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The stomach contents of 640 starry smooth-hound Mustelus asterias from the Northeast
Atlantic were examined. The diet was comprised primarily of crustaceans, which accounted
for 98.8% index of relative importance (IRI); with the two main prey species being hermit crab
Pagurus bernhardus (34% IRI) and flying crab Liocarcinus holsatus (15% IRI). Ontogenetic
dietary preferences showed that smaller individuals (20-69 cm Lt; n = 283) had a significantly
lower diversity of prey than larger individuals (70-124 cm Ly; n = 348); however, 18 prey
species were found exclusively in smaller individuals and eight prey taxa were found
exclusively in larger individuals. Larger commercially important brachyurans such as edible
crab Cancer pagurus and velvet swimming crab Necora puber were more prevalent in the diet

of larger individuals. Specimens from the North Sea ecoregion had a lower diversity of prey
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types for a given sample size than fish from the Celtic Seas ecoregion. Whilst cumulative prey
curves did not reach an asymptote, this was primarily due to the high taxonomic resolution
utilised and 95% of the diet was described by just seven crustacean taxa. The trophic level
(TL) was calculated as 4.34 when species-level prey categories were used. This fine-scale
taxonomic resolution resulted in a TL estimate close to a whole level above that estimated
using wider taxonomic groupings. This large bias has important methodological implications

for TL studies based on categorised prey data, particularly those of predatory fish.

Key Words: carcinophage, cumulative prey curve, feeding ecology, Northeast Atlantic,

Triakidae, trophic level

Significance Statement

A full contemporary study on the dietary preferences of M. asterias, a species increasing in
abundance and exploitation, is lacking. The breadth of the diet in relation to geographic and
ontogenetic preferences is described. The trophic level estimated using a fine-scale
taxonomic resolution was close to a whole level above that estimated using wider taxonomic
groupings, indicating that studies based on categorised prey data could result in artificially

low estimates.
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INTRODUCTION

Elasmobranchs constitute a diverse subclass displaying a broad range of feeding habits, from
obligate planktivores to carnivorous apex predators consuming conspecifics and marine
mammals (Wetherbee & Cortés, 2004). An understanding of the diet and trophic levels (TL)
of sharks is key in comprehending their role in the ecosystem and in understanding potential
consequences to energy flux and community structure through direct (e.g. harvesting of
predators) or indirect (e.g. degradation of benthic habitats through fishing) influences, which
could lead to trophic cascades (reviewed in Pinnegar et al., 2000). Sharks are generally
considered to be top predators with a broad-scale study of 149 species reporting a mean TL
of 4.0 (range of 3.1-4.7), on par with that of marine mammals and greater than seabirds
(Cortés, 1999). Cortés (1999) calculated fractional TL's of shark species by characterising their
diets into eleven functional prey categories and using published TL's of these prey categories.
This methodology is utilised in many studies of stomach content analysis (e.g. Ebert &
Bizzarro, 2007; Hussey et al., 2011) and is often employed due to the problems of identifying
prey items to taxa level once partially digested. Other studies have used stable isotope
analyses to calculate TL (Pinnegar et al., 2002; Estrada et al., 2003) rather than examining
diet, or have used a comparison of the two, thus providing descriptions of feeding habits over
both the short- and longer-term (Hussey et al., 2011). There is little evidence to date to show

significant differences in estimated TL between the methods when applied to sharks.
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The genus Mustelus is extremely diverse with 27 valid species worldwide (Ebert et al., 2013)
and new species are still being described periodically (e.g. Cubelio et al., 2011). The dietary
preferences of species in this genus have been well described (Supporting Information Table
S1 and S2), with dietary studies covering 18 of these species. The genus is generally reported
to feed on crustaceans (primarily crabs) with some species also consuming fish. Their
carcinophagus nature is also indicated by their dentition (rows of small teeth, generally
molariform with some species having teeth with short erect cusps; Compagno, 1984) which

is well adapted to this mode of feeding (Smale & Compagno, 1997).

One member of this genus, starry smooth-hound Mustelus asterias Cloquet 1819, occurs on
the continental shelf of the northeast Atlantic. Previous studies have documented
reproductive, age, and growth parameters (Farrell et al., 2010a,b; McCully Phillips & Ellis,
2015), however a full contemporary study on the diet of this species is lacking. Earlier dietary
studies of this stock (Ford, 1921; Ellis et al., 1996) were based on limited sample sizes from
restricted geographic locations. Recent increases in both relative abundance and commercial
exploitation of this stock around the British Isles (see McCully Phillips & Ellis, 2015), where
this shark is one of the larger fish species in some habitats, provides the motivation for
improving our understanding of this species’ role within the ecosystem. This paper describes
the breadth of the diet of M. asterias in relation to geographic and ontogenetic differences,

estimates the TL of the stock, and discusses its ecological role.
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1. MATERIALS AND METHODS

1.1. Dietary data

The stomach contents of 640 specimens of M. asterias (20-124 cm total length, L) were
examined between July 2012 and August 2017. Capture locations (see McCully Phillips & Ellis,
2015) comprised the southern North Sea (ICES Division 4.c; n = 334), Celtic Sea (ICES Divisions
7.a.f-h; n = 128), eastern English Channel (ICES Division 7.d; n = 92) and western English

Channel (ICES Division 7.e; n = 86).

Most samples (58%) were sourced from commercial fishing operations, including inshore
longline vessels which provided larger specimens that were either examined fresh or frozen
after capture for subsequent examination. The remaining specimens (42%) were collected
opportunistically from trawl surveys on-board R.V. Cefas Endeavour, with dead specimens

examined on board or frozen and examined in the laboratory.

