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Abstract

1.

Harbour seal populations have declined over the last 20 years in some regions
around Britain. Causes are unknown but could include a reduction in prey avail-
ability which may potentially be influenced by competition with grey seals. The
diets of these two marine predators overlap considerably, indicating that there

could potentially be competition for prey.

In this study, the diets of harbour and grey seals in 2010/2012 were compared
regionally and seasonally in relation to: (a) regional variation in population trends
around Britain; (b) previous information on diet; and (c) changes in the stock size
of key prey to investigate whether or not patterns could be consistent with reduc-

tion in prey availability or competition.

Diet was estimated from comprehensive sampling of scats around Scotland and
eastern England. In total, 65,534 otoliths and beaks were recovered from 1976
harbour seal scats and 68,465 otoliths and beaks were recovered from 2205 grey
seal scats collected in 2010/2012. Results showed considerable seasonal and

regional variability; overall, sandeel and large gadids were the two main prey types.

Patterns in diet and trends in seal population size and prey stock size indicate that
harbour seals have declined in regions where they appear to be reliant on sandeel
and where sandeel stocks have declined, but not in regions where sandeel have
never been an important component of the diet. A possible contributing reason
for the harbour seal declines may therefore be a reduction in the availability of

sandeel in these regions.

Sandeel continue to be an important (although reduced) prey in the diet of grey
seals in regions where harbour seals have declined. If sandeel are a limiting
resource, it is possible, therefore, that grey seals may reduce prey availability to

harbour seals and contribute to their decline through competition.
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1 | INTRODUCTION

Grey seals (Halichoerus grypus) are sympatric with harbour seals (Phoca
vitulina) over much of their North Atlantic range, but these species
show some spatial partitioning in their distribution on land and at
sea (e.g. Jones, McConnell, Sparling, & Matthiopoulos, 2013). Differ-
ences in the timing of annual breeding and moulting result in grey
seals spending more time on land and harbour seals spending more
time at sea during autumn and winter throughout their range (Boyd
& Croxall, 1996; Lowry, Frost, Hoep, & Delong, 2001; Reder,
Lydersen, Arnold, & Kovacs, 2003; Simpkins, Withrow, Cesarone, &
Boveng, 2003; Thompson, Mackay, Tollit, Enderby, & Hammond,
1998). The reverse is true in spring and summer when harbour seals
spend more time on land (Thompson et al., 1998; Thompson, Miller,
Cooper, & Hammond, 1994) and grey seals more time at sea (Russell
et al., 2015). These differences in phenology may be one way in which
these sympatric high-level predators partition their niches on an
annual basis.

The abundance of grey seals around Britain has been increasing
since the 1960s and the total population was estimated at 141,000
(95% Cl 117,500-168,500) in 2016 (SCOS, 2017). Regionally, num-
bers have been more or less stable on the west of Scotland since
the 1990s and in Orkney since the 2000s, albeit with some inter-
annual variation; however, numbers continue to increase in the North
Sea (Thomas, Russell, Duck, Morris, Lonergan, Empacher, Harwood,
2019; Russell, Morris, Duck, Thompson & Hiby, 2019).

In contrast, harbour seals around Britain are less numerous (total
estimate 43,500; approx. 95% Cl 35,600-58,000 in 2016) and
have declined in some regions (Shetland, Orkney and eastern
Scotland) since around 2000 whilst remaining stable or having
increased (Scottish west coast and Western Isles and eastern England)
in others (Lonergan et al., 2007; SCOS, 2017; Thompson, Duck, Morris
& Russell, 2019). The causes of the declines are unknown (Sea Mam-
mal Research Unit, 2012, 2014), but one possible contributing reason
is competition with grey seals.

Aggressive interactions between individual grey and harbour seals
have been observed at mixed-species haulout sites in some areas.
These direct inter-specific interactions may be a form of interference
competition, with space on haulout sites as a limiting resource.
Aggressive intra-specific interactions have been shown to be related
to pinniped density at haulout sites. For example, Fernandez-Juricic
and Cassini (2007) found an increase in the rate of agonistic interac-
tions with density in female South American sea lions, and Krieber
and Barrette (1984) found a positive relationship between the propor-
tion of aggressive interactions leading to animals leaving a site and the
density of seals at the site.

Grey seals have also been observed predating on harbour seals and
injuries on harbour seal carcasses consistent with grey seal predation
are well documented (Brownlow, Onoufriou, Bishop, Davison, &
Thompson, 2016; ICES, 2017; van Neer, Jensen, & Siebert, 2015).
However, it is not possible with current information to assess the
extent of such predation, nor therefore, the population consequences
of this predator-prey interaction (ICES, 2017).

Harbour and grey seals may also compete for food. Diet studies
around Britain show that the ranges of prey species consumed by har-
bour and grey seals overlap considerably. In particular, sandeel and large
gadids have been important prey groups in the diet of grey seals for the
last three decades (Hammond & Wilson, 2016) and these prey also fea-
ture strongly in the diet of harbour seals around Britain (e.g. Brown,
Pierce, Hislop, & Santos, 2001; Hall, Watkins, & Hammond, 1998;
Pierce & Santos, 2003; Sharples, Arrizabalaga, & Hammond, 2009; Tollit
& Thompson, 1996; Wilson & Hammond, 2016).

This overlap in diet could lead to exploitation competition if prey
are a limiting resource, through which one or both species may be
impacted indirectly by prey depletion. Comparison of harbour and
grey seal diets can provide some information on the extent of the
potential for these species to compete for prey. However, diet is the
result of interactions among prey distribution, abundance and avail-
ability, and seal foraging distribution and behaviour, so comparison
of diets can only ever provide part of the picture. In addition, even
detailed observations of a system can only show the “ghost of compe-
tition past” (Connell, 1980), if such competition exists, and cannot
directly address whether or not competition for prey is occurring.
The demonstration of competition typically requires manipulative
experiments (Connell, 1961; Paine, 1984; Paine, Castillo, & Cancino,
1985) or a major natural change such as an extreme El Nifio event
(e.g. Paine & Trimble, 2004).

