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ABSTRACT: We report an unexpected observation of lesser sandeel Ammodytes marinus foraging
on juveniles and late larval stages of the same species. This recording sheds new light on the can-
nibalistic and piscivorous capacity of forage fish and raises a number of questions about the role
of forage fish in marine food webs. In 2012 and 2013, the stomachs of 748 sandeels from 36 differ-
ent commercial sandeel hauls in the central North Sea were opened, and 9% of these contained
late-stage sandeel larvae. In order to better understand the cannibalistic nature of sandeels, we
made a detailed analysis of another 450 sandeels from a single haul with a high frequency of
apparent cannibals. One-third of the stomachs contained a minimum of 1 young sandeel (mean
length 2.7 cm; max. length 4.9 cm), 10 % contained 5 or more, and 1 stomach contained 18. Analy-
ses of sample DNA confirmed that predator and prey were conspecifics. Larger specimens were
more likely to be cannibals. Among cannibals, however, the specific sandeel larvae consumption
was independent of cannibal size. We argue that this piscivorous cannibalistic behaviour may not
only be a key factor in explaining recruitment fluctuations in North Sea sandeel stocks, but it may
also add a new element to the complexity of energy flow in marine food chains.

KEY WORDS: Cannibalism - Energy flow - Forage fish - Food web - Piscivory - Population

dynamics - Trophic control

INTRODUCTION

Forage fish transfer energy from plankton to larger
predators in marine food webs (Pikitch et al. 2014).
These planktivorous, fast-growing, small to medium-
sized schooling forage fish species are vital to many
larger marine predators, including mammals and sea
birds (Thompson et al. 2007, Cury et al. 2011), and
they also sustain a number of large commercial fish-
eries worldwide, accounting for more than 30% of
global landings (Smith et al. 2011).

Most forage fish populations display large fluctua-
tions in biomass on both decadal and inter-annual
time scales (Pikitch et al. 2014). This has pronounced
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ecological and socio-economic consequences and
poses a challenge to sustainable fisheries manage-
ment (Dickey-Collas et al. 2014). Several external
drivers of these fluctuations have been identified,
typically defined in relation to their impact points in
the trophodynamic processes of the marine environ-
ment as either bottom-up, e.g. changing climate
(Arnott & Ruxton 2002) and cyclic changes in envi-
ronmental conditions (Tourre et al. 2007), or top-
down, i.e. predator-prey interactions at higher
trophic levels (Frederiksen et al. 2007) and commer-
cial fishing (Smith et al. 2011). Hence, the general
perception is that forage fish abundance is controlled
by food availability, physical-chemical conditions,
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fishing mortality and predation pressure from higher
trophic levels (Frank et al. 2007, van Deurs et al.
2009), and the prevailing biological trait being as-
signed to these species is that of prey to higher
trophic levels and grazers on the secondary produc-
tion.

Internal drivers of the so-called rollercoaster stock
dynamics of forage fishes (Dickey-Collas et al. 2014)
seem to be overlooked in the bottom-up versus top-
down paradigm for investigating population dynam-
ics and interactions in the marine ecosystem de-
scribed above. Cannibalism is widespread among
teleosts (Smith & Reay 1991), and theory predicts that
cannibalism in general can have profound effects on
population structure and dynamics (Kohlmeier &
Ebenhoh 1995, Magntsson 1999); cannibalism could
thus potentially be a hitherto overlooked co-driver of
forage fish population dynamics. In support, sandeel
cannibalism has been suggested by Lynam et al.
(2013) as an explanation for the weak relationship
between spawning stock biomass and recruitment in
the North Sea sand eel stocks. However, reports of
forage fish cannibalism are almost absent from the
literature.

Here we report the unexpected finding of sandeel
Ammodytes marinus cannibalizing large quantities
of late larval stages and juveniles of their own spe-
cies. These findings challenge the traditional percep-
tion of forage fish ecology and population dynamics
by demonstrating that forage fishes are not only
planktivorous, feeding on zooplankton (including
fish eggs and small fish larvae; Macer 1966, Engel-
hard et al. 2014) but are also cannibals, feeding on
relatively large conspecifics, i.e. juveniles and late
stage larvae.