After collection of biological parameters (including total length Ly, mass My, sex and maturity),
the stomachs were dissected from the body cavity. The fullness of the cardiac stomach was
estimated on a scale of 0-10, 0 being empty and 10 being 100% full. The contents of the
cardiac stomach were then placed into a sorting tray and weighed to the nearest 0.1 g.
Contents were identified to the lowest possible taxon, either macroscopically or with a

stereomicroscope, using the relevant regional taxonomic keys (Hayward & Ryland, 1990) and
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individual prey taxa counted. Prey taxa were also scored using a points system, where scores
(which totalled 10 for each specimen containing food) were allocated to each prey taxa
proportionally. The stomach fullness was multiplied by the points to give a semi-quantitative

index of relative prey volume (Hyslop, 1980).

The proportion of fish with empty stomachs (i.e. fullness score = 0) was used to calculate the
index of vacuity. These specimens and specimens with either everted stomachs or where the
cardiac stomach had burst (therefore preventing the mass of stomach contents and fullness

to be recorded) were excluded from further analysis.

1.2. Data analysis

In order to quantify the diet, the following indices were calculated for each prey taxon in the

diet for all M. asterias and for each of the predator size categories:

e Frequency of occurrence (%0) - the percentage of all the stomachs that contained
food in which each prey taxon was observed.

e Percentage by number (%N) - the total number of each prey taxon as a percentage of
the total number of enumerated prey items. Digested remains which could not be
enumerated were given a nominal abundance of one.

e Percentage by points (%P) - the sum of relative prey volumes (i.e. fullness x points) for
each prey taxon as a percentage of the total scores for all prey taxa.

e Index of relative importance (IRI), calculated as:

IRI = (%N + %P)*%0 (Pinkas et al., 1971)
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e Percentage of relative importance (%IRI) expressed as IRI divided by the sum of all IRI,

multiplied by 100 (%IRI = (IRI/SIRI)*100) (Cortés, 1997)

Inanimate objects found in stomachs, such as broken shell, gravel, stone and monofilament
line were recorded, but with no points or counts assigned and were only recorded as the

frequency of occurrence (%F) and excluded from calculations of %IRI.

Once the diet had been quantified, additional analyses were undertaken to investigate diet
preferences by size and area. The specimens were allocated to one of two size categories (<70
cm, n = 283; 270 cm, n = 348), which provided broadly comparable sample sizes and also
occurred at the approximate length at first maturity (McCully Phillips & Ellis, 2015). Spatial
differences in the diet were examined for the North Sea ecoregion (data from ICES Divisions
4.c and 7.d) and Celtic Seas ecoregion (data from ICES Divisions 7.a and 7.e-g). Diet
composition in relation to both size and ecoregion was examined using a one-way analysis of
similarities (ANOSIM) using the vegan package (Oksanen et al., 2018) in R (R Core Team,
2017). Data were square-root transformed and a Bray-Curtis dissimilarity index was used.
SIMPER analyses were conducted in Primer v.5 (Clarke & Gorley, 2001), to investigate which
prey items were key to discriminate between groups. A regression was used to examine the

relationship between fish mass Mt and the corresponding stomach content mass.

Cumulative Prey Curves (CPCs) were carried out in R (R Core Team, 2017) using the vegan

package (Oksanen et al., 2018) to determine whether the sample size adequately described
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the diet composition. Cumulative prey curves were produced for all specimens, and by
geographic area (southern North Sea and eastern English Channel, and Celtic Sea and western
English Channel) to determine if the diet was better described in one area compared to

another.

The complete identification of dietary prey was used to estimate the TL and Levins’ measure
of niche breadth to assist in describing the ecological role of M. asterias around the UK. TL
was calculated using TL values from all prey species identified (Supporting Information Table

S3), or where data were unavailable using the following equation as a proxy:
J

where TL;is the fractional TL of the prey j, and DCjj represents the fraction of j in the diet of i.
TL was also calculated using the same equation, but applied using the methodology of Cortés
(1999), where all prey species were categorised as either ‘decapod crustaceans’ (TL = 2.52),

‘invertebrates’ (TL = 2.5), ‘molluscs’ (TL = 2.1) or ‘cephalopods’ (TL = 3.2).

Levins' measure of niche breadth (B) was calculated using the following formula:

B=1/) p’
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where p is the proportion of each prey group in the diet. The higher taxa listed in Table 1
were used as the sub-categories for calculating niche breadth. The miscellaneous and
digested remains categories were removed for this purpose, and the resultant proportions

of diet re-calculated accordingly.

2. RESULTS

In total, 640 specimens of M. asterias (20-124 cm Ly; Figure 1) were examined and only four
specimens (48—82 cm L) had empty stomachs leading to a low index of vacuity = 0.6%. Two
specimens had everted stomachs and the stomachs of a further three specimens were
damaged upon extraction, thus these specimens were unable to provide data on either the
mass of stomach contents or fullness. Thus, dietary data were available for 631 specimens,

and these data were used for subsequent analyses.

