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1.  INTRODUCTION

Fluctuations in fish populations are largely driven
by variability in recruitment, which in turn is deter-
mined by factors acting during early life stages.
Among them, food availability and feeding success
are considered key factors determining survival and
growth of fish larvae (Cushing 1990). Feeding can
affect larval mortality directly through starvation, or
indirectly by reducing growth rates through an
increase in the duration of the larval period when lar-
vae are particularly vulnerable to predation (e.g.
Houde 2002, Tilves et al. 2016). While some larval
fish may be opportunistic feeders, other larvae are
specialist predators based on particular prey charac-

teristics, such as size, catchability or visibility, among
others (Govoni et al. 1986, Munk 1997). As visual
acuity (Blaxter 1986, Morote et al. 2011) and foraging
ability (Leis 2007) improve throughout ontogeny,
changes in food selection, niche breadth and forag-
ing success can occur (e.g. Swalethorp et al. 2014,
Sabatés et al. 2015).

Blue whiting Micromesistius poutassou (Risso,
1827) is a mesopelagic gadoid widely distributed in
the North Atlantic Ocean and the Mediterranean
Sea, inhabiting waters over the shelf edge and conti-
nental slope (Bailey 1982, Heino et al. 2008). It is a
species of commercial interest, exploited in the
northern colder areas of the Mediterranean and in
the Atlantic Ocean (ICES 2016, Martin et al. 2016). In
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the NW Mediterranean, blue whiting biomass has
been shown to display cyclic fluctuations linked to
the extent of the deep water formation in the Gulf of
Lions that enhance planktonic production and deter-
mine the recruitment strength of the species (Martin
et al. 2016). However, during the last decade, the
periodicity in landings was not observed, and the
stock remains at low levels, showing no signs of
recovery (Mir-Arguimbau et al. 2020a). While knowl-
edge exists about the biology of blue whiting in the
Mediterranean (Macpherson 1978, Serrat et al. 2019,
Mir-Arguimbau et al. 2020a,b), information on the
ecology of the early developmental stages is lacking.

Studies on the feeding ecology of blue whiting lar-
vae conducted in the North Atlantic have revealed
that in the earliest developmental stages, they feed
on tintinnids and copepod eggs, shifting to copepod
nauplii and Calanoida copepodites when the larvae
are larger (Conway 1980, Hillgruber et al. 1997,
González-Quirós & Anadón 2001). However, there is
no information about the feeding of blue whiting lar-
vae in the Mediterranean. In the northwestern basin,
blue whiting reproduces in winter, from November
to March (Serrat et al. 2019, Mir-Arguimbau et al.
2020a), and the presence of larvae in the zooplank-
ton community is observed from December to April
over the shelf break in the vicinity of submarine
canyons (Palomera et al. 1983). While the Mediter-
ranean has long been recognised as an oligotrophic
sea (Siokou-Frangou et al. 2010), the winter period is
characterised by a well-mixed water column and rel-
atively high primary productivity and algal biomass
(Saiz et al. 2014). In the absence of vertical gradients,
the distribution of zooplankton is quite homogeneous
throughout the first 100 m of the water column
(Sabatés et al. 2007, Olivar et al. 2010).

The most common approach to studying larval fish
feeding is stomach content analysis. Despite some
weaknesses, such as difficulties in identifying soft
body and small prey items, it is very useful for deter-
mining the taxonomic identity of food web compo-
nents (Young et al. 2015) and the number and size of
ingested prey, 2 useful descriptors of the foraging
abilities of fish larvae (Pepin & Penney 1997, Sabatés
& Saiz 2000). Besides determining the feeding habits
of fish larvae, knowledge of the trophic structure of
the planktonic community where larvae are present
is essential for understanding their specific trophic
role in the planktonic food webs.

Naturally occurring stable isotopes are widely used
to study marine food webs. Stable isotope analysis
(SIA) focuses on assimilated versus ingested prey
material, providing a complementary method for

investigating trophic relationships that integrates
feeding across longer time scales (Young et al. 2015).
The method is based on the fact that during the
assimilation process, the lighter stable isotopes are
preferentially excreted, meaning that consumers
normally become isotopically enriched relative to
their prey (McCutchan et al. 2003). The stable iso-
topes of carbon (δ13C) and nitrogen (δ15N) are the
most commonly used isotopes in trophic studies. δ13C
values vary substantially among primary producers
and are used as a proxy of the main source of dietary
carbon, while δ15N values reflects stepwise enrich-
ment with each trophic level and are used as proxy of
relative trophic position (TP) (Layman et al. 2012), a
keystone in theoretical and applied ecology (Post
2002, Navarro et al. 2011).