MATERIALS AND METHODS
Sampling and stomach analyses

In 2012 and 2013, the stomachs of 748 sandeels
from 36 different commercial sandeel hauls (10 to 40
stomachs from each haul) in the central North Sea
were opened. Of these, 9% contained at least 1 late
stage sandeel larvae, and these were distributed over
17 hauls (between April 16 and June 7). In order to
better understand the cannibalistic nature of individ-
ual sandeels, we made a detailed analysis of another
450 sandeel randomly sampled from a commercial
haul (April 21, 2012) of the Danish industrial trawler
‘L455 Lotte Vohnsen', taken from the primary Danish
sandeel fishing grounds on Dogger Bank in the cen-

tral North Sea (54°8'N, 2°3'E). This haul had a rela-
tively high prevalence of cannibals and was there-
fore suitable for analysing the predator to prey ratio
and the allometry of the apparent cannibalistic be-
haviour. Total length of individual fish (from the tip of
the snout to the tip of the longer lobe of the caudal
fin) was measured to the nearest cm and weighed to
nearest mqg. Individual stomach contents of the sam-
pled sandeel were subsequently sorted into 2 groups,
fish larvae and non-fish larvae, and weighed. Indi-
vidual fish larvae were counted and, if well enough
preserved, the total length was also measured to the
nearest mm. Based on these data, we related preda-
tor size to cannibalism prevalence and size of the
eaten conspecifics.

Genetic analyses

DNA sequence analysis (bar coding) was applied
to determine prey species, using a standardized ap-
proach (Ratnasingham & Hebert 2013). Total geno-
mic DNA was extracted from 8 adult sandeel and 2
larval prey per gut (16 prey in total) using an Omega
tissue DNA extraction kit (Omega Biotech). DNA
concentrations were measured using a NanoDrop
Fluorospectrometer (Thermo Fisher Scientific). Mito-
chondrial cytochrome c oxidase subunit I (COI) gene
PCR amplifications were undertaken using the
primers FishF1 and FishR23 (Ward et al. 2005), am-
plifying a ~650 base pair fragment of the COI gene.
PCR reactions included 0.5 pl genomic DNA, 6.25 nl
Qiagen Multiplex PCR Master Mix (Qiagen) and
1.25 pl of each 3.2 pmol primer, with 4.5 pl water
bringing the total volume of the reaction to 12.5 pl.
The PCR cycling regime was as follows: initial denat-
uration at 95°C for 15 min followed by 30 cycles of
94°C for 30 s, 57°C for 90 s and 72°C for 60 s, and a fi-
nal elongation for 15 min at 60°C. PCR products were
visualized under UV on an ethidium bromide-stained
2% agarose gel. Then 8 pl samples of PCR products
were cleaned using 1.2 pl phosphatase buffer, 0.3 nl
phosphatase enzyme, 0.3 pl Exonuclease I (Exo I) and
2.2 pl water. Samples were incubated for 1 h at 37°C
followed by 20 min at 80°C. Sequencing reactions
were performed using the BigDyeTerminator v3.1
Cycle Sequencing Kit (Applied Biosystems) with the
forward primer. PCR conditions were 1 min at 96°C,
followed by 40 cycles of 10 s at 96°C, 5 s at 50°C and
4 min at 60°C. PCR products were purified using 5 pl
EDTA, precipitated using 100% ethanol, and then
dried, re-suspended in HighDye (Applied Biosys-
tems) and sequenced using an ABI 3130 Genetic An-
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alyzer (Applied Biosystems). Sequence quality was
checked by visual inspection, and specimens for
which >300 base pairs high-quality sequence was
obtained were matched against the BOLD data
repository (Ratnasingham & Hebert 2007).

RESULTS
Stomach analysis

The 450 sampled sandeels ranged from 10 to 17 cm
(12.2 + 1 cm; mean = SD) in total length. More than
one-third (165) of the fish had 1 or more larval
sandeels or juveniles in their stomach, 41 stomachs
contained 5 or more, and the maximum number of
ingested offspring was 18 (Fig. 1a). In total, 580 late
stage larvae or juveniles were found in the 165 stom-
achs. In 98 of the stomachs containing offspring, 308
larvae or juveniles were well enough preserved to
allow total length measurements (2.7 = 0.6 cm; mean
+ SD) (Fig. 1b).

