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Abstract The squid Loligo forbesii is the only

cephalopod species currently targeted by fisheries in

the northern NE Atlantic. An active predator, it feeds

primarily on fish, crustaceans and cephalopods. Dur-

ing 15 years since the only previous large-scale study

of the diet of this species in Scottish waters, there have

been substantial changes in marine fish abundances.

The present study evaluates sources of variation

(temporal, ontogenetic) in diet composition and prey

size preferences of L. forbesii, including a comparison

of contemporary (July 2006–June 2007) and historical

(1990–1992) dietary datasets. Results revealed sig-

nificant size-related and seasonal variation in diet

composition and prey size. Teleost fish of the families

Ammodytidae and Gobiidae were eaten by squid of all

sampled sizes, although occurrence of gobies was

generally more frequent in smaller squids, while

Gadidae were eaten more frequently by larger squids.

Cannibalism was also more frequent in larger squids.

Compared to the 1990–1992 dataset, clupeid fish were

less important in the diet of squid in 2006–2007, while

the importance of gobies increased, and the size of

gobies eaten also increased. The trend in gadoids

differed according to the index used: their frequency

of occurrence was considerably higher in 2006–2007

than in 1990–1992, but their numerical importance

was slightly lower. In general, results provided little

evidence that changes in the diet of L. forbesii

correspond with changes in fish abundance, at least at

the scales at which these are measured.

Keywords Diet � Loligo forbesii � Trophic

interactions � Long-term trends

Introduction

Cephalopods play key roles as both predators and prey

in marine ecosystems (e.g. Boyle, 1990; Hastie et al.,

2009a). Cephalopods are usually short-lived and their

populations typically display a high production to

biomass ratio (Boyle & Boletzky, 1996; Caddy &

Rodhouse, 1998). They provide important food

resources for a range of predators, including toothed

whales, seabirds and demersal fish (e.g. Furness,

1994; Daly et al., 2001; Piatkowski et al., 2001). Most

cephalopod species are active predators, whose high

metabolic rates result in high energy demands. Their

prey includes fish, crustaceans, other molluscs, ophiu-

roids, polychaetes, chaetognaths and siphonophores

(Martins, 1982; Nixon, 1987; Rodhouse, 1996; Boyle
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& Rodhouse, 2005). Since the cephalopod oesophagus

passes through the brain, prey are usually cut into

small pieces by the chitinous mandibles prior to

ingestion and some prey had parts may be discarded

rather than ingested (Bidder, 1950; Boycott, 1961;

Porteiro et al., 1990). Consequently, stomach contents

may provide a rather incomplete record of feeding.

Nevertheless, this remains the main source of infor-

mation and can still provide useful information.

The factors influencing prey selection in cephalo-

pods are not well understood. In principle, several

types of explanations are possible: (a) functional

explanations related to evolutionary advantage (e.g.

optimal foraging theory, Pyke, 1984); (b) mechanistic

explanations dealing with the process by which prey

selection occurs (e.g. morphological constraints,

behavioural mechanisms); (c) explanation related to

empirical relationships (e.g. dietary variation with

season) for which the mechanism and/or function

may or may not be apparent. Most dietary studies

provide only empirical evidence of diet selection.

Captive studies, however, have provided some

insights into both selectivity and potential biases in

stomach contents, e.g. squids may not ingest the

heads of large fish (Porteiro et al., 1990).

Loligo forbesii is the only cephalopod currently

targeted by fisheries in the northern NE Atlantic,

although several other species are landed as by-catches

(Pierce et al., 2010). Like most loliginid squids, it has a

short life cycle of 1–2 years, the seasonal timing of

which varies across its geographical range (Holme,

1974; Ngoile, 1987; Guerra et al., 1994; Pierce et al.,

1994a; Collins et al., 1995). The main prey groups are

fish, crustaceans and other cephalopods (e.g. Martins,

1982; Ngoile, 1987; Collins et al., 1994; Guerra &

Rocha, 1994; Pierce et al., 1994b; Stowasser, 2004).

Cannibalism is recorded most frequently in larger

individuals (Collins & Pierce, 1996). The only previous

large-scale study of the diet of this species in Scottish

waters (1990–1992) demonstrated both size-related and

seasonal variation in diet: Pierce et al. (1994b) reported

that the main prey groups were fishes of the families

Gadidae, Clupeidae and Ammodytidae, the first two of

these families being more important in Winter, while the

latter were more common prey in Summer.

It is a general feature of predator–prey relation-

ships that prey size increases with predator size (e.g.

Preciado et al., 2008, in relation to demersal fish).

While there have been few studies on predator

size–prey size relationship in cephalopods, increases

in prey size with predator size have been previously

reported in the squids Todarodes sagittatus (Quetglas

et al., 1999) and L. forbesii (Collins & Pierce, 1996).

Over long (e.g. decadal) time-scales and due to

changes in marine community composition, shifts in

dominant prey species may be expected to occur.

Over the last two decades, stocks of some of the

important prey of L. forbesii, especially sandeels and

gadoids, have declined (ICES, 2009, 2010). The

North Sea has experienced a rapid increase of sea

temperature in comparison with other large marine

ecosystems (Belkin, 2009), which is likely to have

impacted on resident marine species. Dulvy et al.

(2008) and Perry et al. (2005) showed that there were

changes in fish distribution according to depth

(moving towards deeper water) and latitude (moving

towards the north for large gadoids and the south for

small gadoids) in the North Sea.

Comparison of results on diet of L. forbesii from

1990–1992 in Scottish waters with two other smaller-

scale studies suggests that there have been changes in

diet composition, although it is difficult to completely

rule out sampling biases. The main prey species found

during 1984–1986 by Ngoile (1987) were Argentine

(Argentina sphryaena), Norway pout (Trisopterus

esmarkii), whiting (Merlangius merlangus) and san-

deel (Ammodytes sp.). In a more recent study by

Stowasser (2004), the most frequently identified fish

were Trisopterus sp., silvery pout (Gadiculus argen-

teus) and transparent goby (Aphia minuta).