Throughout development, fish larvae modify their
diet composition and prey preferences to meet their
energetic demands, with these changes being ulti-
mately modulated by the prey composition and
abundance in the field. The purpose of the present
study was to analyse the trophic ecology of blue
whiting larvae in the NW Mediterranean to under-
stand their feeding strategies in this oligotrophic sea.
We determined (1) the zooplankton composition, by
taxa and size, in the field, (2) predator−prey size rela-
tionships, diet composition and prey selection through
stomach contents and (3) the TP of blue whiting lar-
vae in relation to the trophic structure of the plank-
tonic community by means of SIA.

2. MATERIALS AND METHODS

2.1.  Field sampling

Blue whiting larvae were collected during 2 oceano-
graphic cruises conducted in winter in 2 consecutive
years (from 18 February to 20 March 2017 and from
14 to 26 February 2018) in the Catalan Sea (NW
Mediterranean Sea; Fig. 1). Sampling stations were
located approximately 7−14 km apart, and placed on
transects perpendicular to the shoreline, from near
the coast to the slope (Fig. 1). At each station, vertical
profiles of basic hydrographic variables (temperature,
salinity and fluorescence) were ac quired by means of
CTD casts and the vertical profiles were interpolated
to 1 m depth intervals. Fish eggs and larvae were col-
lected during day and night using a Bongo net with a
mouth opening 60 cm in diameter and a mesh size of
300 μm. Hauls were oblique from a maximum depth
of 500 m to the surface (or from 5 m above the bottom
to the surface at stations shallower than 500 m), at a

186



Mir-Arguimbau et al.: Trophic ecology of blue whiting larvae

vessel speed of 2 knots. The volume of filtered water
was estimated by means of a flowmeter placed in the
centre of the net mouth. The average volume of fil-
tered water per tow was 609.15 m3 (SD: 408.29 m3).
Zooplankton samples were fixed in 5% formaldehyde
buffered with sodium tetraborate.

To determine larval prey availability, micro- and
mesoplankton were sampled at 9 stations of the grid
immediately before the Bongo hauls (Fig. 1). Vertical
plankton hauls were performed with a CalVET net
(25 cm diameter, mesh size 53 μm for micro- and
200 μm for mesoplankton) from ~100 m to the sur-
face, towed at a speed of 10 m min−1, covering the
main larval vertical distribution range (A. Sabatés et
al. unpubl. data). The micro- and mesoplankton sam-
ples were preserved in 5% buffered formalin to
determine the abundance of the main planktonic
groups. The nets were equipped with a flowmeter to
determine the volume of filtered water.

During the 2018 survey, blue whiting larvae at dif-
ferent developmental stages and several zooplank-
tonic groups, collected by the Bongo net, were iden-
tified and immediately sorted on board, for later SIA
(Table S1 in the Supplement at www.int-res.com/
articles/suppl/m670p185_supp.pdf). The digestive
tracts of the larvae were removed to avoid the effect
of the stomach contents in the blue whiting larvae
isotopic signal. The zooplankton specimens were
placed for 2−3 h in 0.5 l of filtered seawater to allow
evacuation of the digestive tracts and reduce their
effect in the isotopic signal. For small-sized organ-
isms (e.g. copepods, ostracods), between 100 and 200
individuals per sample were pooled, and for larger
taxa (e.g. euphausids and salps) between 3 and 10
individuals per sample. Finally, blue whiting larvae
and zooplankton samples were stored at −80°C for
SIA. In addition, for determining the stable isotopes
of seston, water samples at 3 sampling stations were
collected at 5 and 40 m depth using a CTD-rosette
system, and filtered (3−5 l) through Whatman GF/F
glass fibre filters, which were immediately frozen in
liquid N2.