Even in the absence of competition with grey seals for food,
reduced prey availability could be a contributory cause of the decline
in harbour seals in some regions of Scotland, especially if this has an
impact at a critical life history stage. Fish assemblages have changed
markedly in the North Sea in recent decades because of over-
exploitation of some fish stocks and climate change (Christensen &
Richardson, 2008; Heath, 2005; Perry, Low, Ellis, & Reynolds,
2005). In south-east Scotland, Frederiksen, Wanless, Harris, Rothery,
and Wilson (2004) found temperature to influence plankton abun-
dance and a positive correlation between plankton and sandeel larval
abundance resulting in reduced sandeel recruitment in warm winters,
suggesting that sandeel populations are driven by bottom-up effects.
If such changes have reduced the availability of key prey to harbour
seals, they could contribute to the observed declines in Shetland,
Orkney and south-east Scotland.

Interactions between sympatric marine predators and their prey are
of interest in the context of changes in the marine environment both
cyclical (such as the North Atlantic Oscillation) and unidirectional (ocean
warming), but they are also of interest in a conservation and manage-
ment context. The harbour seal and the grey seal are both listed under
Annex Il of the EU Habitats Directive, requiring Member States to pro-
pose Special Areas of Conservation under Natura 2000 and to act if
human activities are threatening favourable conservation status (Council
Directive 92/43/EEC, 1992). It is thus important to investigate whether
harbour seals are declining for natural reasons, such as reduced prey
availability driven by changes in hydrography or competition with grey
seals for food, or directly as a result of manageable human activities.

In this paper, regional variation in population trends in harbour and

grey seals around Britain was used as a kind of natural experiment,
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within which patterns in the diet of these two species were compared
that they might provide indications of whether or not competition for
food may be occurring.

The focus is on new information on the diet of harbour seals and
grey seals from comprehensive sampling throughout Scotland and
eastern England in 2010/2012 (Hammond & Wilson, 2016; Wilson &
Hammond, 2016). Equivalent results are available for grey seals from
1985 and 2002 (Hammond & Grellier, 2006; Hammond, Hall, & Prime,
1994a, 1994b; Hammond & Wilson, 2016; Harris, 2007). Earlier infor-
mation on harbour seal diet is available from previous studies that
were more restricted in time and space and, in most cases, analytical
treatment (Brown et al., 2001; Hall et al., 1998; Pierce & Santos,
2003; Sharples et al., 2009; Tollit & Thompson, 1996), which makes
comparison with diet in 2010/2012 more challenging.

These results on diet are considered in the context of information
on changes over time in the abundance of the main prey species,
which have generally declined in the last few decades (ICES, 2018a,
b, ¢, d, e). This approach was used to evaluate the indirect evidence
for impacts of declines in prey availability and consider whether com-
petition for food between harbour and grey seals might play a role. It
is important to stress that this evaluation can only provide circumstan-
tial evidence supporting only weak inferences and that any conclu-
sions, therefore, remain largely speculative. In particular, it is not
known whether one or more prey species act as a limiting resource,
a necessary requirement for competition. It is therefore not possible
to define which patterns would or would not be expected if competi-
tion were or were not occurring because of lack of key information.
Nevertheless, the aim is that by an examination of the various sources
of information some insight can be gained into the role that predation
and competition may play in the decline of harbour seals in some

regions around Britain.

2 | METHODS

2.1 | Sample collection

Scats were collected in 2010/2012 within 2 h of low water. All scats
were placed into separate plastic bags and stored at -20°C, and were
expected to be no more than 2 weeks old (since the previous spring
tide). Supplementary Material Figure S1 shows locations where har-
bour and grey seal scats were collected.

Seasonal stratification of sample collection and diet analysis was dif-
ferent between species because of differences in the life cycles of the
two species and to facilitate comparison of grey seal results with earlier
studies. For harbour seals, winter, spring, summer and autumn were
defined as December-February, March-May, June-August and
September-November, after Sharples et al. (2009). For grey seals these
seasons were calendar quarters: January-March, etc., to facilitate com-
parison with fisheries data, after Hammond and Grellier (2006).

For this comparison of diets, data from the studies of Hammond
and Wilson (2016), and W.ilson and Hammond (2016) were

grouped for analysis into two seasons: spring/summer (harbour seals,

March-August; grey seals, April-September) and autumn/winter (har-
bour seals, September-February; grey seals, October-March).

There were also differences in regional stratification between the
studies of harbour and grey seal diet. For harbour seals, regions
matched the Scottish Government designated Seal Management
Regions (Baxter et al., 2011) and also included The Wash in south-east
England. For grey seals, the regions were broader: Inner Hebrides,
Outer Hebrides, Shetland, Orkney and the northern North Sea, central
North Sea and southern North Sea, allowing direct comparison with
results from previous studies in 1985 and 2002 (Hammond & Grellier,
2006; Harris, 2007).

For regional comparison of diets, the data from Hammond and
Wilson (2016), and Wilson and Hammond (2016) were grouped into
the following regions: southern North Sea, south-east Scotland (Firth
of Forth, Isle of May, Rivers Tay, Eden and Ythan), Moray Firth,
Orkney, Shetland, Inner Hebrides and Outer Hebrides.

Before approaching a haulout site, the number of harbour seals was
counted and any grey seals were identified and counted. Haulout sites
were designated as a single species site if the area contained >80% of
one species (based on a low misclassification rate of 3% in molecular
analyses to identify the species; Matejusova et al., 2013; Wilson,
2014) or if the seals were spatially segregated at the haulout site.

2.2 | Sample processing

Approximately 33 individual scats were defrosted, placed in nested
mesh bags (inner 350 um, outer 240 um) and soaked in 40 L warm water
with 25 g Dreft detergent (P&G, UK) for 2-24 h. Scats were subse-
quently machine washed (Orr et al., 2004), in a 73 L capacity machine
following the protocol developed by S. Brasseur (pers. comm.); a 2 h
40°C pre-wash with 50 g detergent and a 0.5 h wool wash at 40°C with
50 g detergent. The spin cycle was deactivated for all wash cycles. If
pebbles had been picked up as part of an individual scat, otoliths and
beaks were extracted using running water through a nest of sieves
(mesh sizes 1 mm, 600 pum, 335 um and 250 um) to avoid damage to
prey hard remains. The presence of other possible prey remains (e.g.
feathers and crustacean carapaces) was noted.