The objectives of this study are:

(a) to describe the diet of L. forbesii in Scottish

waters during 2006–2007, evaluating the impor-

tance of seasonal and ontogenetic variation in

diet composition and prey size

(b) to determine whether there has been a shift in

feeding patterns of L. forbesii since the last major

study in 1990–1992 and whether any such changes

can be related to changes in prey availability

Materials and methods

Diet data for 2006–2007

Monthly samples of L. forbesii from the Moray Firth,

northern North Sea, were collected from commercial
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trawler landings in the Scottish port of Fraserburgh

(Fig. 1) from July 2006 until June 2007. In total, 360

stomachs (typically 30 per month, selected at

random) were sampled. Biological data were also

recorded as follows: dorsal mantle length (ML), body

weight (BW), sex, maturity stage (a scale from I to V,

following Boyle & Ngoile, 1993; Pierce et al.,

1994a), and mantle weight (MW). Samples were

stored frozen (-20�C) prior to analysis.

Stomach contents were thawed at room tempera-

ture and sorted by using a low-power, stereo micro-

scope. Contents were initially sorted into major

groups: fish, cephalopods, crustaceans, and others,

and then classified to family, genus, and species, as

far as possible, based mainly on identification of hard

parts. The presence of fish was determined from

bones (including vertebrae), otoliths, lenses, scales,

fin rays, and flesh. Reference material and published

guides (Härkönen, 1986; Watt et al., 1997; Scharf

et al., 1998) were used to support identifications.

Cephalopods were recognised from beaks, sucker

rings, statoliths, gladius, lenses, and flesh. Squid

beaks were identified to the lowest possible taxo-

nomic level using Clarke’s (1986) guide. Crustaceans

were recognised and identified from exoskeletons,

eyes, and flesh, while zooplankton were identified

using the guide of Conway et al. (2003).

Dietary information was quantified using standard

indices. Percent frequency of occurrence (%F) refers

to the percentage of stomachs containing a particular

prey type (and when summed across all prey types,

often exceeds 100% due to stomachs containing prey

more than one type (e.g., Hyslop, 1980). For graph-

ical presentations, we used modified percentage

frequency of occurrence, in which %F values were

rescaled to sum to 100% across all prey types. We

also calculated percentage numerical importance

(%N) for each prey type, this being the total number

of individuals of a particular prey type, summed

across all stomachs, expressed as a percentage of the

total number of individuals of all prey types (Breiby

& Jobling, 1985). All such indices have limitations

(see Hyslop, 1980; Tollit et al., 2010). Both %F and

%N may underestimate the importance of rapidly

digested prey and of large fish prey (since squids do

not always consume the heads; Porteiro et al., 1990)

while %N will tend to overestimate the dietary

importance of small prey.

Fish size was estimated from measurement of

otolith size, using published relationships between

otolith length (OL) and width (OW) and fish length

(FL) (Härkönen, 1986). Because fish otoliths and

cephalopod beaks (from which prey size can also be

estimated) were encountered in stomachs relatively

Fig. 1 Location of the port

of Fraserburgh in the Moray

Firth, ICES fishery

subdivision IVa
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rarely, we did not attempt to estimate overall diet

composition in terms of % weight.

Historical data

In order to assess possible changes in diet over the

last 15 years, raw data on L. forbesii diet collected

during 1990–1992 (see Pierce et al., 1994b; Collins &

Pierce, 1996) were re-analyzed. These data were

obtained from squid caught in Scottish waters using

various gears, by both commercial and research

vessels. Sources of variation were assumed to be

similar to those for 2006–2007, with the addition of

region, since the 1990s data came from three different

regions: North Sea (including the Moray Firth), West

coast (i.e. ICES subdivision VIa), and Rockall (ICES

subdivision VIb). We also compared dietary results in

the North Sea from the two time periods (1990–1992

and 2006–2007).

Data exploration and preliminary analyses

Data exploration was undertaken to identify unusual

data points, determine appropriate distributions for

response variables, to indicate collinearity between

explanatory variables and to display evidence of

interactions between effects of explanatory variables.

This involved use of Cleveland dotplots, pair plots

and co-plots and calculation of the variance inflation

factor (VIF). Subsequent analyses were carried out

for data from 1990–1992 and 2006–2007 both

separately and (for the sub-set of North Sea data)

together. Results on diet composition are summarised

in graphical and tabular form to identify the main

size-related, seasonal, regional and between-study

period patterns. Preliminary analysis of dietary pref-

erences was carried out using simple non-parametric

statistics: Spearman Rank correlations (for relation-

ships between prey size and predator size, Kruskal–

Wallis tests (for size difference among prey species)

and Mann–Whitney U tests (for prey size differences

between the two study periods). These tests were

carried out using SPSS 16.

Statistical modelling

Generalized additive modelling (GAM) was applied

to investigate sources of variation in dietary prefer-

ences. Binomial GAMs with logit link functions were

fitted to presence-absence data for three important

categories of fish prey, namely sandeels, gadoids, and

gobies. There were insufficient records to do GAMs

for any gadid species on their own. GAMs with

Gaussian distribution were applied for analysis of

prey size. The latter analyses used prey length data

(for single prey species and combined across prey

species), either fish length (FL) or otolith length

(OL). OL could be used for analyses of size in

individual prey species while for analyses in which

data from several species were combined, FL was

used. For most prey species, a better fit to a normal

distribution was achieved by log transformation

(log10(x)) of length data.

For all these analyses the set of putative explan-

atory variables comprised month (or season), indi-

vidual (predator) dorsal mantle length (ML), region,

predator sex and (when datasets from both time

periods were combined) time period. Interactions

between explanatory variables were also considered.

For those analyses of prey size in which data from

several prey species were combined, species identity

was also included as an explanatory variable.