2.1. Diet summary

Crustaceans comprised the main part of the diet observed, accounting for 98.8% IRI. This
subphylum included a diverse range of prey taxa (49 taxa overall) with 31 identified to species-
level. The order Decapoda was the main crustacean group predated upon (with 44 taxa
identified) and the infraorder Brachyura the most species-rich prey taxa, with 17 identified to
species-level or unique genus. Excluding unidentified, digested crustacean remains, the most
important prey taxa were Pagurus bernhardus L. 1758 (34% IRI, 45% O; Table 1) and

Liocarcinus holsatus (Fabricius, 1798; 15% IRI, 25% O).
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Fourteen categories of minor prey taxa (within the phyla Cnidaria, Mollusca, Echinodermata
and class Polychaeta) were recorded. Hydroids were the best represented of these minor taxa
(2% 0O, 0.04% IRI), with polychaetes found in 1% of stomachs (0.01% IRI). Echinoderms and

molluscs (excluding squid bait) were both minor taxa (<0.01% IRI).

Other miscellaneous items identified within the stomach contents included broken shell,
gravel, monofilament line and bait (chopped squid). There were nine records of gravel or
stones in stomachs from all length classes and one incidence of monofilament line. The squid
found in 33 stomachs was ingested from the bait used in the longline fishery in which they

were caught, with all bar one record being from large (‘mature’) fish.

2.2. Ontogenetic differences in the diet

ANOSIM showed a significant difference between the two size-classes (R = 0.139 p = 0.001).
SIMPER analysis showed that the small size-class had (in order of magnitude) greater average
abundances of unidentified crustacea, L. holsatus, Corystes cassivelaunus (Pennant 1777),
Atelecyclus rotundatus (Olivi 1792) and unidentified digested remains, while P. bernhardus,
Necora puber (L. 1767) and Cancer pagurus L. 1758 were more abundant in the diet of larger

fish.

Small individuals (20-69 cm Ly; n = 283) had a higher diversity of prey type than larger
individuals, with 59 of the 68 prey categories found in their diet. However, 18 prey species
were exclusive to smaller individuals; in most cases the prey type was only seen in one or two

specimens, but Upogebia sp. Leach 1814, Pisidia longicornis (L. 1767), and Processa sp. Leach
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1815, were recorded in 15 (0.5% IRI), five and three fish respectively. The most important
prey types identified to species-level, for this size-class were L. holsatus (24% O; 13% IRI), P.
bernhardus (23% O; 8% IRI) and C. cassivelanus (16% O; 5% IRI). Amphipods (4% IRI) were also

well represented, both in terms of numbers (15% N) and frequency of occurrence (11%).

Larger individuals (70-124 cm Ly; n = 348) had 48 of the 68 prey categories. Eight of the
identified prey taxa were found exclusively in larger individuals. The proportion of L. holsatus
in the diet of larger individuals (25% O; 13% IRI) was almost identical to smaller fish. The
proportion of P. bernhardus in the diet of large fish was, however, higher (64% O), with this
important prey taxa accounting for 58% IRI. The third most important taxa of larger fish was
N. puber (17% O; 5% IRI), a species of much less importance for smaller individuals (0.03%

IR1). Sections of squid, bait from the longline fishery, had an IRl of 1%.

2.3. Spatial differences in the diet

Spatial differences in dietary preferences were examined by comparing fish from the two
ecoregions (North Seas and Celtic Seas; Supporting Information Table S4). Whilst a greater
range of prey taxa were recorded for the North Seas ecoregion (n = 54) than in the Celtic Seas
ecoregion (n = 48), the sample size from the North Seas ecoregion (n = 421) was double that
from the Celtic Seas ecoregion (n = 210). Indeed, there was a higher diversity of prey taxa in
the Celtic Seas ecoregion than North Sea ecoregion for a given sample size. The CPCs both

exhibited a similar shape without reaching an asymptote (Supporting Information Figure S1—
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2). ANOSIM found a significant difference in diet between the two ecoregions (R =0.186, p =
0.001). Specimens from the North Sea had greater abundances of P. bernhardus, L. holsatus,
unidentified digested remains and N. puber, while specimens from the Celtic Seas had greater
abundances of unidentified crustacea, C. cassivelaunus, A. rotundatus and Xanthidae

Macleay 1838.

2.4. Predation on commercial species

Within the crustacean prey items, two commercially-important crab species were found: N.
puber (velvet swimming crab) and C. pagurus (edible crab); overall these species were found
in 10% and 7% of all stomachs respectively and accounted for 1.8% and 0.8% IRI. Thus, N.
puber and C. pagurus were the fourth and seventh most important prey species identified. N.
puber and C. pagurus were predominantly found in the diets of the larger size-class (17% and
11% IRI) and were recorded mostly in specimens from the North Sea ecoregion (Supporting
Information Table S4). Commercially-harvested shrimps (Crangon spp. Fabricius 1798) were

a limited component of the diet (IRI’s of <1%), and no piscivory was observed.

2.5. Cumulative prey curves

The CPC did not reach an asymptote (Figure 2) with 68 prey categories identified in 631 fish.

However, when the species were ranked by importance (%IRl), it was apparent that 95% of
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the diet was composed of just seven prey categories and 99% by 15 categories (Figure 3).
Similarly, when prey data were summed by numbers (% N, Figure 3) and the points (% P,
Figure 3), 95% of the diet was represented by 25 and 22 prey taxa respectively. The

fullness/points method was considered an appropriate proxy for ‘mass’ (Figure 4).

2.6. Niche breadth and trophic level

The niche breadth of the M. asterias diet based on data aggregated by each of the nine sub-
categories, was 2.04, indicating a selective diet comprised primarily of anomuran and
brachyuran decapods. The estimated TL from the Cortés (1999) methodology, using the
relative proportions of just four prey categories, was 3.52. In contrast, the TL estimate based

on data from all 65 prey taxa was 4.34.