Larval sandeels co-occurred with copepods,
amphipods and mysiids in the cannibal stomachs.
Notably, however, sandeel larvae were often found
clumped together in the stomachs rather than mixed
up with the other gut content. This feeding pattern
resulted in the presence of very distinct planktivory
and piscivory diet bands in adult sandeel stomachs
(Fig. 2a).

Cannibalism allometry

The number of sandeel larvae per stomach fol-
lowed a zero-inflated distribution. Analyses based on
size groups (1 cm intervals, and only size groups con-
taining 10 or more sandeels) revealed a highly signif-
icant and clearly linear relationship between fish
length and the proportion of fish being cannibals (p <
0.001, logistic regression: presence/absence vs.
length, df = 440, cannibals were defined as fish with
stomachs containing at least 1 sandeel larvae)
(Fig. 3a). In contrast, the number of larvae consumed
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Fig. 1. (a) Ammodytes marinus (14 cm) with 18 late stage sandeel larvae found in a stomach sample. (b) Length frequency
distribution of sandeel larvae and juveniles found in stomachs of adult sandeels (n = 308)

Fig. 2. (a) Sandeel Ammodytes marinus cannibal stomach with 3 distinct diet bands (copepods — sandeel larvae — copepods)
marked by arrows. (b) Content of the middle diet band in (a)
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per gram cannibal (specific consumption) did not species in the BOLD database. However, in all cases,
vary significantly between cannibal length groups A. marinus alone came out with similarity >99 %
(p = 0.27, linear regression analysis, r? = 0.007, df = (range 99.26 to 100 %; mean 99.82%). Moreover, all
163) (Fig. 3b). The overall predator—prey length ratio individuals exhibited >2 % divergence from the next
was around 4:1, and the relationship between canni- most similar species A. hexapterus, which is not
bal length and maximum length of ingested larvae reported from the area, and >4 % divergence from
was highly significant (p < 0.001, linear regression the next most similar species reported to occur in the
y =3.13x, 1> = 0.98, fitted to subset of data containing area (Hyperoplus lanceolatus), suggesting that our
the largest 5% of larvae in each cannibal length species identification was accurate.

group, df = 14) (Fig. 3c). However, there was only a
weak, although significant, relationship between the

mean length of ingested larvae and cannibal length DISCUSSION
(p = 0.01, linear regression analysis, r? = 0.02, df =
306). Here we report the unexpected finding of sandeel

Ammodytes marinus cannibalizing large quantities
of late larval stages and juveniles of their own spe-

Genetics cies. Larger specimens were more likely to display

cannibalistic behaviour, and as much as 18 late stage

DNA concentrations varied among sampled fish. larvae/juveniles were found in a single stomach. We
All analysed piscivores had DNA concentrations argue that this can only be the result of deliberate
between 50 and 116 pg pl™!, whereas prey extrac- cannibalism. When conspecific larvae are part of the
tions generally had lower concentrations, between zooplankton and fall into the same predator-prey

1.7 and 108 pg ul~!. A total of 22 (8 predators; 14 prey; size ratio, which for sandeel and zooplankton lies
average 1.75 prey per predator) out of 24 individuals between 1000:1 and 7000:1 (weight ratio, Ursin 1977,

returned high-quality sequences for >300 base pairs Christensen 2010), fish larvae cannibalism will in-
and were subjected to barcoding analysis. In all evitably occur. However, here we report a strikingly
cases, sequenced individuals were identified as different predator—prey length ratio of roughly 4:1,
Ammodytes marinus, demonstrating cannibalism. corresponding to predator—-prey weight ratios be-
McCusker et al. (2013) found that COI-based barcod- tween 50:1 and 100:1 (using the length-weight rela-
ing is ineffective at distinguishing among W Atlantic tionship from van Deurs et al. 2013), indicating that
Ammodytes species, presumably due to recent speci- lesser sandeel possess the capability to shift between
ation. Likewise, in some cases, representatives of the planktivorous and piscivorous feeding. For compari-
Ammodytidae family in the NE Atlantic exhibited son, the average predator—prey weight ratio for pis-
less than 1% divergence from their closest-related civorous cod is 150:1 (Ursin 1973), and the predator—
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Fig. 3. Ammodytes marinus. (a) Proportion of sampled stomachs containing at least 1 larval sandeel (®) as a function of fish