Mantle length was log-transformed to reduce the

influence of a small number of high values. ML was

fitted as a smoother with the constraint k = 4 (i.e.

maximum of 3 degrees of freedom) to avoid ‘‘over-

fitting’’ (i.e. in this context, to avoid fitting over-

complex relationships that would be biologically

unrealistic). Coplots indicated a strong interaction

between effects of ML and season on response

variables. Therefore smoothers for the effect of ML

were fitted separately for data from each season and

results compared with those from the equivalent

model in which a single smoother for ML was fitted,

using an F test. A significant F value confirmed the

need to include the interaction. Such a procedure was

also applied for other nominal variables (region, sex

and year) to determine if their effects interacted with

that of ML.

For all model fitting, a combined forwards and

backwards selection procedure was used to find the

optimal model. Comparisons of models were usually

based on values of the Akaike Information Criterion

(AIC) (the lower AIC is the better model) and

significance of individual explanatory variables. If

optimal models contained non-significant terms, an

F test was used to confirm that the non-significant

term significantly improved the overall fit Model
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validation included checking for influential data

points (high ‘‘hat’’ values) and patterns in the

distribution of residuals (Zuur et al., 2007). All data

exploration and GAM modelling were carried out

using Brodgar software V.2.6.5 (Highland Statistics

Ltd.), which is a menu-driven interface for R.

Results

General characteristics of squid diet in 2006–2007

The set of samples from 2006–2007 consisted of

stomach contents of 192 females, 158 males, and 10

individuals that could not be sexed. Observed mantle

lengths (ML) ranged from 56–500 mm, and body

weight (BW) ranged from 10–1845 g.

The most commonly occurring general prey cat-

egory was fish (95.6% occurrence), followed by

crustaceans (29.2%) and cephalopods (10.6%). Small

numbers of bivalve molluscs and gastropods were

also recorded, in 0.6 and 4.5% of stomachs, respec-

tively. Among the fish remains, 10 families and 21

species of fish prey were identified, of which Gadidae

(43.9%), Ammodytidae (23.1%), and Gobiidae

(19.7%) were the most frequently occurring prey

families. The most frequently occurring fish prey

species observed were Norway pout (T. esmarkii),

silvery pout (G. argenteus), and lesser sandeel

(Ammodytes marinus). Most crustacean remains were

completely macerated and difficult to identify. How-

ever, decapods and copepods (mainly Temora turbi-

nata) were identified. Copepods were present during

April–September, with most frequent occurrence in

June. Cephalopod remains were identified in 10.6%

of samples, including 1.4% of stomachs which

contained Loligo sp. Further details of diet compo-

sition appear in Table 1.

Variation in importance of different prey

categories

Generalized additive modelling results (Table 2)

showed that, in general, squid (predator) size, season

and region were the most important factors explain-

ing variability in the occurrence of sandeels, gobies

and gadoids in squid diet. There were also some

differences in male and female diet. There were

Table 1 Prey species of Loligo forbesii, 2006–2007

(%F = percent frequency of occurrence)

Prey type %F (n = 360)

Fish (total) 95.6

Ammodytidae (Sandeels)

Ammodytes spp. 13.6

Ammodytes marinus 6.7

Hyperoplus lanceolatus 2.8

Argentinidae

Argentina silus (Greater argentine) 0.3

Argentina sphyraena (Argentine) 1.1

Bothidae

Arnoglossus laterna (Scaldfish) 0.8

Callionymidae

Callionymus spp. 1.4

Callionymus lyra (Dragonet) 0.3

Carangidae

Trachurus trachurus (Scad) 2.2

Clupeidae

Unidentified Clupeidae 4.4

Gadidae (Cods and haddocks etc.)

Micromesistius poutassou (Blue whiting) 0.8

Merlangius merlangus (Whiting) 3.6

Trisopterus spp. 9.2

Trisopterus esmarkii (Norway pout) 11.1

Trisopterus minutus (Poor cod) 0.6

Melanogrammus aeglefinus (Haddock) 2.2

Gadus morhua (Cod) 1.4

Gadiculus argenteus (Silver pout) 8.3

Enchelyopus cimbrius (Four-bearded

rockling)

0.8

Unidentified Gadidae 5.8

Gobiidae

Gobiusculus flavescens (Two-spot goby) 0.3

Aphia minuta (Transparent goby) 5.3

Pomatoschistus spp. 10.3

Unidentified Gobiidae 3.9

Pleuronectidae

Hippoglossoides platessoides
(Long rough dab)

0.8

Pholidae

Pholis gunnellus (Butterfish) 0.8

Unidentified fish 11.9

Crustaceans (total) 29.2

Order Decapoda

Unidentified Decapoda 4.7
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significant interactions between effects of size and

season in several of the final models, notably those

for presence of sandeel in the diet, and there was a

significant size–sex-study period interaction in the

case of gobies.

Seasonal patterns

Fish, crustaceans and cephalopods were found in the

diet of L. forbesii all the year round during 2006–2007.

The percentage occurrence of fish prey decreased

during August–October, whilst that of crustacean prey

increased in that period (Fig. 2). Cephalopod remains

were most frequently found in stomachs during

February and October. Three main families of fish

prey, Ammodytidae, Gadidae and Gobiidae were

present in the diet of L. forbesii in every season.

Gadidae were the most commonly occurring fish prey

in the Winter, Spring and Autumn diet, occurring in

52.1, 32.9, and 28.6% of the stomachs, respectively,

while Ammodytidae were the most frequently occur-

ring in the Summer diet (present in 36.2% of

stomachs).

Generalized additive modelling results confirmed

significant seasonal differences in the occurrence of

sandeels, gadoids and gobies in squid diet. From the

combined data for the two study periods (North Sea

only), sandeels were eaten most frequently in Sum-

mer, followed by Autumn, Spring and Winter,

respectively. Gobies were found in the diet most

frequently in Summer, followed by Autumn, Spring

and Winter, respectively. For gadoids, the separate

GAM analyses of occurrence data for 1990–1992 and

2006–2007 indicated that gadoids tended to be eaten

more frequently in Autumn, and less frequently in

Spring (Table 2).