2.2.  Laboratory analyses

2.2.1.  Zooplankton characterisation

Micro- and mesoplankton formalin-preserved sam-
ples were analysed under the power resolution of a
binocular microscope up to 1000× (Leica M205C) and
classified to the lowest possible taxonomic level.
Several families of Calanoida copepods were identi-
fied; however, Para/Clausocalanidae, the most com-
mon Calanoida in winter in the area (Calbet et al.
2001), were not distinguished from other less abun-
dant Calanoida and were grouped as ‘unidentified
Calanoida’. One or more counting chambers were
analysed from each sample until 150−200 individuals
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Fig. 1. Study area showing the sampling stations and the
blue whiting distribution for the 2 years of the study.
Crosses: locations of the Bongo net tows; stars: Bongo and 

CalVET net tows
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of the most abundant taxonomic categories were
identified. The length and width of each organism
were measured to the nearest 0.01 mm, excluding
appendages and spines. The prosome for copepods
and the trunk for Appendicularia were considered.
The organic carbon content (Wc) of micro- and meso-
plankton taxonomic categories was estimated from
species-specific length−weight relationships ob -
tained from the literature (see Table S2 in the Sup-
plement), and then converted to dry mass in carbon
according to %C of each prey category obtained
from SIA (present study) or from the literature (see
details in Table S2). For the organic carbon content of
nauplii, we applied the length−weight relationship
reported for Calanoida copepod nauplii (Hay et al.
1988). The abundance (N) and biomass (expressed as
organic carbon content, Wc) of micro- and meso-
plankton were standardised to number of individuals
m−2 and to μg C m−2.

Differences in micro- and mesoplankton commu-
nity composition within and between years were
tested using ANOSIM based on the relative abun-
dance (%N). SIMPER analyses were run to deter-
mine the main groups explaining these similarities.
ANOSIM and SIMPER were performed with
PRIMER-E v.6 with PERMANOVA+ software (Clarke
& Gorley 2006).

2.2.2.  Stomach content analysis

In the laboratory, larvae were sorted and identified
from the preserved samples and standardised to a
number per 10 m2 of the sea surface. A total of 161
and 91 blue whiting larvae were examined for stom-
ach content analyses in 2017 and 2018, respectively.
Before dissection, the standard length (SL), the lower
jaw length (LJL), measured from the tip of the snout
to the junction with the maxilla, and the mouth width
(MW), measured ventrally as the widest distance
between the posterior edge of the maxillae, of each
individual were determined under a stereomicro-
scope with an accuracy of ±0.02 mm. It is worth
 noting that the fish mouth size is a determinant factor
in the size of captured prey (Shirota 1970). The
digestive tract of each individual was removed using
fine needles and placed in a drop of 50% glycerine
distilled water on a glass slide. Prey items were iden-
tified to the lowest possible taxon and their maxi-
mum length and width were measured, excluding
appendages and spines. For copepods, we measured
the prosome and for Appendicularia the trunk. The
accuracy of these measurements was ±0.01 mm.

To assess ontogenetic feeding changes, larvae
were grouped into different developmental stages:
pre-flexion 1 (<3.5 mm SL), pre-flexion 2 (3.5−
6.4 mm SL), flexion (5.8−13.5 mm SL) and post-
flexion (11.2−25 mm SL) (see Fig. 2). The feeding
incidence (FI) was calculated as the proportion of
examined larvae with at least one prey in their gut
separately by day (from sunrise to sunset) and by
night. The degree of prey digestion was estimated
on a scale of 1 to 3 (1 = highly digested, completely
transparent; 2 = partially digested; 3 = undigested,
some colour remains) (Morote et al. 2008b). The
trophic niche breadth was calculated as the stan-
dard deviation of the log10-transformed prey width
(Pearre 1986), and the average prey number per
lar vae was estimated with larvae collected from
08:00 to 00:00 h (UTC).

Diet composition was described as the numerical
percentage (%N), the frequency of occurrence
(%FO) and the percentage of organic carbon con-
tent (%Wc) of diet items in larvae with food in
their guts. The Index of Relative Importance (IRI)
of each prey category was also calculated accord-
ing to IRIwci = %FOi (%Wci + %Ni) (Pinkas et al.
1971, modified) and IRIni = %FOi ·%Ni (Laroche
1982). To readily allow comparisons among prey
items, both in  dexes were standardised to %IRI
(Sassa & Tsukamoto 2012).