length. (b) Geometric mean number of larval sandeels per gram cannibal (e) as a function of cannibal length. Error bars repre-

sent 1 SD. Numbers above error bars are n°"Pals/pttal (c) Prey size as a function of cannibal size and maximum larvae length

as a function of cannibal size. The square root of the symbol radius is proportional to the number of observations (total n =

1936). The trend line is based on a linear regression (y = 3.13x, 2 = 0.98, p < 0.001) fitted to the subset of data containing the

largest 5 % of larvae in each cannibal length group (filled symbols, n = 24) and represents the maximum larvae length ingested
by each length group
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prey length ratio of cannibalistic gadoids lies in the
range between 2:1 and 4:1 (Scharf et al. 2000, Juanes
2003). The notion that sandeels makes decision-
based shifts in foraging strategy when opportunities
arise is supported by the distinct diet bands found in
the adult sandeel stomachs, i.e. a temporary shift
from copepod feeding to cannibalism had taken
place (Fig. 2). Similar patterns of prey type shifts
have been demonstrated for North Sea herring,
where periods of fish egg dominance alternated with
longer periods of crustacean feeding (Segers et al.
2007, Raab et al. 2012).

Our results strongly suggests that gape size limita-
tion was not likely to have affected the observed
allometry, as Fig. 3c indicates that the bulk of avail-
able larvae were smaller than the largest larvae
approached by the smallest of the cannibals. This
perception is in line with a number of studies arguing
that other factors, such as behaviour, prey availability
and predator capture efficiency, are equally as
important as gape size in limiting maximum prey size
(e.g. Juanes & Conover 1994, Keeley & Grant 1997,
Scharf et al. 2000).

Sandeel cannibalism has been suggested as a pos-
sible explanation for the weak relationship between
spawning stock biomass and recruitment in sandeel
(Lynam et al. 2013). The same causality has been
hypothesized by Arnott & Ruxton (2002) based on
their documentation of a highly negative effect of
age 1 sandeels on recruitment of age 0 sandeels. Our
results strongly support these hypotheses by demon-
strating that cannibalism of age 1+ sandeel on larvae
and juveniles can be substantial in the North Sea.

Assuming that the spawning stock biomass con-
sumes 0.2 sandeel per day per gram (as observed in
the particular haul analysed in detail here), it will
take less than a week for the sandeel stock in the
North Sea to eat a quantity of late stage larvae in the
same order of magnitude as the number of sandeel
that settles into the stock in June/July (this crude
upscaling exercise was based on mean recruitment
numbers and spawning stock biomass for 1983 to
2010 from the ICES stock assessment working group
for the North Sea demersal stocks, ICES 2014). This
clearly highlights the cannibalistic potential of this
species, but in a ‘survival of the species’ context such
a mechanism is difficult to explain, and the rareness
of the observations presented here also suggest that
the average rate of sandeel cannibalism in the North
Sea population is considerably lower. One explana-
tion may be that limitations in temporal and spatial
overlap between predator and prey with appropriate
size ratios ensures the long-term survival of the

stock, as observed for other fish species where canni-
balism acts as a population regulator (Claessen et al.
2002).