3. DISCUSSION

4.1 Feeding ecology of smooth-hounds

The genus Mustelus is species-rich genus with a circumglobal distribution. Members of the
genus are morphologically similar (Compagno, 1984) and most of these species are important
predators of crustaceans (Supporting Information Table S2). However, whilst most species are
carcinophagous, studies on Mustelus henlei (Gill 1863) reported that squid and teleosts were

the primary prey (Gomez et al., 2003; Espinoza et al., 2012; Amariles et al., 2017). Whilst most
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Mustelus spp. (including M. asterias) have molariform dentition, M. henlei have cusped teeth
(Compagno, 1984). So, the degree to which the teeth of Mustelus spp. have cusps, cusplets

or true molariform dentition may be an indicator of their feeding habits.

The diet of M. asterias, which has a molariform dentition, was found to be almost exclusively
comprised of crustaceans in the present study, which supports the findings of earlier studies
(Ford, 1921; Ellis et al., 1996). However, Ford (1921) recorded fish in 4.2% of stomachs (n =
48) and Ellis et al. (1996) reported fish to account for 1.9% of the overall diet (n = 46), whilst
no fish were recorded in the stomach contents in the present study, despite the much larger
sample size (n = 631). The sampling sites for these earlier studies (Plymouth and the Irish Sea)
were also sampled in the present study, with the current study also including a broader length
range (20—124 cm) than examined by Ellis et al. (1996; 43—100 cm; size data not provided by
Ford (1921)). Consequently, neither a size-related bias or regional differences would account

for the absence of fish in the present study, which may be related to prey availability.

There has been a well-documented increase in regulatory discarding of marine fish over
recent decades, with an estimated 1 million tonnes of marine organisms annually being
discarded back into the North Sea alone (Tasker et al., 2000). The additional availability of
carrion on which scavengers can prey may have been beneficial to many such species,
including the crustaceans L. holsatus and P. bernhardus (Groenewold & Fonds, 2000), the two
most important prey species for M. asterias identified in this study. It is possible that fishing

practices have provided important food resources for fish species that either scavenge
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directly or feed on invertebrate scavengers (Olaso et al., 1998). These data were collected
prior to the full implementation of the demersal landings obligation, however, it is likely that
once this management measure is in full force, it could negatively impact the availability and

abundance of some prey taxa that are currently important in the diet.

Predation on non-crustacean taxa was limited and, in some instances, may simply have
resulted from accidental ingestion. For example, various hydroids were observed, often co-
occurring with certain crustaceans such as spider crab (Majidae, Samouelle 1819), Xantho
spp. Leach 1814 and Liocarcinus pusillus (Leach 1816), which often associate with hydroids
(e.g. Zintzen et al., 2008). The possibility that some cryptic prey were missed or under-
represented in this study is possible, however this risk is also present when using DNA
metabarcoding due to primer bias (Alberdi, 2017). There were limited records of polychaetes
in the diet and this coupled with the dentition supporting a carcinophagus diet, we believe

that softer bodied prey were not under-represented in this study.

Molecular approaches are very beneficial in determining the presence of prey species that
are digested rapidly, however, the exoskeletons of crustaceans are more resilient to digestion
and thus can be used for identification beyond digestion times of soft tissues. There is also
the possibility of these methods over-estimating prey taxa through secondary consumption,
which along with cannibalism, is nearly impossible to detect (Nielsen et al., 2017), yet can be
a significant potential source of error (Sheppard et al., 2005). Furthermore, dietary

metabarcoding data often contain biases such that there exists high uncertainty around

This article is protected by copyright. All rights reserved.



guantitative estimates and in many instances biomass of prey cannot be inferred (Deagle et
al.,, 2019; Lamb et al., 2019), whereas the relative fullness and frequency of occurrence
methods are favoured and recommended for the standardisation of feeding studies for their
ability to discern relative prey diversity and abundance (Amundsen & Sanchez-Hernandez,

2019).

The index of vacuity was found to be very low in the present study (0.6%), which contrasts
with values up to 59% reported for other Mustelus spp. (Supporting Information Table S2).
The abundance and diversity of crustaceans in the diet, combined with their lower energetic
contents and slower digestion rates compared to fish prey (Blaber & Bulman, 1987; Heupel &
Bennett, 1998), may result in the more common occurrence of such prey, thereby resulting

in low indices of vacuity for crustacean feeders.

4.2 Ontogenetic and regional differences in the diet of M. asterias

There were significant (p = 0.001) differences between the diets of juvenile and sub-
adult/adult M. asterias, which may relate to differences in gape, jaw structure and dentition
(e.g. Wilga et al.,, 2016). Larger individuals were found with larger crustaceans more
commonly in their stomachs, including P. bernhardus and N. puber, whilst smaller M. asterias
had smaller swimming crabs (e.g. L. pusillus) and other small crustaceans such as P. longicornis
and amphipods more commonly in their diet. This ontogenetic dietary difference could be an
important parameter to recognise in size-structured ecosystem models. Many multispecies

models developed for northern European seas (e.g. Araujo et al., 2005; Mackinson &
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Daskalov, 2007) have combined ‘sharks’ under a single category. As ecosystem models
develop, more discrete ecosystem components will be included requiring relevant species-
and size-specific dietary data, especially as such models generally have explicit categories for
commercially important shellfish such as edible crab (which was found to be an important

prey species).

Mustelus asterias from both ecoregions were primarily carcinophagous but significant
differences in the diet were observed, which may be described by some minor differences in
characteristic prey types. The diet of M. asterias from the Celtic Seas ecoregion was
dominated by brachyuran crabs while those in the North Sea showed a prevalence of
anomuran crabs (P. bernhardus). This is likely a consequence of prey availability rather than
dietary preferences, given the higher diversity of benthic invertebrates, including
crustaceans, in the south-west compared to the southern North Sea (Rees et al., 2009; Ellis et

al., 2007).