Diversity of prey items in the diet was calculated
using the Shannon index (H ’):

(1)

where pi is the proportion of prey item i in the diet.
The organic carbon content of prey items in the gut
was estimated from species-specific length−weight
relationships obtained from the literature (see Table
S2), and then converted to dry mass in carbon
according to %C of each prey category obtained
from SIA (present study, Table S1) or from the litera-
ture (see details in Table S2). When the degree of
digestion did not allow for prey measurements, these
prey were not considered in the estimation of organic
carbon content.

Differences in stomach contents (based on %N and
%Wc) between larval stages and years were tested
using 2-way semi-parametric PERMANOVA tests
based on a Bray-Curtis distance matrix (Anderson et
al. 2008). For the analyses, the most important taxa
were considered (higher than 2% in %N in one lar-
val stage) and all the other taxa were grouped as
‘other groups’.

Prey selectivity was determined using Chesson’s α
index (Chesson 1978) from individuals collected con-
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currently with the sampling of environment zoo-
plankton:

(2)

where ri and pi are the proportion of prey item i in
the larval diet and in the field, respectively, and m is
the number of prey taxa considered. The α index was
calculated individually for each larva and its corre-
sponding plankton tow, and then averaged over the
total larvae analysed for the different ontogenetic
groups. For pre-flexion 1 larvae, the α index was cal-
culated considering the micro-plankton fraction, and
for the other larval categories it was calculated using
the meso-plankton fraction. Only the 5 most common
food organisms were considered: neutral selection
would thus result in a constant α = 1/5.

2.2.3.  SIA

δ13C and δ15N were analysed in blue whiting larvae
at different developmental stages (5 pools of ~5 pre-
flexion 2 larvae, 5 flexion larvae and 2 post-flexion
larvae) and in the different plankton groups (see
Table S1). Isotopic analyses were carried out at the
Laboratorio de Isótopos Estables of the Estación Bi-
ológica de Doñana (LIE-EBD, Spain; www.ebd. csic.
es/lie/index.html). All tissues were freeze-dried and
powdered, and 0.28−0.33 mg of the powdered tissue
was packed into tin capsules. Samples were com-
busted at 1020°C using a continuous-flow isotope-
 ratio mass spectrometry system by means of a Flash
HT Plus elemental analyser coupled to a Delta-V Ad-
vantage isotope ratio mass spectrometer via a CON-
FLO IV interface (Thermo Fisher Scientific). The iso-
topic composition is reported in the conventional
delta (δ) per mille notation (‰), relative to Vienna Pee
Dee Belemnite (δ13C) and atmospheric N2 (δ15N).
Based on laboratory standards, the analytical meas-
urement error was ±0.1‰ and ±0.2‰ for δ13C and
δ15N, respectively. The standards used were: EBD-23
(cow horn, internal standard), LIE-BB (whale baleen,
internal standard) and LIE-PA (feathers of razorbill,
internal standard). Laboratory standards were previ-
ously calibrated with international standards
supplied by the International Atomic Energy Agency
(IAEA, Vienna). Before statistical comparisons, δ13C
values of samples with a C:N ratio of >3.5 were lipid-
corrected following Logan et al. (2008).

TP of each planktonic category and blue whiting
larval stages was calculated by means of the equa-
tion proposed by Vander Zanden & Rasmussen
(2001):

TPconsumers = TPbasal + (δ15Nconsumer − δ15Nbasal)/Δδ15N (3)

where δ15Nconsumer is the δ15N value of each group,
and δ15Nbasal is the δ15N value of filter feeders (mean
value of Appendicularia, Salpidae and Pyrosoma
atlanticum: −0.79, SD: 0.73; Table S1). We applied a
basal TP (TPbasal) of 2 assuming that filter feeders are
typically primary consumers. The discrimination fac-
tor used (Δδ15N) was 3.15 as proposed by Sweeting et
al. (2007).