Sagittal otoliths were stored dry and identified to the lowest pos-
sible taxonomic group based on morphological criteria using a refer-
ence collection and identification guides (Harkonen, 1986; Leopold,
van Damme, Philipart, & Winter, 2001). Beaks were stored in 70%
IMS and identified to species using a reference collection and identifi-
cation guide (Clarke, 1986). Where prey remains could not be identi-
fied to species, they were recorded at a higher level (e.g. sandeel,
unidentified gadid).

Otolith lengths and widths were measured for all fish species
where possible and cephalopod lower rostral (squid species) or lower
hood lengths (octopus species) were measured, all to the nearest
0.01 mm, using digital callipers (Mitutoyo) under binocular micro-
scopes. Broken otoliths and beaks were counted and measured only
if the widest/longest part of the otolith, or the lower beak, was unbro-

ken. Fragments of otoliths or beaks which were not large enough to be
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measured were not counted or measured to avoid misidentification of
species and double counting.

All counted otoliths and beaks were measured except where a
large number of otoliths of a prey species were recovered from a scat.
In such cases, 30 otoliths were randomly chosen with respect to size
and measured if there were 30-120 otoliths of the same species in
a scat, and 25% were randomly chosen and measured if there were
>120 otoliths of the same species.

The degree by which each measured otolith was digested was
recorded after examination of individual morphological features
(Leopold et al., 2001; Tollit et al., 1997). Three grades of digestion
were allocated for grey seals following Leopold et al. (2001). Because
of the high number of grade 3 otoliths recovered, and the high levels
of digestion observed in this and other studies (Tollit et al., 1997), four
grades of digestion were allocated for harbour seals: grade 1, pristine;
grade 2, moderately digested; grade 3, considerably digested; and
grade 4, severely digested. The amount by which cephalopod beaks
had been digested was not classified (Tollit et al., 1997).

2.3 | Estimation of diet composition

All data processing and analysis was conducted using a suite of analy-
sis programs written in software R (R Core Team, 2013). Estimation of
seal diet composition generally followed the methods used in previous
assessments of seal diet by the Sea Mammal Research Unit. Measure-
ments of the size (corrected for partial digestion) of otoliths and beaks
recovered from scats were used to estimate the weight of prey
ingested. These values were summed across all scats in the region
for each species, corrected for complete digestion and expressed as
percentages of the diet by weight (Hall et al., 1998; Hammond et al.,
19944, b; Hammond & Grellier, 2006; Hammond & Rothery, 1996;
Harris, 2007; Prime & Hammond, 1987; Prime & Hammond, 1990;
Sharples et al., 2009).

Measurements of partially digested otolith/beak size were con-
verted to estimates of undigested otolith/beak size using experimen-
tally derived grade-specific digestion coefficients estimated separately
for each seal species (Grellier & Hammond, 2006; Tollit et al., 1997; Wil-
son, Grellier, & Hammond, 2017). For each prey species (or higher
taxon) the preferred measurement (otolith length or width, or lower ros-
tral or lower hood length) was determined based on the availability of
experimental data, the precision of the estimated digestion coefficients
(Grellier & Hammond, 2006; Tollit et al., 1997; Wilson et al., 2017), the
measurement available from recovered hard parts and the availability of
regression equations to estimate prey size. Where species-specific cor-
rection factors were not available, group-specific values were used (e.g.
gadids, flatfish) or values from prey species with otoliths of similar size
and robustness (Harkénen, 1986) were applied.

For dragonet (Callionymus lyra) and Cottidae species, digestion
coefficients were only available for grey seals (Grellier & Hammond,
2006). Species-on-species comparison showed that harbour seal
digestion coefficients were generally smaller than grey seal digestion

coefficients (by 8.3%, on average). Grey seal digestion coefficients

for dragonet and short-spined sea scorpion (bullrout) were, therefore,
multiplied by 0.917 to use for harbour seals. For herring, estimated
fish size was sensitive to the choice of DC for both harbour and grey
seals. Based on a comparison of available DCs for harbour seals, the
species-specific DC generated by Tollit et al. (1997) provided the most
realistic estimates of fish size and was, therefore, used in the analyses.

For some prey species there was no suitable substitution and gen-
eral “round fish” digestion coefficients were used. The use of values
from other species or the general “round fish” value only occurred
for prey species that were minor components of the diet.

Estimates of fish/cephalopod weight were derived from the esti-
mates of undigested otolith/beak size using allometric equations
(Clarke, 1986, GJ Pierce and MB Santos pers. comm.; Harkénen,
1986; Leopold et al., 2001; Santos, Clarke, & Pierce, 2001). Where
no equations were available for prey species, equations for the closest
matching species were used; these species were all minor prey. For
grey seals, grade-specific digestion coefficients for herring led to an
unacceptable proportion of estimated sizes (weights and lengths) that
were larger than the known size range of the species. There was no
obvious explanation for this anomaly. As an ad hoc solution to rectify
this problem, the grade 1 digestion coefficient was applied to all oto-
lith measurements regardless of their assigned grade; this generated
sizes that were mostly within the known size range. This anomaly is
discussed further in Hammond and Wilson (2016).

For scats in which a sub-sample of the otoliths identified for a spe-
cies had been measured, the fish weight represented by each unmea-
sured otolith was assumed equal to the mean weight of all measured
otoliths of that species in that scat. This was also assumed for broken
otoliths without an appropriate measurement. If there were no mea-
sured otoliths of that species in that scat, the mean weight of that spe-
cies over all scats was used.

For each region/season, the estimated weights of prey repre-
sented by all fish otoliths and cephalopod beaks were summed across
all scats within species. To account for species-specific differences in
complete digestion, the weight estimated for each prey species
was adjusted using experimentally derived recovery rates, derived as
a proportion of otoliths/beaks fed that were recovered. (Grellier &
Hammond, 2006; Wilson et al., 2017). Where no experimental data
were available, group-specific values (e.g. gadids, flatfish) or values
for the closest matching species were used. Diet composition was
estimated as the percentage that each species contributed to the total
estimated weight consumed.