4.3 Predation on commercial crustaceans

The frequency in the diet of M. asterias of commercially fished crustaceans (N. puber and C.
pagurus) is particularly notable. Whilst the overall role of these species was only 1.83% and
0.80% IRI respectively, the corresponding values for the larger size category were 4.58% and
1.90 % IRl Furthermore, individual samples processed over the course of the study
demonstrated that M. asterias could consume many individuals of these species (n < 6),

highlighting that M. asterias may be a locally important predator. Consequently, further
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studies on the occurrence and feeding habits of M. asterias on important habitats of these

crab species could usefully be undertaken.

There was no observed predation on Nephrops norvegicus (L. 1758) during this study,
however, few if any M. asterias specimens were captured close to the muddy Nephrops
grounds, and most specimens were from areas of sand and gravel sediments. Whilst most of
the crustaceans consumed were mobile epifaunal species, various burrowing species (e.g.
Rissoides desmaresti (Risso 1816), Alpheus glaber (Olivi 1792), Thalassinoidea Latreille 1831
and Goneplax rhomboides (L. 1758)) were found occasionally, indicating that burrowing
crustaceans can be an important part of the diet. Given the increasing catch rates of M.
asterias around the British Isles, further studies to determine whether they are important
predators on Nephrops grounds could usefully be undertaken, given that other demersal

sharks can also be predators of N. norvegicus (Symonds & Elson, 1983).

4.4 Cumulative prey curves

The use of CPCs in dietary studies is an important method for ensuring that sample sizes are
adequate for describing the diet of a species. However, in many instances the combining of
prey taxa into more generic taxonomic groups may result into an artificial finding of the
asymptote being reached (Silva-Garay et al., 2018). In this study, a large range of crustaceans
were identified to species-level, and the CPC (including all 68 prey categories) did not reach
an asymptote, despite the large sample size. It is evident that this is due to the finer-scale

taxonomic resolution used, which is required to provide a more detailed and robust
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description of the breadth of diet. We propose that cumulative % IRI is a more informative
metric to determine whether sample sizes are appropriate for quantifying the diet. In the
present study 95% of the diet of M. asterias was ascribed to just seven prey taxa and 99% by
15 prey categories. This dietary preference was also reflected by the low niche breadth (2.04)
which indicated a selective diet despite the large number of prey categories (n = 68) observed.
Given the diversity of many crustacean taxa and that the exoskeletons are slow to digest
(therefore allowing their identification) dietary studies of carcinophagus fish may report a
large number of species which can result in cumulative prey curves not reaching an
asymptote. Furthermore, the broad spatial and temporal extent of sample collection may

have also allowed for a broader range of prey taxa to be observed.

4.5 Trophic level

The TL calculated for M. asterias (4.34) was greater than that calculated in previous studies
by Cortés (1999; 3.7), Cotter et al. (2008; 3.9), and Pinnegar et al. (2002; 4.0). These
differences seem to be a result of the higher taxonomic resolution of stomach contents used
in the present study, with items identified and assigned a TL by species rather than by higher
taxonomic group (e.g. crustaceans and fish). Cortés (1999) summarised data from two studies
with a total of 72 specimens, breaking down the diet into crustaceans, fish, cephalopods and
invertebrates. Applying this methodology to our data resulted in an estimated TL of 3.52,

nearly a complete level lower than the species-based estimate of this study. The greatest

This article is protected by copyright. All rights reserved.



contributor to this difference was that the average crustacean TL used by Cortés (1999; 2.52)
was lower than most of those given in the literature for the various crustacean taxa (mean =
3.03, Supporting Information Table S3). The TL of Mustelus species examined in Cortés (1999)
ranged from 3.5-4.2, with Mustelus californicus Gill 1864 and Mustelus palumbes Smith 1957,
both TL 3.5, best representing the predominantly carcinophagic diet of M. asterias. Hussey et
al. (2011) also reported that published TLs derived from stomach content analysis are likely
to be underestimated when using functional prey categories for large predators. In their case
the broad prey category of ‘cephalopods’ underestimated the TL calculated for Sphyrna lewini

(Griffith & Smith 1834).

Where identification of prey items beyond broad categories is not possible, it may be
preferable to estimate TL using stable isotopes. Pinnegar et al. (2002) and Cotter et al. (2008)
calculated TL from nitrogen stable isotope analyses and provided estimates more akin, albeit
still lower than the present study. As Domi et al. (2005) alluded to, the use of stable isotopes
is beneficial in describing feeding habits over the longer-term (when muscle tissue is used),
as calculations are based on assimilated rather than just ingested food. However, Estrada et
al. (2003) found no statistical difference between TL derived from stable isotope analysis and

those calculated using diet data (from Cortés, 1999) for five shark species.