3.  RESULTS

3.1.  Winter zooplankton community

In both sampling years, the sea surface tempera-
ture ranged between 12.5 and 13.5°C. Mean plank-
ton densities were ~10900 ind. m−3 for microplankton
and ~2400 ind. m−3 for mesoplankton. Abundances of
the most relevant prey of blue whiting larvae were
~3381 ind. m−3 for nauplii and ~1137 ind. m−3 for
Calanoida copepods (Table 1). The plankton compo-
sition did not differ over the study area within each
year (~90% and ~75% of similarity for microplankton
and mesoplankton, respectively; Table S3a,b in the
Supplement) and between years (microplankton:
ANOSIM, r = 0.104, p = 0.278; mesoplankton:
ANOSIM, r = 0.117, p = 0.31). The microplankton
was mainly composed of copepod nauplii (34.9%N),
Tintinnina (18.9%N) and Dinoflagellata (15.7%N)
(Table 1), and the mesoplankton of Calanoida and
Cyclopoida copepods (56.0%N and 13.5%N, respec-
tively) and nauplii (9.5%N) (Table 1).

The size spectra of the microplankton ranged
between 20 and 240 μm width (50−700 μm length)
(Fig. S1 in the Supplement), with the most frequent
sizes being those between 40 and 120 μm width (50
and 400 μm length). Tintinnina were the most com-
mon taxa between 40 and 80 μm width, and nauplii
between 60 and 160 μm width. Other groups such as
dinoflagellates and diatoms were also relatively
abundant between 20 and 120 μm width. The meso-
plankton ranged from 40 to 520 μm width (50 to 1550
μm length), with 2 peaks of abundance between 80
and 120 μm width (50 and 400 μm length) and
between 160 and 360 μm width (400 and 700 μm
length). Nauplii were the most important group
between 40 and 120 μm, and Calanoida copepods
between 160 and 520 μm. In intermediate sizes, it is
worth noting the abundance of cyclopoid copepods
Oncaea spp. (80 to 140 μm) and Oithona spp. (160 to
240 μm) (Fig. S1).
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In both years, blue whiting lar-
vae were widely distributed all
over the study area (Fig. 1), their
size ranging between 1.8 and 25
mm SL. In 2018, post-flexion lar-
vae >11.2 mm SL were very
scarce (Fig. 2). The length of the
lower jaw and the mouth width
showed a significantly positive
allometric relationship with SL (p < 0.05; slope =
1.046 and slope = 1.108, respectively) (Table 2),
which indicates that the mouth size increased at a
relatively higher growth rate than the body length.
As lower jaw length and mouth width were
linearly related to SL, relationships between fish
and prey number and size were explored using
the larval SL to facilitate comparisons with other
studies.

3.2.  Trophic ecology of blue whiting larvae

Overall, FI was high, both day and night. During
daylight hours, FI was around 100% in all larval
stages, except in pre-flexion 1 (~88%), while during
the night, values were slightly lower, except in post-
flexion larvae, in which FI was 100% (Table 3). The
degree of prey digestion showed that un digested
prey appeared during daylight hours, while during
the night, all prey were partially or highly digested
(Fig. S2 in the Supplement).

In all larval stages, the number of ingested prey
increased throughout daylight hours, attaining maxi-
mum values at the beginning of the night (~20:00 h
UTC). These maximum prey values increased along
the ontogeny (Fig. 3). Overall, the mean prey num-
ber per larva slightly decreased from the smallest to
~6 mm SL larvae (from 20 to 10 prey), and from this
size onwards, it increased up to ~80 prey larva−1. It is
worth noting the high number of prey (>300 prey
larva−1) detected in a larva of 20 mm SL (Fig. 4).

The size spectrum of ingested prey at each larval
stage was quite similar in both sampling years

191

Fig. 2. (a) Standard length (SL) of blue whiting larvae analysed at each developmental stage in the 2 years. Box length:
interquartile range (25th to 75th percentiles); whisker length: larval size range; vertical lines within the boxes: median values;
black circles: values under 10th and above 90th percentile. (b) Blue whiting larvae: 1: pre-flexion 1 (2.58 mm SL), 2: pre-
 flexion 2 (5.12 mm SL), 3: flexion (8.4 mm SL) and 4: post-flexion (21 mm SL). Blue whiting larvae illustrations by J.M.-A.