Size-related dietary variation

Fish were the most frequently occurring broad prey

category in all size-classes of squid (with %F [ 50%

in all size classes) but their occurrence tended to

increase in larger size classes of squid. Otoliths of

Callionymus lyra and Pholis gunnellus were found

only in smaller squids (\100 mm ML), while those

of Trachurus trachurus were present only in larger

squids (242–352 mm ML). Fish in family Ammo-

dytidae and Gobiidae were found in a wide range of

squid sizes (75–354 mm ML) but were most common

in the diet of small L. forbesii (Fig. 3). On the other

hand, gadoids trended to be found more frequently in

large squids. A Kruskal–Wallis test indicated signif-

icant variation (P = 0.032) in the median mantle

length of L. forbesii that had eaten different fish prey

groups (Ammodytidae, Gadidae, Gobiidae, Argen-

tinidae, and other fish prey), confirming that at least

some of the trends described above are statistically

significant. The percentage occurrence of crustacean

prey declined from 30–40% in squid 56–145 mm ML

to 6–19% in squid [145 mm ML. Cephalopod

remains were found in squid from 70 mm ML

upwards but tended to be found mainly in larger

squids (60% occurrence in squid [ 150 mm ML).

GAM results confirmed significant effects of squid

size on the incidence of sandeels, gadoids and gobies

in squid diet (Fig. 4) but present a less clear picture

than suggested by examination of the raw data. Size-

related trends in diet are illustrated in Fig. 4. Results

were not completely consistent but gobies tended to

be eaten more frequently by smaller squids (except

for female squid in 2006–2007) and gadoids tended to

be eaten more frequently by larger squid. Trends for

sandeel consumption varied between seasons, with

occurrence of sandeels in the 1990–1992 study

peaking in larger squid in Spring but the opposite

trend being apparent in Autumn.

Differences between the two study periods

Diet data collected in North Sea during 1990–1992 by

Pierce et al. (1994b) were compared with the present

dataset. It should be noted that the squid in the

1990–1992 sample from the North Sea were on

Table 1 continued

Prey type %F (n = 360)

Order Calanoida

Temoridae

Temora turbinate 0.6

Unidentified Calanoida 2.8

Unidentified crustaceans 21.1

Cephalopods (total) 10.6

Loliginidae

Loligo sp. 1.4

Unidentified cephalopods 9.2

Bivalves (total) 0.6

Gastropods (total) 4.5
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average larger (in terms of median mantle length)

than those sampled in 2006–2007 (Mann–Whitney

U test, P \ 0.001). In both datasets, fish were the

most important food source of L. forbesii, followed

by crustaceans and cephalopods. Differences were

apparent in the types of fish prey eaten (see Table 3).

Clupeids, sandeels and gadoids were the most

important prey groups in 1990–1992, while gobies,

sandeels and gadoids were the most important prey

groups in 2006–2007. Clupeids and, to a lesser

extent, gadoids declined in numerical importance in

2006–2007 compared to 1990–1992, although the

frequency of occurrence of gadoids was higher in

2006–2007. Among the Gadidae, smaller species

(Trisopterus spp.) increased in terms of both percent

frequency and numerical importance in 2006–2007

compared to 1990–1992. Conversely, percent fre-

quency and numerical importance for large gadoid

species (e.g. whiting) tended to be lower in

2006–2007 compared to 1990–1992. Sandeels were

Table 2 Results of binomial GAM models for the presence of various fish prey in the diet of Loligo forbesii

Prey group Final model DE

(%)

2006–2007

Sandeel

(n = 345)

Y1 * 1 ? as.factor(season) ? s(ML, k = 4, by = as.factor(season))

Season, P \ 0.001 (Q3 [ Q2 [ Q4 [ Q1); s(ML):Winter, P = 0.605, df = 1; s(ML):Spring, P = 0.364,

df = 2; s(ML):Summer, P = 0.095, df = 1; s(ML):Autumn, P = 0.033, df = 1

21.7

Gadoid

(n = 340)

Y1 * 1 ? as.factor(season) ? s(ML, k = 4)

s(ML), P \ 0.001, df = 3; Season, P = 0.012 (Q4 [ Q1 [ Q3 [ Q2)

16.0

Gobies

(n = 338)

Y1 * 1 ? as.factor(season) ? s(ML, k = 4, by = as.factor(season))

Season, P = 0.037 (Q2 [ Q4 [ Q1 [ Q3); s(ML):Winter, P = 0.051, df = 1; s(ML):Spring, P = 0.109,

df = 1; s(ML):Summer, P = 0.009, df = 2.4; s(ML):Autumn, P = 0.060, df = 1

29.7

1990–1992

Sandeel

(n = 1311)

Y1 * 1 ? as.factor(season) ? as.factor(region) ? s(ML, k = 4, by = as.factor(season))

Season, P \ 0.001 (Q2 [ Q3 [ Q4 [ Q1); Region, P \ 0.001 (RA [ NS [ WC); s(ML):Winter,

P = 0.412, df = 1.4; s(ML):Spring, P = 0.008, df = 1; s(ML):Summer, P = 0.132, df = 1;

s(ML):Autumn, P = 0.009, df = 1

9.7

Gadoid

(n = 1282)

Y1 * 1 ? as.factor(sex) ? as.factor(season) ? as.factor(region) ? s(ML, k = 4)

s(ML), P \ 0.001, df = 2; Season, P \ 0.001 (Q4 [ Q3 [ Q1 [ Q2); Sex, P = 0.03 (F [ M); Region,

P \ 0.001 (WC [ NS [ RA)

8.0

Gobies

(n = 1311)

Y1 * 1 ? as.factor(region) ? s(ML, k = 4)

s(ML), P = 0.012, df = 1.6; Region, P = 1 (NS [ WC [ RA)

19.9

1990–2007

Sandeel

(n = 716)

Y1 * 1 ? as.factor(season) ? s(ML, k = 4, by = as.factor(season))

Season, P \ 0.001 (Q3 [ Q4 [ Q2 [ Q1); s(ML):Winter, P = 0.002, df = 2.5; s(ML):Spring,

P = 0.147, df = 1; s(ML):Summer, P = 0.003, df = 3; s(ML):Autumn, P = 0.058, df = 2