It is therefore recommended that, where possible, studies estimating TL using data from
stomach content analyses apply the highest taxonomic resolution available, in order to

reduce the likelihood of TL being underestimated. Augmenting traditional diet analyses
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(which provides a more detailed understanding of prey composition) with stable isotope
analyses of a range of tissues would provide another metric to allow direct comparison of the
diet across the short- and long-term, which could be of considerable importance in wide-

ranging species, such as M. asterias.
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Significance Statement

A full contemporary study on the dietary preferences of M. asterias, a species increasing in
abundance and exploitation, is lacking. The breadth of the diet in relation to geographic and
ontogenetic preferences is described. The trophic level estimated using a fine-scale
taxonomic resolution was close to a whole level above that estimated using wider
taxonomic groupings, indicating that studies based on categorised prey data could result in
artificially low estimates.
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Table 1: Diet composition of M. asterias around the British Isles, showing % occurrence, % numbers, % points, IRI and %IRI for juvenile (<70 cm), subadult and adult (=70
and all specimens.

r taxa Prey taxa Small Size Class (20 - 69 cm: n = 283) Large Size Class (70 - 124 cm: n = 348) All fish (20 - 124 cm: n = 631)
Count Sum of Sum %0 %N %P IRI %IRI1 Count Sum of Sum %0 %N %P IRI %IRI1 Count Sum of Sum %0 %N %P IRI %IRI
of numbe of of numbe of of numbe of
stomac rs of Fullne stomac rs of Fullne stomac rs of Fullne
hs with each SS X hs with each SS X hs with each SS X
prey prey Points prey prey Points prey prey Points
type type type type type type
[ ] present present present
Cnidar Tubularia sp. 1 1 4 0.29 0.08 0.03 0.03 0.00 1 1 4 0.16 0.04 0.01 0.01 0.00
H Hydrallmania 1 1 5 0.29 0.08 0.03 0.03 0.00 1 1 5 0.16 0.04 0.02 0.01 0.00
falcata
Hydroida (indet.) 7 9 41 2.47 0.88 0.26 2.82 0.06 6 6 24 1.72 0.46 0.16 1.07 0.02 13 15 65 2.06 0.65 0.21 1.76 0.04
Total Cnidaria 0.06 0.02 0.04
Polychaeta Arenicola sp. 1 1 15 0.35 0.10 0.10 0.07 0.00 1 1 15 0.16 0.04 0.05 0.01 0.00
Polychaeta (indet.) 6 6 45 2.12 0.58 0.29 1.85 0.04 1 1 7 0.29 0.08 0.05 0.04 0.00 7 7 52 1.11 0.30 0.17 0.52 0.01