Model Standard error R2 N 95% CI of p
of estimate slope

LJL(mm) = 0.1593·SL(mm)1.046 0.059 0.92 204 1.003, 1.089 <0.05
MW(mm) = 0.0968·SL(mm)1.108 0.083 0.87 219 1.052, 1.165 <0.05

Table 2. Relationships between lower jaw length (LJL) and blue whiting standard
length (SL), and between mouth width (MW) and blue whiting standard length (SL)

Pre-flexion 1 Pre-flexion 2 Flexion Post-flexion
n FI n FI n FI n FI

Day 42 88.1 44 97.7 36 100.0 12 100.0
Night 47 87.2 29 75.9 37 89.2 6 100.0

Table 3. Feeding incidence (FI, %) during day and night 
time for blue whiting at different developmental stages
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(Fig. S3 in the Supplement). Pre-flexion 1 larvae
consumed prey between 60 and 120 μm width,
pre- flexion 2 larvae between 160 and 280 μm
width, and flexion and post-flexion larvae between
300 and 360 μm width (Fig. S3). The mean prey
size increased with larval length until ~6 mm SL,
and from this size onwards, no major increase in
the size of the prey was detected (log prey width =
2.53· (1 − SLmm(−1.36)); R2 = 0.79; p < 0.05, Fig. 5a).
The tendency is similar when relating fish size
and prey weight (log prey weight (ng) = 4.52· (1 −
SLmm(−0.69)); R2 = 0.97; p < 0.05; Fig. S4 in the
Supplement). There was no relationship between
niche breadth (SD of log prey width) and larval
SL (p = 0.666), with a high dispersion of niche
breadth values between 3.5 and 5.5 mm SL, at the
end of the pre-flexion stage. However, it should
be noted that from 10 mm SL, the niche breadth
tended to increase with larval size (Fig. 5b).

3.2.1.  Diet composition and selectivity

A total of 3966 prey were identified, belonging
to 23 different taxa (Table 4). In both years,
 significant differences in the larval diet were ob -
served between developmental stages considering
both %N and %Wc (p < 0.05), except in %N be -
tween flexion and post-flexion stages (p = 0.168)
(Table S4 in the Supplement). However, no dif-
ferences were observed in the diet composition of
each larval stage between years, both in %N and
in %Wc (Table S5 in the Supplement).

Diet composition changed with larval growth.
Pre-flexion 1 larvae preyed on nauplii (43.8%N
and 51.1%Wc), Tintinnina (38.9%N and 3.0%Wc)
and Calanoida copepods (10.4%N and 27.6%Wc).
Cyclopoida Oncaea spp. copepods appeared fre-
quently (20.5%FO), although their importance in
%N and %Wc was lower (<3.2% in %N and %Wc)
(Fig. 6, Table 4). The diet of pre-flexion 2 larvae
was dominated by Calanoida (55%N and 80%Wc)
and nauplii (29.3%N and 5.9%Wc). Cyclopoida
Oithona spp. and Oncaea spp. copepods were
also frequent prey (21.7%FO and 13.8%FO, re -
spectively); however, their importance in %N and
%Wc was very low. The diet of flexion and post-
flexion larvae was almost exclusively based on
Calanoida (>70% in all feeding descriptors).
While most of Calanoida were grouped as ‘un -
identified Calanoida’, most are likely to be Para/
Clausocalanidae. It should be noted that Oithona
spp. was frequently ingested by flexion larvae
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(21.7%FO), although its importance in %N and %Wc
was negligible (Fig. 6, Table 4). Overall, prey diver-
sity was low and decreased with the ontogeny, from
H ’ = 1.33 in pre-flexion 1 and H ’ = 1.39 in pre-flexion
2, to H ’ = 1.01 in post-flexion larvae (Table 4).

Prey selective behaviour became evident as larval
development progressed (Fig. 7). The smallest larvae
showed neutral selection for their main prey (Tintin-
nina, naupli and Calanoida) and a negative selection
for Oithona spp. and Oncaea spp. Pre-flexion 2 larvae
showed a  preference for Cala noida, although the
Ches son value was not statistically dif ferent than neu-
tral selection, and negative selection
was observed for Oi thona spp. In flex-
ion and post-flexion stages, a positive
selection for Cala noida was evident
and negative for the other taxa, except
in the case of nauplii, for which a neu-
tral selection was ob served in the flex-
ion stage (Fig. 7).