Prey species were assigned to prey groups to facilitate general
comparisons (see Supplementary Material Table S1). Large gadids
mainly included cod, haddock, ling, rockling, saithe and whiting. Flat-
fish mainly included dab, Dover sole, flounder, lemon sole, plaice and
witch. Sandy benthic mainly included dragonet and goby. Scorpion fish
mainly included bullrout and sea scorpion. Pelagic mainly included her-
ring, mackerel and sprat.

The 95% confidence limits around estimates of diet composition
were obtained using the method described by Hammond and Rothery
(1996) as described and presented in Hammond and Wilson (2016),

and Wilson and Hammond (2016). Non-parametric bootstrap
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resampling was used to estimate sampling error, with scat as the sam-
pling unit. Each data set was resampled 1000 times. Measurement
error was estimated using parametric resampling of the coefficients
describing the relationships used to obtain estimates of diet composi-
tion from otolith/beak measurements. All coefficients were resampled
at each bootstrap replicate. Variability in measurement error was asso-
ciated with: (a) estimating undigested otolith/beak size from partially
digested measurements via species- or grade-specific digestion coeffi-
cients; (b) estimating fish/cephalopod weight from estimated undi-
gested otolith/beak size via species-specific allometric relationships;
and (c) accounting for complete digestion of otoliths/beaks using esti-
mated recovery rates. The 95% confidence limits were estimated as

the 2.5 and 97.5 percentiles of the bootstrapped distributions.

2.4 | Diet diversity

Diet diversity was estimated for each region within a season using
estimates of prey species richness and the relative abundance of prey
species (species evenness). Species richness (S) was calculated as the
total number of species identified in the sample and evenness was
measured using Pielou's evenness index (PEI). PEI provides a measure
of how different the abundances of the species in a community are
from each other (Smith & Wilson, 1996).

Rarefaction analysis was used to standardize for sampling effort
(number of scats collected) and to adjust for differences in sampling
intensity, allowing meaningful comparison of datasets (Gotelli &
Colwell, 2001, 2011; Simberloff, 1978). This incurs loss of information
but this is necessary to allow valid comparison.

To generate species richness, the rarefied (reduced) number of
scats was randomly re-sampled multiple times from the total number

of scats and the number of species determined. The data were rarefied

to the minimum number of scats across regions within a season. Note
that this means that species richness can only be compared across
regions within seasons not across seasons.

The Pielou's evenness index (PEI) was calculated as

’

_H
~ log(S)

J

where H' is the Shannon-Weiner diversity index and S is the rarefied
total number of species in a sample. The value of J ranges from O to 1,
with larger values representing more even distributions in abundance

among species.

3 | RESULTS

In total, 65,534 otoliths and beaks were recovered from 1,976 harbour
seal scats and 68,465 otoliths and beaks were recovered from 2,205
grey seal scats collected in 2010/2012. Table 1 shows the breakdown
of the number of scats collected in each region/season. Supplemen-
tary Material Table S1 shows the number of otoliths/beaks of each
prey species recovered from scats, by region. Estimates of the per-
centage of the diet for each seal species, by season, in each prey group
and in each of the main prey species are given in Table 2 and
Supplementary Material Table S2, respectively.

Estimated 95% confidence intervals are given in Supplementary
Material Tables S3 and S4. The intervals are wide for most prey spe-
cies in most seasons and regions. Precision is greater for prey groups
than for prey species, and for major components of the diet, especially
sandeel. Because precision is generally poor, caution should be

exercised when drawing quantitative inferences about differences in

TABLE 1 Number of harbour and grey seal scat samples containing hard prey remains (fish otoliths and cephalopod beaks), the total number of
hard prey remains recovered and the number of otoliths/beaks measured for each region and season (SS = spring/summer; AW = autumn/winter)

Scats containing otoliths/beaks

Otoliths/beaks recovered Otoliths/beaks measured

Region Season Harbour Grey
Southern North Sea SS 145 86
AW 143 75
SE Scotland SS 22 107
AW 17 162
Moray Firth SS 192 29
AW 73 90
Orkney SS 140 57
AW 117 563
Shetland SS 75 45
AW 111 206
Outer Hebrides SS 99
AW 13 274
Inner Hebrides SS 438 18
AW 391 314

Harbour Grey Harbour Grey
4,148 4,401 2,790 1,899
2,790 3,277 1,919 1,548
2,018 4,667 716 1,998
4,208 5,105 1,419 2,516
17,037 2,740 6,452 865
3,484 7,991 1,506 2,905
4,932 1,332 2,813 767
1,529 12,292 986 7,872
2,145 492 1,233 465
2,622 3,647 1,642 2,472
1,584 1,180
799 5,300 385 3,419
10,627 104 8,804 103
7,611 4,904 5,384 4,056
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TABLE 2 Seasonal variation in the diet of harbour and grey seals, expressed as the percentage of each prey group in the diet by weight

(a) Southern North Sea

Spring/summer

Autumn/winter

Prey type Harbour Grey Harbour Grey
Gadid 3.8 11.5 29.6 11.0
Trisopterus 11 0.9 0.5 0.2
Sandeel 20.8 70.6 6.5 47.0
Flatfish 29.0 10.7 31.3 10.0
Sandy benthic 43.5 4.4 18.7 11.2
Scorpion fish 1.0 1.5 6.9 19.6
Pelagic 0.3 0.0 3.5 1.0
Salmonid 0.0 0.0 0.0 0.0
Cephalopod 0.0 0.5 2.9 0.0
Other 0.4 0.1 0.2 0.0
(b) South-east Scotland

Prey type Harbour Grey Harbour Grey
Gadid 10.3 1.7 16.9 13.7
Trisopterus 0.0 0.1 0.0 04
Sandeel 44.5 89.1 0.0 60.7
Flatfish 38.7 6.3 49.7 12.5
Sandy benthic 0.0 1.0 5.9 1.1
Scorpion fish 0.0 0.6 1.3 8.3
Pelagic 1.0 1.0 134 21
Salmonid 14 0.0 0.2 0.0
Cephalopod 4.2 0.2 11.4 0.5
Other 0.0 0.0 1.3 0.7
(c) Moray Firth

Prey type Harbour Grey Harbour Grey
Gadid 22 0.2 5.9 11.6
Trisopterus 0.0 0.0 0.2 0.5
Sandeel 67.1 97.6 72.7 75.6
Flatfish 245 11 7.6 4.1
Sandy benthic 0.1 0.1 1.0 1.8
Scorpion fish 23 0.0 34 6.0
Pelagic 1.6 0.7 5.1 0.1
Salmonid 0.5 0.0 3.0 0.0
Cephalopod 1.7 0.0 0.5 0.1
Other 0.1 0.2 0.5 0.1
(d) Orkney (cont.)