14.2

Gadoid

(n = 701)

Y1 * 1 ? as.factor(year) ? s(ML, k = 4, by = as.factor(season))

Year, P \ 0.001 (Y2 [ Y1); s(ML):Winter, P = 0.872, df = 1; s(ML):Spring, P = 0.037, df = 2.9;

s(ML):Summer, P \ 0.001, df = 2.4; s(ML):Autumn, P = 0.004, df = 1

10.9

Gobies

(n = 701)

Y1 * 1 ? as.factor(sex) ? as.factor(year) ? as.factor(season) ? s(ML, k = 4, by = as.factor(year:sex))

Season, P = 0.188 (Q3 [ Q4 [ Q2 [ Q1); Year, P = 0.038 (Y2 [ Y1); Sex, P = 0.158 (F [ M);

s(ML):Y1 and female, P = 0.683, df = 1; s(ML):Y1 and male, P = 0.019, df = 1; s(ML):Y2

and female, P = 0.002, df = 1; s(ML):Y2 and male, P = 0.285, df = 1.5

13.3

For explanatory variables remaining in the final models, the table gives associated P values and direction of differences is indicated in

parentheses. For fitted smoothers, both P values and degrees of freedom (df, a value of 1 indicates a linear fit) are given. Significant

smoothers are illustrated in Fig. 4

ML dorsal mantle length, DE deviance explained, Y1 dataset in 1990–1992, Y2 Dataset in 2006–2007, Q1 Winter, Q2 Spring,

Q3 Summer, Q4 Autumn, F female, M Male, NS North Sea, WC West Coast, RC Rockall
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more important, in terms of both frequency of

occurrence and numbers, in the 2006–2007 dataset.

Three fish prey groups were recorded in 2006–2007

but not in 1990–1992: Argentinidae (A. silus and A.

sphyraena), Bothidae (Arnoglossus laterna) and

Pholidae (P. gunnellus).

Comparing cephalopod remains in the stomachs

between the two periods, it seems that cephalopod

species identified in 1990–1992 were more diverse

than in 2006–2007. Both Alloteuthis subulata and

Loligo species were found in 1990–1992, while only

Loligo species were recorded in 2006–2007. Crusta-

cean remains identified in both periods consisted of

decapods and copepods. Gastropod and bivalves were

present only in 2006–2007.

Generalized additive modelling results from anal-

ysis the combined (North Sea) data set for 1990–1992

and 2006–2007 indicated that the frequency of

occurrence of both gobies and gadoids was signifi-

cantly higher in 2006–2007 than in 1990–1992.

However, once seasonal and size-related dietary

variation had been taken into account, the frequency

of occurrence of sandeels did not differ between the

two time periods.

Variation in prey size

In total, 329 otoliths were found in squid stomach

contents in the 2006–2007 samples. However, only

the 233 identifiable and intact otoliths were used to

estimate the size of fish prey. The lengths of otoliths

ranged from 0.33 to 6.29 mm, while the estimated

fish prey sizes were 15.2–123.2 mm, in squid sizes of

74–354 mm ML (Table 4). Otoliths found in squid

Fig. 2 Monthly variation

in the diet of Loligo forbesii
(2006–2007). The graph
displays the modified

percent frequency of

occurrence of the main prey

groups in non-empty

stomachs

Fig. 3 Percent frequency

of occurrence of identified

fish prey in non-empty

stomachs (n = 360,

sampled from July 2006 to

June 2007) of Loligo
forbesii for different size

classes of squid. Samples

sizes of each size class were

38, 64,122, 88, 25, 11, and

12
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stomachs mostly belonged to Ammodytidae (mainly

A. marinus), Gobiidae (mainly A. minuta), and

Gadidae (mainly T. esmarkii). Otolith occurrence

appeared to vary with season, with the highest

occurrence of otoliths being found in Summer. Only

transparent goby (A. minuta) otoliths could be found

in the diet of L. forbesii in every season (Table 4).

Overall, there was a weak positive relationship

between prey size and predator size (Spearman’s

r = 0.156, P = 0.017). Correlations between squid

ML and the estimated size of three of the six

commonest prey types were significant (transparent

goby: r = 0.454, P = 0.002; other gobies: r =

0.762, P = 0.002; whiting: r = 0.810, P = 0.004).

However, no significant correlation was observed for

A. marinus, other sandeels or T. esmarkii.

GAM results on prey size

Generalized additive modelling results indicated that

predator size, season, and prey type were the major

factors influencing (fish) prey size, although some

sex-related and regional differences were also appar-

ent. For some prey groups there were also sex, region,

and study period differences (Table 5). In the

1990–1992 sample, size of gadoids eaten varied with

region and sex, with larger sizes eaten in the North

Sea and by female squids. GAM results from the

combined data for the two periods (North Sea only)

indicated that the smallest fish eaten were gobies,

followed by gadoids, sandeels and other groups.

Regarding the effect of season on prey size, larger

fish tended to be found in stomachs in Winter

compared to other seasons. For all fish prey combined

there was evidence of a positive relationship between

squid size and prey size eaten in the North Sea in

squid up to around 300 mm ML in 1990–1992

(Fig. 5d). Although there were differences between

different prey types, study periods and seasons, the

majority of statistically significant prey size-predator

size relationships were positive over at least part of

the squid size range (Fig. 5).

Generalized additive modelling results indicated that

the size of gobies eaten (in the North Sea) differed

significantly between the two study periods (with gobies

eaten in 2006–2007 being larger). There was, however,

a significant interaction between the effects of predator

size and study period on the size of sandeels eaten.