The hypothesis that cannibalism is a rare event
because spatio-temporal windows of overlap be-
tween sufficiently large adults and young ones are
rare events fits the sandeel case well. Adult lesser
sandeel feed between April and July. The eggs hatch
around March, after which the bulk of the larvae dis-
perse away from the sand banks, out of reach for the
adult population that are behaviourally attached to
the sand banks because of the innate need to bury at
night. However, timing of egg hatching varies con-
siderably; a study around the Shetland Islands found
hatching time to vary from February to April (Wright
& Bailey 1996, Jensen et al. 2003). Hence, late-
hatched larvae are more likely to be consumed by
older conspecifics until they have successfully drifted
away from the sand banks. Late larvae and newly
metamorphosed sandeel begin to show up in the
catches around June, as they begin recruiting back
to the areas inhabited by adult conspecifics. During
this time, the adult population is about to start the
overwintering period inactive in the sand, although
age 1 individuals may display prolonged activity
periods (Macer 1966, Kvist et al. 2001). Hence, the
spatio-temporal window in which cannibalism is
likely to affect population dynamics is limited to the
period from April to July and further depends on the
timing of hatching and the advection processes
removing the hatched larvae from the sand banks.

Scarcity of alternative prey or dense aggregations
of larvae or juveniles in the wrong place at the wrong
time may induce cannibalistic behaviour, as has been
demonstrated ex situ for copepods and anchovy
(Brownell 1985). Low prey availability may also have
been a key driver of the sandeel cannibalism demon-
strated in this analysis. In 2012 and 2013 (sampling
years), the Dogger Bank sandeel stock was at a par-
ticularly low level, which together with a number of
other stock dynamic measures (e.g. poor recruitment
and low fishing mortality) indicated poor ecological
conditions (ICES 2014). Therefore, the observed can-
nibalism could be a response to this ecological situa-
tion and may not have been evident in years when
preferred food supplies were adequate.

Although our findings represent a spatio-temporal
snapshot, they highlight the fact that forage fish can-
nibalism has the potential to drive population
dynamics. This potential may offer an additional ex-
planation for the rollercoaster stock dynamics of
many forage fishes (Dickey-Collas et al. 2014), which
have traditionally been explained by predation mor-
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tality from higher trophic levels and variation in food
availability (Frank et al. 2005, Ware & Thomson
2005). Notably, our findings do not disqualify these 2
mechanisms as key drivers of the forage fish roller-
coaster but strongly suggest that cannibalism and
piscivory deserve a more prominent role in under-
standing forage fish stock fluctuations, as well as in
the bottom-up and top-down paradigms currently
dominating analyses of marine trophic cascading and
ecosystem shifts (Fauchald 2010, Frank et al. 2011).
Furthermore, forage fish cannibalism may also lead
to energy recycling and thereby increased energy
loss. This reduces trophic transfer efficiency (Fig. 4),
which is an important ecological aspect of the food
web and has been proposed as a major determinant
of food-chain length (the energy-flow hypothesis)
and predator production (Trussell et al. 2006).
Recordings of forage fish cannibalism and pisci-
vory on larvae and juveniles are limited to a few ob-
servations of anchovies Engraulidae (Brownell 1985,
Takasuka et al. 2007), which may be why this mech-
anism is vastly ignored in the general perception of
forage fish stock dynamics and food web roles. The
lack of field observations is, however, also somewhat
surprising, considering that cannibalism is thought to
be more common among teleosts than in any other
animal phylum, due to a reproductive strategy where
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Fig. 4. Depiction of food chain energy transfer from second-
ary producers to top predators in the North Sea. The horizon-
tal arrow pointing to the left illustrates how energy is lost for
higher trophic levels due to metabolism of forage fish. The
broken circular arrow illustrates the potential recycling of
energy if cannibalism is the rule rather than the exception

METABOLISM

offspring quantity is favoured over offspring size, and
a pelagic larvae phase is widespread. Currently, can-
nibalism has been recorded in more than 36 out of
410 teleost families (Smith & Reay 1991). Two rea-
sons spring to mind as to why forage fish cannibalism
remains almost undocumented. Firstly, a general
lack of awareness and dedicated investigations due
to the conventional perception of forage fish as exert-
ing only bottom-up control of larger predators (Fau-
chald et al. 2011, Pikitch et al. 2014), and secondly,
practical difficulties with detecting larval prey, which
is digested much faster than the conventional crusta-
cean food (Christensen 2010). In summary, the ob-
served sandeel feeding patterns highlight the need
for targeted studies of the factors triggering shifts
from planktivory to piscivorous cannibalism and
incorporating these mechanisms into existing forag-
ing models.
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