Prey type Harbour Grey Harbour Grey
Gadid 30.8 423 39.2 34.0
Trisopterus 1.1 114 0.2 3.6
Sandeel 53.2 21.9 17.6 34.3
Flatfish 6.0 3.6 6.1 8.3
Sandy benthic 1.1 2.5 34 2.0

(Continues)
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TABLE 2 (Continued)
(d) Orkney (cont.)
Prey type Harbour Grey Harbour Grey
Scorpion fish 2.8 8.8 0.2 10.1
Pelagic 4.4 5.3 30.9 4.1
Salmonid 0.0 0.0 0.0 0.0
Cephalopod 0.4 2.3 1.8 3.4
Other 0.3 1.9 0.6 0.3
(e) Shetland
Prey type Harbour Grey Harbour Grey
Gadid 23.9 853 27.6 31.9
Trisopterus 8.6 4.5 5.9 3.0
Sandeel 237 18.8 31.5 83983
Flatfish 1.3 6.5 3.9 54
Sandy benthic 10.1 0.3 0.9 11.5
Scorpion fish 0.0 33.6 0.0 6.0
Pelagic 314 0.0 20.0 1.9
Salmonid 0.0 0.0 0.0 1.4
Cephalopod 0.9 0.9 0.2 1.9
Other 0.0 0.0 10.0 3.6
(f) Outer Hebrides
Prey type Harbour Grey Harbour Grey
Gadid 17.2 324
Trisopterus 24.5 6.8
Sandeel 13.1 38.2
Flatfish 2.0 6.6
Sandy benthic 2.8 3.5
Scorpion fish 16.2 0.5
Pelagic 20.3 3.9
Salmonid 0.0 0.0
Cephalopod 3.8 &3
Other 0.3 4.8
(g) Inner Hebrides
Prey type Harbour Grey Harbour Grey
Gadid 54.5 38.2 35.0 324
Trisopterus 14.0 14.6 8.2 7.6
Sandeel 3.2 8.0 4.2 222
Flatfish 2.7 3.1 5.0 8.3
Sandy benthic 3.8 32.0 15.7 11.2
Scorpion fish 3.0 0.0 1.6 4.9
Pelagic 16.5 2.8 28.8 1.0
Salmonid 0.1 0.0 0.0 0.0
Cephalopod 2.2 1.2 1.0 4.0
Other 0.1 0.0 0.4 8.3
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the diet. In this comparison of diet, therefore, differences are primarily

described qualitatively.

3.1 | Dietary comparison east of Britain/North Sea

Grey seal diet was dominated by sandeel in all regions of the North
Sea (southern North Sea, south-east Scotland and the Moray Firth).
Although sandeel were also dominant in the diet of harbour seals in
the Moray Firth (>75% in both seasons), in the southerly regions their
diet was more varied in composition and included sandeel, flatfish,
sandy benthic and large gadid prey.

In the southern North Sea, harbour seals ate mostly sandy ben-
thic prey, flatfish and sandeel in spring/summer (SS) and flatfish,
large gadids and sandy benthic prey in autumn/winter (AW)
(Table 2 and Supplementary Material Table S2 for the main prey spe-
cies). Grey seal diet was dominated in both seasons by sandeel but
also included large gadids and flatfish in SS, with the addition of
scorpion fish and sandy benthic prey in AW (Table 2 and
Supplementary Material Table S2). The number of prey species
consumed by both species was similar in the region; however,
harbour seal diet was spread much more evenly across the prey
species (Table 3).

In south-east Scotland, the diet of harbour seals was dominated by
sandeel and flatfish in SS with lesser contributions of large gadids. In
AW, flatfish dominated with large gadids, pelagic and cephalopod
prey making up the remainder of the diet (Table 2 and Supplementary
Material Table S2). Grey seal diet was dominated by sandeel in SS and
to a lesser extent in AW; other important prey in AW included large
gadids and flatfish (Table 2 and Supplementary Material Table S2). Spe-
cies richness in the diet was similar for both seal species in SS but grey
seals consumed fewer prey species in AW and grey seal diet was more
uneven in both seasons than harbour seal diet (Table 3).

In the Moray Firth, the diet of both species was dominated by
sandeel throughout the year (minimum contribution 67% harbour seals
in SS, Table 2 and Supplementary Material Table S2). Flatfish were also
important in the diet of harbour seals in SS (Table 2 and Supplementary
Material Table S2). The dominance of sandeel in the diet is reflected in
the very low species diversity in the diet for both species (Table 3).

3.2 | Dietary comparison in the Northern Isles

The diet of harbour and grey seals in Orkney and Shetland comprised
mostly sandeel, large gadids and pelagic prey across both seasons and,
for grey seals, scorpion fish in Shetland in SS. The largest difference in
the diet of the two species was in Orkney AW and all year in Shetland,
where harbour seals ate a higher estimated percentage of pelagic fish
than grey seals. In Orkney in SS, harbour seals also ate a higher esti-
mated percentage of sandeel than grey seals.

In Orkney in SS, sandeel and pelagic prey dominated harbour seal
diet while grey seal diet comprised large gadids, sandeel and pelagic
prey (Table 2 and Supplementary Material Table S2). In AW, harbour
seal diet was dominated by pelagic and large gadid prey, although

sandeel were also important, and grey seal diet comprised mostly large
gadids, sandeel and pelagic fish (Table 2 and Supplementary Material
Table S2). Grey seal diet composition was much more evenly spread
across prey species with no contributions to the diet >20% in SS or
30% in AW. Overall grey seal diet was more diverse, as reflected in
the greater species richness and evenness, than harbour seal diet
(Table 3).