Selecting data on prey size from the same area

(ICES subdivision IV, North Sea) and period (Summer

and Autumn), the median length of sandeels taken by

L. forbesii in 1990–1992 appeared to be slightly

Table 3 Numerical importance of different prey categories (as

absolute numbers, N, and as a percentage of all prey

individuals, %N), and frequency of occurrence (F, and as a

percentage of stomachs contained food, %F) in stomachs of

Loligo forbesii in the North Sea, 1990–1992 and 2006–2007

Fish prey 1990–1992 2006–2007

N %N
(n = 130)

F %F
(n = 391)

N %N
(n = 391)

F %F
(n = 360)

Ammodytidae 29 22.4 32 8.2 122 31.2 83 23.1

Argentinidae – – – – 6 1.5 5 1.4

Bothidae – – – – 8 2.0 3 0.8

Callionymidae 1 0.8 1 0.3 1 0.3 6 1.7

Carangidae 1 0.8 1 0.3 2 0.5 8 2.2

Clupeidae 43 33.2 43 11.0 2 0.5 16 4.4

Gadidae 25 19.3 71 18.2 62 15.9 158 43.9

Whiting 9 6.9 12 3.1 11 2.8 13 3.6

Trisopterus spp. 9 6.9 10 2.6 23 5.9 75 20.8

Gobiidae 24 18.5 10 2.6 182 46.5 71 19.7

Pleuronectidae 2 1.5 2 0.5 2 0.5 3 0.8

Pholidae – – – – 4 1.0 3 0.8

Carangidae/Scombridae 5 3.9 5 1.3 – – – –

Separate information is presented for the most common small (Trisopterus spp.) and large (whiting) gadids in the diet
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Table 4 Sizes of identified otoliths and estimated length of fish prey in the diet of Loligo forbesii, 2006–2007, along with biological

characteristics of the squid

Prey Size of identified otoliths Estimated length of prey Biological data on squid which had eaten

these prey types

N Mean ± SD Mean ± SD (mm) ML (mm)

Mean ± SD

Season

Family Ammodytidae

Ammodytidae 7 0.96 ± 0.25 (0.45-1.18) 58.7 ± 13.2 (32.1–69.8) 212 ± 31 (145-233) Sum

Ammodytes spp. 14 1.13 ± 0.36 (0.45-1.60) 67.6 ± 18.7 (32.1–91.8) 177 ± 25

(130–213)

Sum

Ammodytes marinus 58 1.28 ± 0.43

(0.48–2.15)

75.3 ± 22.3 (33.4–120.4) 175 ± 26 (75–219) Sum and Spr

Hyperoplus lanceolatus 32 0.83 ± 0.41

(0.38–1.78)

43.3 ± 23.2 (17.3–96.9) 194 ± 35

(155–354)

Sum, Win and Spr

Family Argentinidae

Argentina silus 1 1.48 69.6 160 Aut

Argentina sphyraena 5 2.08 ± 0.10

(1.90–2.13)

93.7 ± 4 (86.5–95.5) 162 ± 41

(123–204)

Aut and Win

Family Callionymidae

Callionymus lyra 1 0.68 25.4 74 Aut

Family Carangidae

Trachurus trachurus 2 4.25 ± 0.07

(4.20–4.30)

121.5 ± 2.5

(119.7–123.2)

279 ± 64

(242–352)

Win

Family Gadidae

Micromesistius poutassou 5 5.34 ± 1.60

(2.50–6.26)

94.7 ± 40.7 (22.6–118) 179 ± 13

(162–197)

Sum

Gadus morhua 10 3.79 ± 1.09

(2.35–6.29)

60.9 ± 16.7 (33.8–91.6) 190 ± 12

(171–202)

Sum

Trisopterus esmarkii 23 2.89 ± 0.75

(2.15–5.40)

42.9 ± 22 (20.9–116.8) 181 ± 23

(147–227)

Sum and Win

Merlangius merlangus 10 4.05 ± 1.07

(2.27–5.00)

67.6 ± 21 (32.7–86.6) 161 ± 21

(122–202)

Sum

Family Gobiidae

Aphia minuta 44 0.65 ± 0.27

(0.30–1.13)

36.8 ± 14.6 (18.1–62.3) 160 ± 32 (74–214) All the year

Gobiusculus flavescens 4 0.56 ± 0.09

(0.45–0.65)

18.3 ± 3.1 (15.2–21.9) 91 Aut

Pomatoschistus minutus 9 0.83 ± 0.11

(0.63–0.98)

23.8 ± 4.4 (16.5–30.7) 211 ± 88

(116–354)

Sum and and Win

Family Pholidae

Pholis gunnellus 6 0.55 ± 0.07

(0.48–0.63)

59.9 ± 5.3 (53.4–66.5) 91 ± 1 (89–92) Aut

Family Pleuronectidae

Hippoglossoides
platessoides

2 1.33 ± 0.64

(0.88–1.78)

39.5 ± 30.8 (17.8–61.3) 157 ± 72 (74–198) Aut and Win

Total 233 1.55 ± 1.28

(0.30–6.29)

55.9 ± 27.5 (15.2–123.2) 175 ± 40 (74–354)

Minimum and maximum are provided in parentheses

SD Standard deviation, Sum Summer, Aut Autumn, Win Winter, Spr Spring
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Table 5 Results of Gaussian GAM models for estimating fish length in the diet of Loligo forbesii

Prey group Final model DE

(%)

2006–2007

All prey size (FLa,

n = 207)

Y1 * 1 ? as.factor(Prey type) ? as.factor(season) ? s(ML, k = 4)

s(ML), P = 0.040, df = 2; Prey type, P \ 0.001 (OT [ SA [ GA [ GO); Season, P \ 0.001

(Q1 [ Q3 [ Q4 [ Q2)

46.6

Sandseel (OLa,

n = 109)

Y1 * 1 ? as.factor(season) ? s(ML, k = 4) ? ML:as.factor(season)

s(ML), P = 0.025, df = 1; Season, P = 0.006 (Q3 [ Q4 [ Q1 and Q2); ML:season, P \ 0.001,

df = 3

52.1

Gadoid (FLa, n = 47) Y1 * 1 ? as.factor(season) ? s(ML, k = 4, by = as.factor(season))

Season, P = 0.121 (Q1 [ Q4 [ Q3); s(ML):Winter, P = 0.002, df = 0.2; s(ML):Summer,

P = 0.693, df = 0.9; s(ML):Autumn, P = 0.656, df = 0.8

13.5

Gobies (OLa, n = 57) Y1 * 1 ? as.factor(season) ? s(MLa, k = 4, by = as.factor(season))