Total Polychaeta 0.04 0.00 0.01

Rissoides 2 2 41 0.57 | 0.15 | 0.27 0.24 | 0.00 2 2 41 032 | 0.09 | 0.13 0.07 | 0.00
desmaresti
Idotea linearis 3 3 89 1.06 | 0.29 | 0.57 0.92 | 0.02 4 10 57 1.15 | 0.77 | 0.37 1.31 | 0.02 7 13 146 1.11 | 0.56 | 0.47 1.15 | 0.02
Gammarellus 1 1 8 0.35 | 0.10 | 0.05 0.05 | 0.00 1 1 8 0.16 | 0.04 | 0.03 0.01 | 0.00
homari
Amphipoda 32 151 418 113 | 146 | 2.69 196.5 | 3.91 1 1 3 0.29 | 0.08 | 0.02 0.03 | 0.00 33 152 421 523 | 6.55 | 1.36 4137 | 0.88
1 9 1
Palaemon sp. 2 2 24 0.57 | 0.15 | 0.16 0.18 | 0.00 2 2 24 0.32 | 0.09 | 0.08 0.05 | 0.00
Alpheus glaber 1 3 80 0.35 | 0.29 | 0.51 0.29 | 0.01 1 3 80 0.16 | 0.13 | 0.26 0.06 | 0.00
Processa sp. 3 3 29 1.06 | 0.29 | 0.19 0.51 | 0.01 3 3 29 0.48 | 0.13 | 0.09 0.11 | 0.00
Pandalina 2 3 18 0.71 | 0.29 | 0.12 0.29 | 0.01 2 3 18 0.32 | 0.13 | 0.06 0.06 | 0.00
brevirostris
Pandalus montagui 1 1 12 0.35 | 0.10 | 0.08 0.06 | 0.00 1 1 6 0.29 | 0.08 | 0.04 0.03 | 0.00 2 2 18 0.32 | 0.09 | 0.06 0.05 | 0.00
Pandalidae (indet.) 2 2 11 0.71 | 0.19 | 0.07 0.19 | 0.00 1 1 4 0.29 | 0.08 | 0.03 0.03 | 0.00 3 3 15 0.48 | 0.13 | 0.05 0.08 | 0.00
Crangon allmanni 18 31 246 6.36 | 3.02 | 1.58 29.25 | 0.58 17 23 107 489 | 1.78 | 0.70 12.09 | 0.21 35 54 353 5.55 | 233 | 1.14 19.24 | 0.41
Crangon crangon 7 12 103 2.47 | 1.17 | 0.66 4.53 | 0.09 27 43 310 7.76 | 3.33 | 2.02 4144 | 0.73 34 55 413 539 | 237 | 134 19.97 | 0.43
Crangon sp. 6 7 74 2.12 | 0.68 | 0.48 2.45 | 0.05 12 14 75 3.45 | 1.08 | 0.49 5.42 | 0.09 18 21 149 2.85 | 0.90 | 0.48 3.96 | 0.08
Natantia (indet.) 2 2 18 0.71 | 0.19 | 0.12 0.22 | 0.00 1 1 8 0.29 | 0.08 | 0.05 0.04 | 0.00 3 3 26 0.48 | 0.13 | 0.08 0.10 | 0.00
]
Dei da- Callianassa 1 1 20 0.35 | 0.10 | 0.13 0.08 | 0.00 1 1 20 0.16 | 0.04 | 0.06 0.02 | 0.00
Anomura tyrrhena
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Upogebia stellata 1 1 10 0.35 | 0.10 | 0.06 0.06 | 0.00 1 1 10 0.16 | 0.04 | 0.03 0.01 | 0.00
Upogebia sp. 15 19 493 530 | 1.85 | 3.17 26.61 | 0.53 15 19 493 238 | 082 | 1.59 5.74 | 0.12
Thalassinoidea 4 5 85 1.41 | 049 | 0.55 1.46 | 0.03 13 15 112 374 | 116 | 0.73 7.05 | 0.12 17 20 197 269 | 0.86 | 0.64 4.04 | 0.09
(indet.)
ﬁ Anapagurus laevis 2 2 39 0.71 | 0.19 | 0.25 0.31 | 0.01 2 2 39 0.32 | 0.09 | 0.13 0.07 | 0.00
Pagurus 66 83 1317 233 | 8.07 | 847 3859 | 7.68 223 332 4039 640 | 25.6 | 26.2 3328. | 58.3 289 415 5356 45.8 17.8 | 173 1612. | 343
bernhardus 2 4 8 8 6 22 8 0 8 2 28 6
Pagurus prideaux 3 3 39 1.06 | 0.29 | 0.25 0.58 | 0.01 3 7 78 0.86 | 0.54 | 051 0.90 | 0.02 6 10 117 095 | 043 | 0.38 0.77 | 0.02
H Paguridae (indet.) 10 10 149 3.53 | 097 | 0.96 6.83 | 0.14 3 3 35 0.86 | 0.23 0.23 0.40 | 0.01 13 13 184 2.06 | 0.56 | 0.60 238 | 0.05
Galathea sp. 5 5 63 1.77 | 049 | 041 1.58 | 0.03 5 5 63 0.79 | 0.22 | 0.20 033 | 0.01
Munida rugosa 1 1 16 0.29 | 0.08 | 0.10 0.05 | 0.00 1 1 16 0.16 | 0.04 | 0.05 0.02 | 0.00
Pisidia longicornis 5 5 32 1.77 | 049 | 0.21 1.22 | 0.02 5 5 32 0.79 | 0.22 | 0.10 0.25 | 0.01
Decapfda- Hyas coarctatus 1 1 14 0.35 | 0.10 | 0.09 0.07 | 0.00 1 1 15 0.29 | 0.08 | 0.10 0.05 | 0.00 2 2 29 0.32 | 0.09 | 0.09 0.06 | 0.00
ra
Macropodia 1 1 10 0.35 | 0.10 | 0.06 0.06 | 0.00 2 2 15 0.57 | 0.15 | 0.10 0.14 | 0.00 3 3 25 048 | 0.13 | 0.08 0.10 | 0.00
rostrata
Macropodia 1 1 24 0.35 | 0.10 | 0.15 0.09 | 0.00 1 1 24 0.16 | 0.04 | 0.08 0.02 | 0.00
tenuirostris
Macropodia sp. 1 2 21 035 | 019 | 0.14 0.12 | 0.00 5 8 47 1.44 | 062 | 031 1.33 | 0.02 6 10 68 095 | 043 | 0.22 0.62 | 0.01
Majidae (indet.) 13 13 162 459 | 1.26 | 1.04 10.60 | 0.21 10 15 91 287 | 116 | 0.59 5.03 | 0.09 23 28 253 3.65 121 | 0.82 7.38 | 0.16
Corystes 45 67 1283 159 | 6.52 | 8.26 2349 | 4.68 21 48 389 6.03 | 3.71 | 253 37.66 | 0.66 66 115 1672 104 | 495 | 541 1083 | 2.31
cassivelaunus 0 2 6 9
Atelecyclus 34 47 786 12.0 | 457 | 5.06 115.6 | 2.30 28 41 508 8.05 | 3.17 | 330 52.09 | 0.91 62 88 1294 9.83 | 3.79 | 4.18 7837 | 1.67
rotundatus 1 9
Bathynectes 1 1 10 0.35 | 0.10 | 0.06 0.06 | 0.00 1 1 10 0.16 | 0.04 | 0.03 0.01 | 0.00
longipes
| ' Cancer pagurus 4 4 69 141 | 039 | 044 1.18 | 0.02 39 60 776 11.2 | 464 | 5.05 108.5 | 1.90 43 64 845 6.81 | 276 | 2.73 37.41 | 0.80
1 5
Carcinus maenus 4 12 104 1.41 1.17 | 0.67 2.60 | 0.05 17 32 512 4.89 | 247 | 3.33 28.35 | 0.50 21 44 616 333 190 | 1.99 1294 | 0.28
Liocarcinus 1 1 10 0.35 | 0.10 | 0.06 0.06 | 0.00 1 1 10 0.16 | 0.04 | 0.03 0.01 | 0.00
arcuatus
"1 Liocarcinus 6 10 178 212 | 097 | 1.15 449 | 0.09 12 23 278 3.45 1.78 1.81 1237 | 0.22 18 33 456 2.85 142 | 147 8.26 | 0.18
depurator
Liocarcinus 69 165 1742 243 16.0 | 11.2 664.6 | 13.2 86 237 1628 247 | 183 10.5 7145 | 125 155 402 3370 245 17.3 | 10.9 693.1 | 14.7
holsatus 8 5 1 5 3 1 3 9 6 3 6 2 0 8 7
Liocarcinus pusillus 12 14 180 424 | 136 | 1.16 10.69 | 0.21 1 1 4 0.29 | 0.08 | 0.03 0.03 | 0.00 13 15 184 2.06 | 0.65 | 0.60 2.56 | 0.05
@ Liocarcinus sp. 12 15 220 424 | 146 | 1.42 12.19 | 0.24 15 20 260 431 | 1.55 1.69 1395 | 0.24 27 35 480 4.28 151 | 1.55 13.10 | 0.28
Necora puber 5 5 66 1.77 | 049 | 042 161 | 0.03 58 85 1398 16.6 | 6.57 | 9.09 261.0 | 4.58 63 90 1464 9.98 | 3.88 | 4.73 85.99 | 1.83
7 6
Portunidae (indet.) 7 8 217 247 | 0.78 | 1.40 538 | 0.11 10 13 155 287 | 1.01 1.01 5.79 | 0.10 17 21 372 2,69 | 090 | 1.20 5.68 | 0.12
Monodaeus couchi 1 2 21 0.29 | 0.15 | 0.14 0.08 | 0.00 1 2 21 0.16 | 0.09 | 0.07 0.02 | 0.00
Pilumnus hirtellus 2 2 28 0.71 | 0.19 | 0.18 0.26 | 0.01 3 6 53 0.86 | 0.46 | 0.34 0.70 | 0.01 5 8 81 0.79 | 034 | 0.26 0.48 | 0.01
Xantho sp. 1 1 10 0.35 | 0.10 | 0.06 0.06 | 0.00 1 1 10 0.16 | 0.04 | 0.03 0.01 | 0.00
Xanthidae (indet.) 13 71 471 459 | 691 | 3.03 45.65 | 0.91 12 36 222 345 | 2.78 1.44 1458 | 0.26 25 107 693 396 | 461 | 2.24 27.14 | 0.58
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Goneplax 1 2 12 0.35 | 0.19 | 0.08 0.10 | 0.00 5 5 95 144 | 039 | 0.62 1.44 | 0.03 6 7 107 0.95 | 030 | 035 0.62 | 0.01
rhomboides
Brachyura (indet.) 7 7 247 247 | 0.68 | 1.59 562 | 0.11 6 10 179 1.72 | 0.77 1.16 3.34 | 0.06 13 17 426 2.06 | 073 | 1.38 435 | 0.09
Crustacea (indet.) 175 177 5323 61.8 | 17.2 | 34.2 3182. | 63.3 120 124 2815 344 | 9.59 183 961.8 | 16.8 295 301 8138 46.7 129 | 263 1836. | 39.1
crustacean 4 2 5 86 6 8 0 3 7 5 7 2 76 4
Total Crustacean 98.7 98.5 98.7
1 9 9
Motigsca Nucula sp. (shell) 1 1 7 0.29 | 0.08 | 0.05 0.04 | 0.00 1 1 7 0.16 | 0.04 | 0.02 0.01 | 0.00
Mytilus edulis 1 1 12 0.35 | 0.10 | 0.08 0.06 | 0.00 1 1 1 0.29 | 0.08 | 0.01 0.02 | 0.00 2 2 13 0.32 | 0.09 | 0.04 0.04 | 0.00
° H Corbula gibba 1 1 6 0.35 | 0.10 | 0.04 0.05 | 0.00 1 1 6 0.16 | 0.04 | 0.02 0.01 | 0.00
Bivalvia (indet.) 2 3 37 0.71 | 0.29 | 0.24 0.37 | 0.01 2 3 37 032 | 013 | 0.12 0.08 | 0.00
Sepiolidae 1 1 8 0.35 | 0.10 | 0.05 0.05 | 0.00 1 1 8 0.16 | 0.04 | 0.03 0.01 | 0.00
1
H Cephalopoda 1 1 12 0.29 | 0.08 | 0.08 0.04 | 0.00 1 1 12 0.16 | 0.04 | 0.04 0.01 | 0.00
H (beak)
Total Mollusca 0.01 0.00 0.00
hinoderm Ophiura albida 1 1 14 0.35 | 0.10 | 0.09 0.07 | 0.00 1 1 5 0.29 | 0.08 | 0.03 0.03 | 0.00 2 2 19 0.32 | 0.09 | 0.06 0.05 | 0.00
a