The diet of harbour seals in Shetland in SS and AW was dominated
by pelagic fish, sandeel and large gadids (Table 2 and Supplementary
Material Table S2). Grey seal diet was dominated by large gadids and
scorpion fish in SS and large gadids and sandeel in AW (Table 2 and
Supplementary Material Table S2). Species richness was similar for
harbour and grey seals in SS, but much greater for grey seals in AW
(Table 3); grey seal diet was more even than harbour seal diet in both
seasons (Table 3).

3.3 | Dietary comparison west of Scotland

Large gadid prey were important in the diet of both harbour and grey
seals west of Scotland. Pelagic fish were also important in harbour seal
diet, and sandeel and sandy benthic prey in grey seal diet (Table 2 and
Supplementary Material Table S2).

In the Outer Hebrides, diet could only be estimated in SS for harbour
seals and AW for grey seals, so no comparison within seasons is possi-
ble. Harbour seal diet in SS was split across five main prey groups:
Trisopterus species, pelagic fish, large gadids, scorpion fish and sandeel.
Grey seal diet in AW was dominated by sandeel and large gadids with
the remaining prey groups individually contributing <10% to the diet.

In SS in the Inner Hebrides, harbour seal diet mostly comprised large
gadids, and some pelagic fish and Trisopterus species. Grey seal diet was
dominated by large gadids and sandy benthic prey with additional con-
tributions from Trisopterus species. In AW, the diet of harbour seals was
predominantly large gadids and pelagic fish while the diet of grey seals
was mostly large gadids and sandeel. Dietary species richness was
greater for harbour seals than grey seals in SS but similar between spe-
cies in AW. The diet of both species was diverse (high evenness),
reflected in the diet composition estimates in which no one prey species
dominated the diet in either seal species or season (Table 3).

3.4 | Overall comparison of harbour and grey seal
diets

A summary comparison of the diet of harbour and grey seals in
2010/2012 in relation to regional population trends is given in
Table 4. In terms of diet composition, in the southern North Sea, sandeel
strongly dominates grey seal diet but flatfish, gadid and sandy benthic
prey are much more important for harbour seals. In south-east Scotland,
grey seal diet is also dominated by sandeel, which is also an important
prey for harbour seals together with flatfish and gadids. In the Moray
Firth, the diet of both species is strongly dominated by sandeel. In
Orkney and Shetland, sandeel and gadids are the mainstay of harbour
and grey seal diets, with pelagic prey also important for harbour seals.

Gadids are the main prey of both seal species in the Inner Hebrides.
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TABLE 3 Number of scats containing hard prey remains, observed and rarefied species richness and species evenness. Data were rarefied within
region/season combinations, so comparisons of species richness or evenness should only be made between seal species within seasons, not across
regions, or across seasons within a region

No. scats Observed no. prey species Species richness (S) Species evenness (PEI)

(a) Southern North Sea

Spring/summer

Harbour seal 145 26 21 0.77

Grey seal 86 28 24 0.14

Autumn/winter

Harbour seal 143 29 23 0.81

Grey seal 75 24 22 0.30
(b) South-east Scotland

Spring/summer

Harbour seal 22 12 10 0.38

Grey seal 107 18 8 0.04

Autumn/winter

Harbour seal 17 22 19 0.51

Grey seal 162 31 14 0.24
(c) Moray Firth

Spring/summer

Harbour seal 192 28 14 0.10

Grey seal 29 10 9 0.01

Autumn/winter

Harbour seal 73 21 18 0.12

Grey seal 90 32 27 0.07
(d) Orkney

Spring/Summer

Harbour seal 140 34 24 0.30

Grey seal 57 35 31 0.71

Autumn/Winter

Harbour seal 117 25 23 041

Grey seal 563 61 42 0.57
(e) Shetland

Spring/summer

Harbour seal 75 25 17 0.54

Grey seal 45 24 20 0.77

Autumn/winter

Harbour seal 111 24 21 0.45

Grey seal 206 47 40 0.56
(f) Outer Hebrides

Spring/summer

Harbour seal 99 22 20 0.73

Autumn/winter

Grey seal 274 46 41 0.46

(Continues)
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TABLE 3 (Continued)
No. scats Observed no. prey species Species richness (S) Species evenness (PEI)
(g) Inner Hebrides
Spring/summer
Harbour seal 438 49 19 0.82
Grey seal 18 13 11 0.82
Autumn/winter
Harbour seal 391 52 46 0.87
Grey seal 314 53 49 0.77

TABLE4 Summary comparison table of harbour seal (Pv) and grey seal (Hg) diets. Trend is the population trajectory of seals in each region since
2000 (SCOS, 2013): » = population increasing; — = population stable; and \, = population declining. SS = spring/summer; AW = autumn/winter.
Species evenness: H = high (PEI >0.75); M = moderate (PEI = 0.3-0.75); and L = low (PEI <0.3). Diet composition: prey groups are listed in order of
dominance and include those that together comprise at least two-thirds of the diet, by weight. Strongly dominant prey groups (in bold) are defined
as top-ranked prey groups contributing >45% to the diet and a greater percentage than the sum of prey groups ranked 2-4

Species
evenness Diet composition
Trend SS AW SS AW

Region Pv Hg Pv Hg Pv Hg Pv Hg Pv Hg

Southern North Sea Vd v H>L H>L Sandy benthic Sandeel Flatfish Sandeel
Flatfish Gadid Scorpion fish

Sandy benthic

SE Scotland \ v M>L M>L Sandeel Sandeel Flatfish Sandeel
Flatfish Gadid Gadid

Moray Firth - Va L=L L=L Sandeel Sandeel Sandeel Sandeel

Orkney N — L<M M=M Sandeel Gadid Gadid Sandeel
Gadid Sandeel Pelagic Gadid

Trisopterus

Shetland N - M <H M=M Pelagic Gadid Sandeel Sandeel
Gadid Scorpion fish Gadid Gadid
Sandeel Pelagic Sandy benthic

Outer Hebrides 2 — M M Trisopterus Sandeel
Pelagic Gadid
Gadid
Scorpion fish

Inner Hebrides — - H=H H=H Gadid Gadid Gadid Gadid
Pelagic Sandy Benthic Pelagic Sandeel

Sandy benthic Sandy benthic
Prey evenness, a measure of how diverse the diet is and how 4 | DISCUSSION

evenly it is spread among multiple prey species, for harbour seals is
greater than or equal to that of grey seals in all regions and seasons
except in spring/summer in Orkney and Shetland, where harbour seals
have declined. However, in south-east Scotland, where harbour seals
have also declined, the evenness of harbour seal diet is greater than
that of grey seals.