Season, P = 0.015 (Q1 [ Q4 [ Q3 [ Q2); s(ML):Winter, P = 0.003, df = 1; s(ML):Spring,

P = 0.972, df = 1; s(ML):Summer, P \ 0.001, df = 1; s(ML):Autumn, P = 0.250, df = 1

61.6

1990–1992

All prey size (FLa,

n = 315)

Y1 * 1 ? as.factor(prey type) ? as.factor(sex) ? as.factor(season) ? s(ML, k = 4,

by = as.factor(region))

Prey type, P \ 0.001 (SA [ GA [ OT [ GO); Season, P \ 0.001 (Q1 [ Q2 [ Q4 [ Q3); Sex,

P = 0.002 (F [ M); s(ML):North Sea, P = 0.005, df = 2.2; s(ML):West coast, P = 0.160,

df = 2.7; s(ML):Rockall, P = 0.051, df = 3

55

Sandseel (OLa,

n = 153)

Y1 * 1 ? as.factor(seasom) ? s(MLa, k = 4, by = as.factor(season)) ? MLa:as.factor(sex)

Season, P \ 0.001 (Q2 [ Q3 [ Q1 [ Q4); s(ML):Winter, P = 0.961, df = 1; s(ML):Spring,

P = 0.169, df = 1; s(ML):Summer, P = 0.003, df = 2.7; s(ML):Autumn, P = 0.746, df = 1;

ML:sex, P = 0.002, df = 2

49.7

Gadoid (FLa,

n = 116)

Y1 * 1 ? as.factor(region) ? as.factor(sex) ? as.factor(season) ? s(MLa, k = 4,

by = as.factor(season))

Season, P \ 0.001 (Q1 and Q2 [ Q4 [ Q3); Sex, P = 0.037 (F [ M); Region, P = 0.007

(NS [ RA [ WC); s(ML):Winter, P = 0.591, df = 0.9; s(ML):Spring, P = 0.631, df = 0.2;

s(ML):Summer, P = 0.002, df = 2.4; s(ML):Autumn, P = 0.079, df = 2.6

48.5

1990–2007

All prey size (FLa,

n = 361)

Y1 * 1 ? as.factor(prey type) ? as.factor(season) ? s(MLa, k = 4, by = as.factor(season))

Prey type, P \ 0.001 (OT [ SA [ GA [ GO); Season, P \ 0.001 (Q1 [ Q3 [ Q4 [ Q2);

s(ML):Winter, P = 0.568, df = 1; s(ML):Spring, P = 0.007, df = 1; s(ML):Summer, P = 0.012,

df = 1.9; s(ML):Autumn, P \ 0.001, df = 1

61

Sandseel (OLa,

n = 171)

Y1 * 1 ? as.factor(season) ? s(ML, k = 4, by = as.factor(year))

Season, P \ 0.001 (Q1 [ Q4 [ Q3 [ Q2); s(ML):Y1, P \ 0.001, df = 1; s(ML):Y2, P = 0.020,

df = 2

48.5

Gadoid (FLa, n = 84) Y1 * 1 ? as.factor(season) ? s(MLa, k = 4)

s(ML), P = 0.016, df = 2; Season, P = 0.019 (Q1 and Q2 [ Q4 [ Q3)

22.1

Gobies (OLa, n = 86) Y1 * 1 ? as.factor(year) ? as.factor(season) ? s(MLa, k = 4)

s(ML), P \ 0.001, df = 3; Season, P \ 0.001 (Q1 [ Q4 [ Q3 [ Q2); Year, P \ 0.001 (Y2 [ Y1)

66.3

For explanatory variables remaining in the final models, the table gives associated P values, and the direction of differences is

indicated in parentheses. For fitted smoothers, both P values and degrees of freedom (df, value of 1 indicates a linear fit) are given.

Significant smoothers are illustrated in Fig. 5 (aLog-transformations: fish length (FL), otolith length (OL), and dorsal mantle length

(ML))

DE deviance explained, Y1 dataset in 1990–1992, Y2 dataset in 2006–2007, Q1 Winter, Q2 Spring, Q, Summer, Q4 Autumn,

F female, M male, NS North Sea, WC West Coast, RC Rockall, SA Sandeels, GO Gobies, GA Gadoids, OT other fish prey
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greater than in 2006–2007. However, Mann–Whitney

U test showed no significant difference (P = 0.089).

There was no difference in median squid size between

the two periods (P = 0.692).

Discussion

It is apparent from this study that fish were the most

important prey for L. forbesii in Scottish waters in

2006–2007, followed by crustaceans and cephalo-

pods, as previously reported for this area (Ngoile,

1987; Pierce et al., 1994b; Collins & Pierce, 1996;

Stowasser, 2004), as well as in Irish waters (Collins

et al., 1994).

Regional variation in diet

The dominant prey species in the diet of L. forbesii

differ between regions, presumably influenced by

local abundances (i.e. availability) of potential prey

species. The dominant fish species in the Azores was

horse mackerel (T. picturatus) (Martins, 1982), while

sprat (S. sprattus), poor cod (T. minutus) and

transparent goby (A. minuta) dominated the diet in

Irish waters (Collins et al., 1994). In Scottish waters,

gadoids and sandeels were the most frequently

occurring groups as also found in the previous study

by Pierce et al. (1994b). It should be noted that

Gadidae (mainly, Trisopterus spp., and M. merlan-

gus), Ammodytidae (mainly Ammodytes spp.),

Argentinidae (mainly Argentina spp.) and flatfish,

which were identified by both Ngoile (1987) and

Pierce et al. (1994b) in the diet of this species, were

also found in the present study.

Seasonal variation in diet

Seasonal variation was one of the important sources

of variation in diet composition and size selectivity of

L. forbesii in Scottish waters, which it is in agreement

with previous studies by Pierce et al. (1994b) and

Collins & Pierce (1996), and suggests that seasonal

changes in prey availability may be important in

determining squid diet. Moreover, in the present

study copepods occurred more often in June. This is

consistent with the peak period of copepod abun-

dance on the eastern coast of Scotland (Broekhuizen

& McKenzie, 1995).