3.3.  Stable isotope composition of
the planktonic community

Overall, δ13C values of the plankton
community ranged from −21.88‰ (Ap -
pendicularia) to −17.88‰ (Decapoda
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larvae), and significant differences were observed
between planktonic groups (ANOVA, F18,57 = 18.52,
p < 0.05). Pairwise multiple comparison procedures
showed that filter feeders (Pyrosoma atlanticum, Ap-
pendicularia and Salpidae) had significantly lower
δ13C values than blue whiting flexion and post-flexion
stages, Calanoida copepods, Chaetognatha, Euphau-
siacea and Decapoda larvae (Tukey test, p < 0.05;
Table S1, Fig. 8).
δ15N values ranged from −8.7‰ (seston at 40 m

depth) to 2.95‰ (post-flexion blue whiting larvae).
Significant differences were observed between
planktonic groups (F18,57 = 17.08; p < 0.05), with δ15N
values of seston (at 5 and 40 m depth) being lower
than those of the other groups (Tukey test; p < 0.05).
Although no significant differences were observed
between the other groups, filter feeders presented
the lowest δ15N values (~−1‰), followed by nauplii
and copepodites (0.24‰), copepods (1−2‰), pre-
flexion 2 and flexion blue whiting larvae (2.01‰ and
2.19‰, respectively), and the highest values corre-

sponded to post-flexion larvae and Euphausiacea
(~3‰) (Table S1, Fig. 8).

The organic carbon content of most planktonic
groups showed values around 30% of dry weight.
However, lower C content was observed for seston
and Salpidae (~1%), and P. atlanticum (~15%), while
values higher than 35% were found for by Euchaeti-
dae, other Calanoida copepods and Euphausiacea.
The C:N values showed significant differences be -
tween seston (~6) and all the other plankton groups
(~4) (F18,39 = 9.947, p < 0.05) (Table S1).

3.3.1.  Trophic structure of planktonic community

TP for most planktonic groups ranged from 2 to 3,
within the range of primary and secondary con-
sumers (Table S6 in the Supplement, Fig. 9). Seston
showed the lowest TP, being at the base of the winter
planktonic trophic chain (Fig. 8). Above this group, P.
atlanticum, Salpidae and Appendicularia showed a
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TP ~2. For nauplii and copepodites, Calanoida, Cen-
tropagidae and Corycaeidae, the calculated TP was
around 2.5. Pre-flexion 2 and flexion blue whiting
larvae showed values close to TP = 3, similar to

Oncaea spp., Euchaetidae, Pleuromamma spp., and
Ostracoda. Post-flexion blue whiting larvae and
Euphausiacea presented a TP slightly higher than 3
(Fig. 9).

4.  DISCUSSION

The present work provides novel
information on the trophic ecology of
early developmental stages of blue
whiting and the trophic structure of
their planktonic environment in the
NW Mediterranean Sea. Blue whit-
ing larvae are present in the plank-
ton early in the year, when sea sur-
face temperatures reach the lowest
values (~13°C) and the water column
is well mixed (Saiz et al. 2014). In the
absence of vertical gradients, the
vertical distribution of zooplankton
is quite homogeneous along the first
100 m of the water column (Sabatés
et al. 2007, Olivar et al. 2010). The
taxonomic composition as well as the
density values of micro- and meso-
plankton observed in the present
study agree with those reported dur-
ing winter in the NW Mediterranean
(Olivar et al. 2010, Bǎnaru et al.
2014, Saiz et al. 2014).
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4.1.  Blue whiting larvae trophic ecology

The feeding pattern of blue whiting larvae was
quite consistent in both years. The species showed a
high FI and a high number of prey per larva at the
different developmental stages. Both descriptor val-
ues were higher than those reported in larvae of dif-
ferent fish species in this area (e.g. Morote et al.
2008a, Catalán et al. 2011, Sabatés et al. 2015), but
comparable to those observed for blue whiting larvae
in the North Atlantic (Conway 1980, Hillgruber &
Kloppmann 2000, González-Quirós & Anadón 2001),
where prey concentrations are higher (Hillghruber &
Kloppman 1999, 2000). These results suggest that the
species presents well-developed foraging capabili-
ties re lated to its morphological and functional fea-
tures. For example, the early development of the
caudal peduncle and the robustness of the body
would confer good swimming skills and the looped
gut would favour prey retention (Govoni et al. 1983,
Sabatés & Saiz 2000). These foraging abilities allow
blue whiting  larvae to feed efficiently under different
trophic  scenarios.