Overall, the qualitative seasonal comparison summarized in Table 4,
supported by the detailed results given in Wilson and Hammond
(2016) and Hammond and Wilson (2016), shows that differences in
diet between harbour and grey seals did not vary greatly between
spring/summer and autumn/winter. There is thus no evidence that
diet differences are related to seasonal differences in the life cycles
of the two species.

This study compares new and previous information on harbour and
grey seal diets in the context of regional variation in recent trends in
population size with the primary aim of investigating whether or not
any patterns that emerged could be consistent with reduction in prey
availability or competition for prey. Table 4 summarizes a comparison
of current (2010/2012) diet composition and evenness together with
an indication of regional population trends.

Overall, the 2010/2012 results confirm the regional and seasonal
variation in diet observed in previous studies and that some prey types
are more important in the diet than others. Sandeel and large gadids
have consistently been the most important prey groups in the diet
of grey seals for the last three decades (Hammond et al., 1994a, b;
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Hammond & Grellier, 2006; Hammond & Wilson, 2016; Prime & Ham-
mond, 1990) and are also important in the diet of harbour seals both
currently (Wilson & Hammond, 2016) and previously (Brown et al.,
2001; Hall et al., 1998; Pierce & Santos, 2003; Sharples et al., 2009;
Tollit & Thompson, 1996). Below, regional, seasonal and temporal
variation in the contribution of these two prey types to the diets of
harbour and grey seals are considered in the context of available

information on fish stock sizes.

4.1 | Importance of sandeel in the diet of harbour
and grey seals

Sandeel is an important prey of many marine predators including large
gadids, seabirds and mammals (Harwood & Croxall, 1988). Estimated
sandeel stock biomass in the North Sea declined from the 1980s in
the southern/central North Sea and from the 1990s in the
central/northern North Sea through the 2000s, but has been higher,
although highly variable, since 2010 (ICES, 20184, b). Seabird breeding
failure in the north-west North Sea has been linked to a reduction in
the availability of sandeel (Wanless, Harris, Redman, & Speakman,
2005) and to reduced sandeel recruitment in warm winters
(Frederiksen et al., 2004). There are no sandeel stock assessments
west or north of Scotland but catches in the Orkney/Shetland area
declined steeply in the 1980s and have been zero since the early
2000s (ICES, 2018c).

Overall, the results for 2010/2012 show that sandeel remains a very
important prey for harbour and grey seals (Table 4). There is consider-
able variability in the results but there is a tendency for sandeel to be
more dominant in the diet of both species in the North Sea and
Northern Isles than west of Scotland. Sandeels tend to be more impor-
tant in the diet of grey seals in autumn/winter in the Northern and
Western Isles, but in spring/summer in the southern/central North
Sea. In some regions there is a weak tendency for sandeel to be more
dominant in the diet of harbour seals in spring/summer than in
autumn/winter. Overall, however, there is no strong evidence for a con-
sistent seasonal difference in the importance of sandeel in the diet of
either seal species.

Comparing the 2010/2012 results with those from previous stud-
ies, estimates of the proportion of sandeel in the diet have increased
for both harbour and grey seals in the southern North Sea, where both
seal species are increasing, and they have also increased for grey
seals in the central North Sea, where they are increasing (Hall et al.,
1998; Hammond & Grellier, 2006; Hammond & Wilson, 2016; Wilson
& Hammond, 2016). Sandeel has consistently remained the dominant
prey in the diet of harbour seals in the Moray Firth (Pierce, Miller,
Thompson, & Hislop, 1991; Wilson & Hammond, 2016), where seal
numbers have been variable. In southeast Scotland, where harbour
seals numbers have declined sharply, the importance of sandeel in their
diet remains high but appears to have decreased, while that of flatfish
has increased (Sharples et al., 2009; Wilson & Hammond, 2016).

In Orkney and Shetland, where grey seal populations are stable,
the proportion of sandeel in their diet has declined (Hammond &
Grellier, 2006; Hammond & Wilson, 2016; Harris, 2007). Inferring

changes in the importance of sandeel in the diet of harbour seals,
which have declined in these regions, requires accounting for the fact
that these studies did not incorporate correction for complete diges-
tion of otoliths (Brown et al., 2001; Brown & Pierce, 1998; Pierce,
Boyle, & Thompson, 1990). It is straightforward to calculate how the
percentage of sandeel in the diet changes when complete digestion
is taken into account, depending on the overall species composition
in the diet. For diets covering the range of species composition
observed in these earlier studies, the percentage of sandeel in the diet
increases by a few per cent when it is already high to around 50%
when the diet is dominated by gadids. From these approximate correc-
tions it is clear that estimates of the amount of sandeel in harbour seal
diet in Orkney and Shetland were higher in earlier years (late 1980s to
late 1990s) than in 2010/2012. The conclusion can therefore be
drawn that, while sandeel remain an important prey for harbour seals
in these areas, their contribution has declined.

Although there are gaps in the available information, a general pat-
tern emerges from these results. In regions where harbour seals have
declined (northern and eastern Scotland), sandeel stocks have also
declined and, although estimates of their contribution to the diet show
a decline, sandeel remain an important prey. In contrast, in regions
where harbour seals have not declined (west of Scotland, southern
North Sea), sandeel remain relatively unimportant in the diet, which
is more diverse (higher evenness) than in regions where they have
declined. For grey seals, the dominance of sandeel in the diet has been
maintained year-round in the southern/central North Sea, where pop-
ulations are still increasing. In other regions, where populations are
stable, estimates of the importance of sandeel have shown a decline
(Northern Isles) or a continued low level (west of Scotland).

Harbour seals have thus declined in regions where they appear to
be reliant on sandeel and where sandeel stocks have declined, but not
in regions where sandeel have never been an important component of
the diet. A possible contributing reason for the declines may therefore
be a reduction in the availability of sandeel in these regions. Sandeel
continue to be an important (although reduced) prey in the diet of grey
seals in regions where harbour seals have declined. If sandeel are a
limiting resource, it is possible, therefore, that grey seals may reduce
prey availability to harbour seals, and contribute to their decline

through competition.