Ophiura sp. 1 1 3 0.35 | 0.10 | 0.02 0.04 | 0.00 1 1 3 0.16 | 0.04 | 0.01 0.01 | 0.00
Echinoid 1 1 4 0.29 | 0.08 | 0.03 0.03 | 0.00 1 1 4 0.16 | 0.04 | 0.01 0.01 | 0.00
Total Echinodermata 0.00 0.00 0.00

elaneo Broken shell 1 0 0.35 1 0 0.29 2 0 0.32

Gravel/stone 7 0 2.47 2 0 0.57 9 0 1.43

Monofilament line 1 0 0.35 1 0 0.16
Squid (bait) 1 1 35 0.35 | 0.10 | 0.23 0.11 | 0.00 32 36 558 9.20 | 2.78 | 3.63 58.96 | 1.03 33 37 593 5.23 159 | 1.92 18.37 | 0.39
Digested remains 23 23 784 8.13 | 2.24 | 5.05 59.19 | 1.18 18 18 377 517 | 1.39 | 245 19.88 | 0.35 41 41 1161 6.50 | 1.77 | 3.75 35.88 | 0.76
Total Miscellaneous 1.18 1.38 1.16

re 1. Length-frequency distribution of M. asterias analysed (the small and large size-classes are indicated by the dashed line).

Flgjre 2. Cumulative prey curve for all samples (n = 631) by prey category.
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Figure 3 Ranked cumulative proportion of prey categories in the diet of M. asterias by % IRI, numerical abundance of prey taxa (% N), and points (% P).

cle

Figlre 4. Stomach content weight as proportion of total body weight (y = 0.6677x - 0.1546; R = 0.52).
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