Size-related variation

The development of the prey capture, ingestion and

digestion systems (e.g. tentacles, beaks, digestive tract)

during the cephalopod lifespan seems likely to be a

crucial process influencing the prey selection (Boucher-

Rodoni et al., 1987), defining the morphological

constraints on foraging, feeding and digestion. In

L. forbesii, it is apparent that most juveniles fed on

small crustaceans or smaller fish, and then switched to

eating mainly fish and cephalopods as they grew. Again,

this corroborates the findings of previous studies by

Collins et al. (1994) and Pierce et al. (1994b).

As seen in this study, Collins et al. (1994) and

Collins & Pierce (1996) also noted that cannibalism

in L. forbesii occurs more frequently in larger squids

rather than in smaller squids. This is consistent with

studies on other squid species including L. pealei

(Macy, 1982), T. sagittatus (Lordan et al., 2001), Illex

argentinus (Mouat et al., 2001) and Dosidicus gigas

(Markaida & Sosa-Nishizaki, 2003). Cannibalism in

squid may occur because of food shortage (Macy,

1982; Lordan et al., 2001). However, cannibalism in

larger L. forbesii may be a function of abundance, for

example occurring often when abundance is high

(Pierce et al., 1998; Hastie et al., 2009b), as suggested

for Loligo vulgaris in the Saharan Bank (Coelho

et al., 1997).

Long-term trends in diet: species eaten

The increases in percent occurrence and numerical

importance of gobies in the 2006–2007 diet of L.

forbesii in the North Sea, compared to 1990–1992, may

indicate that gobies have effectively replaced clupeids

as a prey source. Among the clupeid prey, sprat was the

most frequently found species (see also Collins et al.,

1994). Although ICES advice indicates that the state of

the North Sea Survey data showed that sprat abundance

was lower (although increasing) in 1990–1992 than in

2006–2007 (although its abundance was then decreas-

ing, see ICES, 2009). Abundance (spawning stock

biomass, SSB) of herring in the North Sea seems to

have been rather similar in both periods. Thus, we have

no clear evidence that consumption of sprat by squid is

related to sprat abundance.

Change in diet composition of L. forbesii in

Scottish waters over time may have occurred due to

changes in prey and predator abundances in the
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marine ecosystem. Rogers & Ellis (2000) found that

there was a decrease in abundance of large species of

demersal fish in British waters, while smaller and

non-target fish species increased, due to the long-term

impact of commercial fisheries. Jennings et al. (1999)

noted that Norway pout has markedly increased in

abundance in recent years. Additional evidence is

apparent in stock status reports prepared by ICES

(2009). During 2005–2007, SSB of sandeel and

Norway pout tended to increase at the same time as

SSB of herring, whiting and haddock tended to

decrease (Fig. 6). Declining abundance of large fish,

whiting and haddock, could be beneficial for large

squids because their food in the North Sea is similar

in prey species composition (Hislop et al., 1996;

Greenstreet et al., 1998).

However, as for clupeids, a detailed examination

of dietary importance and abundance of gadids again

provides little evidence that squid predation tracks

stock abundance. In the case of gadoids in the diet,

although there was a slight decline in numerical

importance, this was not consistent with the trend in

percentage occurrence in the diet, which was upwards

(Table 3). Among the gadids, whiting decreased in

importance in the diet while Trisopterus spp.

increased. Whiting abundance (SSB) in the North

Sea declined substantially between 1990–1992 and

2006–2007 (consistent with dietary results) but

Norway pout abundance was fairly similar in both

time-periods (although it had reached a historic low

point in 2005).

Long-terms trends in diet: prey size

In addition to changes in species composition, the size

composition of the fish community in the North Sea

ecosystem has been be affected by fishing pressure

and climate change (Jennings et al., 2002; Ottersen

et al., 2006). Aside from the decline of larger species

and truncation of the age structure in many species,

there are numerous reports of decreases in size-at-age

and age at maturity in fished stocks, e.g. cod in the

Barents sea (Ottersen et al., 2006) and in the North sea

(Yoneda & Wright, 2004), and sandeels in the

northwestern North Sea (Wanless et al., 2004).

Given the above-mentioned changes in the relative

abundance of large and small fish, it might have been

predicted that a shift towards smaller prey would be

seen in squid diet. However, the only statistically

significant difference in the size of prey eaten in

1990–1992 and 2006–2007 was that squid took bigger

gobies in 2006–2007 compared to 1990–1992. In the

case of gobies, since they are not commercially

important, there is little available information on

trends in stock abundance or size structure.

The findings from the present study suggest that

there have been significant changes in the diet of

L. forbesii over the last 15 years. While seasonal

Fig. 6 Spawning stock

biomass (SSB, millions of

tones) of herring, sandeel,

Norway pout, whiting and

haddock in the North Sea

(data from ICES, 2009)
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shifts in diet were previously attributed to changes in

prey abundance (or availability, see Pierce et al.,

1994b), we have been able to find little or no

evidence that long-term interannual trends in squid

diet are related to fish abundance. This may be a

sampling issue (e.g. the relatively small numbers of

stomachs examined) and it is also possible that the

available abundance measures for commercially

exploited fish stocks are simply at the wrong spatial

scale to be relevant to predation by L. forbesii. In

addition, it may be necessary to derive abundance

indices specifically related to the size classes of fish

taken by L. forbesii.

Any long-term shift in the diet of apparently

opportunistic predators such as cephalopods is a very

important consideration in the construction of large-

scale, trophic network models. Therefore, it would be

worthwhile to monitor future changes in squid diet in

the North Sea. To ensure comparable results, sam-

pling protocol should consider the possible influence

of fishing gear, study area, and seasonal pattern on

the results. In principle, predators such as Loligo

forbesii may represent a useful biological indicator of

changes in the size- and species-composition of fish

communities. However, results of this study caution

against uncritical use of such indicators.
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