land.

Although many grey seal breeding colonies are located on remote islands, they are

generally within easy reach of the mainland by boat and therefore the potential for

adverse press coverage (which could be damaging to the Government) is not to be

underestimated. In addition, it would be hard to argue that a UK seal cull should take

place for economic reasons; given the current "environmentally aware" climate, the

general public is unlikely to start eating seal meat or purchasing goods made from

227



General Discussion Chapter 7

pelts (even if the sale of seal products was legal in the EU). This is not to say that, if

necessary, such a debate should not take place. But how this issue might be resolved,

and whether a balance between those dedicated to animal welfare and those

campaigning for a sustainable fishing industry could ever be reached, remains to be

seen.

What is likely, however, is that the amount of fish consumed by grey seals in

the North Sea will continue to increase in the future (because grey seal pup production

in the North Sea is still increasing; Duck and Mackey 2005). As evidenced by this

study, grey seal diet composition is likely to change if the abundance offish prey

continues to change, as it did between the mid 1980s and 2002 (Rogers and Ellis

2000; Heessen and Daan 1996; Callaway et al. 2002; ICES 2005a; ICES 2005b). It

will therefore be important to reassess grey seal diet in the relatively near future, and

resolve remaining uncertainty as to the size of the population of grey seals in the

North Sea (and do the same for the other marine top predators). Multispecies

approaches offer the greatest potential to fully evaluate the mortality impacts of

predators but, as discussed previously, the data requirements of these approaches are

demanding (Hammill and Stenson 2000). If the relative impacts of climate change

(e.g., Brander 2005), fishing (e.g., Bergstad and Hpines 2001), and predation (e.g.,

this study) on the declining commercial fish stocks in the North Sea are to be

considered, with a view to reversing the situation, a multi-disciplinary approach for

the whole North Sea ecosystem will need to be adopted.
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