4.2 | Importance of large gadids in the diet of
harbour and grey seals

Large gadid fish have been heavily exploited for human consumption
worldwide and the seas around Britain are no exception. The main
demersal fisheries around Scotland are for cod, haddock and whiting.
In 2002, the west of Scotland cod and whiting stocks were considered
to be outside safe biological limits, as was the haddock stock to the
west and north of Scotland (Gordon, Magill, Sayer, & Barrington,
2002). In the same year, these species were shown to be major com-
ponents of grey seal diet west of Scotland, with the likelihood that
grey seals may be inflicting significant predation mortality on cod
stocks (Hammond & Wilson, 2016; Harris, 2007).
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Current ICES stock assessments show that over the period for
which there is seal diet information (1985-2010/2012), the estimated
size of the haddock stock in the North Sea and west of Scotland fluc-
tuated considerably with generally lower stock sizes in the 1990s than
in the 1980s and 2000s (ICES, 2018d). In contrast, cod declined
steadily in the greater North Sea until 2005, since when it has recov-
ered somewhat (ICES, 2018e), and also declined sharply west of
Scotland with no sign of recovery (ICES, 2018f) - but see below. Whit-
ing has remained more or less stable in the North Sea (ICES, 2018e)
but declined sharply between 1996 and 2006 west of Scotland with
only recent signs of recovery (ICES, 2018h).

Cook and Trijoulet (2016) and Trijoulet, Holmes, and Cook (2017)
incorporated grey seal predation in fish stock assessment models of
west of Scotland cod, which indicate that the stock is not as depleted
as shown in ICES assessments (e.g. ICES, 2018f). A revised assessment
has found similar results generated by alternative assumptions about
fish selectivity without incorporating seal predation (Cook, 2018). A
multispecies assessment model including grey seals, cod, haddock
and whiting west of Scotland found little evidence that seal predation
mortality affected fish stock dynamics (N.G. Fallon, Pers. Comm.).

Results for 2010/2012 show that these species of large gadid fish
are important prey for both grey and harbour seals in the Northern
Isles and west of Scotland. In these regions, large gadids comprise
around one-third of the diet overall; this proportion is remarkably con-
sistent considering the inherent variability in the estimates. There is no
indication of any seasonal variation in the contribution of large gadids
to the diet of either harbour or grey seals. In the central and southern
North Sea, large gadids are more minor components of both harbour
and grey seal diet, but are more important in autumn/winter than in
spring/summer (Table 4).

Comparing the 2010/2012 results with those from previous studies,
since 1985 the estimated contribution of large gadids to the diet of grey
seals has increased in the Northern Isles, where harbour seals are declin-
ing, but stayed approximately the same in the southern North Sea and
west of Scotland, where harbour seals are not declining (Hammond
et al., 1994a, b; Hammond & Grellier, 2006; Hammond & Wilson,
2016; Harris, 2007). For harbour seals, the available information from
the temporally, spatially, and in most cases, analytically restricted lim-
ited previous studies shows no evidence that the importance of large
gadids in the diet has changed west of Scotland since 1993-1994, in
the Moray Firth since 1988-1992, in Shetland since 1994-1996, in
the southern North Sea since 1990-1992 and in south-east
Scotland since 1998-2002 (Brown & Pierce, 1998; Hall et al., 1998;
Pierce & Santos, 2003; Sharples et al., 2009; Tollit & Thompson, 1996).

In summary, there is a negative correlation between the change in
contribution of large gadids to the diet of grey seals and the popula-
tion trend in harbour seals, but otherwise no signal emerges from
the spatio-temporal patterns in the available information. Considering
the changes in stock size of the main species of large gadids together
with the patterns in the importance of these species in the diet of har-
bour and grey seals regionally and over time, there is no evidence that
harbour seal declines in some regions may be caused by reduced large

gadid prey availability or possible competition for prey with grey seals.

4.3 | Dietary and prey comparison in a wider context

Generally speaking, the overall increase in the numbers of seals in
British waters (SCOS, 2017) and the historically low stock levels of
some of their main prey species (ICES, 2018d, e, f, g, h) provide poten-
tial for intra-specific and inter-specific competition between harbour
and grey seals for food.

There has been a general increase in non-commercial prey species
in the diet of grey seals over the last 30 years (Hammond et al., 1994a,
b; Hammond & Grellier, 2006; Hammond & Wilson, 2016; Harris,
2007) and these prey, including sandy benthic species, primarily drag-
onet, and scorpion fish, are also a major part of current harbour seal
diet in some regions (Wilson & Hammond, 2016). Thus, both grey
and harbour seals may have responded to the changing fish assem-
blage around Britain by consuming more of those species that may
have become more available relative to other species that have
declined.

Measures of diet provide information on the types and relative
amounts of prey consumed but provide no information on the costs
of acquiring that prey. Information on diet alone is insufficient to
determine whether changes in the relative abundance and availability
of prey may have led to changes in the ability of seals to meet their
nutritional requirements, including any influence of competition.
Sharples, Moss, Patterson, and Hammond (2012) found no evidence
for a relationship between harbour seal regional population trend
and foraging trip duration or distance. Similarly, Russell et al. (2015)
found that the relationship between time spent resting (at sea and
on land) and population trend was the opposite of that expected if
harbour seals were spending more time at sea foraging in areas where
populations were declining.

These studies focused on seal foraging and haul-out behaviour.
Smout, Rindorf, Hammond, Harwood, and Matthiopoulos (2014) fitted
multispecies functional response models to data on the diet of grey
seals and prey availability based on measures of the overlap between
the distribution of foraging seals and their prey. Applying such model-
ling approaches to harbour seals around Britain, at appropriate spatial
and temporal scales, could provide an important additional dimension
to investigation of whether reduction in prey availability could be a
contributing cause of declines in harbour seals in some regions.
Assessing whether grey seals may influence the relationship between
harbour seals and their prey will require extension of this model
framework to include other predators, such as harbour porpoise, as

well as multiple prey.
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