In all larval stages, the number of prey in the guts
progressively increased throughout daylight hours,
reaching maximum values at the beginning of the
night. Undigested prey were detected during the
day, while during the night, all prey were partially or
highly digested. These results suggest that blue
whiting larvae have a diurnal feeding pattern, typi-
cal of most marine fish larvae (Hunter 1981), that is
consistent with strong reliance upon visual prey
detection (Blaxter 1986). The highest number of prey
detected at the beginning of the night, and the high
FI, even during the night (non-feeding period), could
be explained by the retention and accumulation of
prey due to the gut morphology and to the slow prey
digestion related to low winter temperatures.

During the pre-flexion stages, up to ~6 mm SL, the
number of ingested prey decreased while the prey
width increased. Conversely, from 6 mm onwards,
there was no major switch in prey size, with larvae
increasing the number of ingested prey to meet their
higher energy requirements. This is consistent with a
diet based on Tintinnina and nauplii in pre-flexion 1
larvae, nauplii and Calanoida copepods in pre-flex-
ion 2 larvae, and a dominance of Calanoida copepods
from 6 mm SL (flexion and post-flexion stages).
While niche breadth did not show a relationship to
larval size, the highest dispersion values were
observed just before 6 mm SL (pre-flexion 2 larvae),
suggesting that these larvae feed on larger prey
while still feeding on small prey. The lack of relation-

ship between niche breath and larval size has been
reported as a common feature of larval fish feeding
in middle latitudes (Llopiz 2013). In the Atlantic, a
similar relationship between the number and size of
ingested prey was observed in larvae smaller than 6
mm SL (Hillgruber et al. 1997), as well as a high
niche breadth in larvae around 6 mm SL (González-
Quirós & Anadón 2001).

From 6 mm SL, when no major increase in the
mean size of ingested prey was observed, the num-
ber of prey, the maximum size of prey and the niche
breadth tended to increase. This foraging behaviour
suggests that, although larvae may feed on large
prey, their low abundance in the field means that lar-
vae must ingest a great number of small prey to fulfil
their energetic demands. In contrast to our findings,
in the Atlantic, the size of ingested prey increased
throughout larval development, mainly due to the
consumption of Calanus spp. (Conway 1980), which
are larger (McLaren et al. 1988) than Calanoida
copepods observed in the present study (most of
them Para/Clausocalanidae). These results call for
further studies on how growth and survival of blue
whiting larvae are affected under Mediterranean
environmental conditions, where they cannot fulfil
their prey size preferences.

The diet of blue whiting larvae changed through-
out ontogeny. However, depending on the different
diet descriptors used, certain differences in diet were
detected. The numerical abundance descriptors (%N
and %IRIn) tended to over-represent the importance
of small and abundant prey (Tintinnina and nauplii)
and to under-represent the large low abundant prey
(Calanoida copepods), and vice versa for the indexes
that consider biomass (%Wc and %IRIwc). Thus,
based on numerical abundance, pre-flexion 1 larvae
mainly preyed on Tintinnina and nauplii, which cor-
responded to the most abundant microplankton size
spectra in the field (60−120 μm width). Pre-flexion 2
larvae, although still feeding on nauplii, include a
significant number of Calanoida copepods in their
diet, which in turn match the most abundant meso-
plankton size range (160−280 μm width). These pre-
flexion 2 larvae showed the highest prey diversity
(H ’ = 1.39), in coincidence with the highest disper-
sion of niche breadth at this stage. No positive selec-
tion for any prey was observed in pre-flexion larvae,
suggesting that they feed on the most abundant zoo-
plankton taxa in the field.

The diet of flexion and post-flexion larvae was
based on Calanoida copepods, the largest (300 and
360 μm width) relatively abundant prey in the field.
This taxon was positively selected over other cope-
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pods such as Cyclopoida. The shift in diet from nau-
plii to Calanoida copepods was previously reported
for blue whiting larvae in the Atlantic (Conway 1980,
Hillgruber et al. 1997, González-Quirós & Anadón
2001). The positive selection for Calanoida copepods
has been commonly observed in larvae of various
fish species in different geographic areas (e.g. Pepin
& Penney 1997, Morote et al. 2011, Swalethorp et al.
2014). Considering that the carbon content of
Calanoida (37.3%) is higher than that of Cyclopoida
(29.5%) (see our Table S1), and that carbon is an
index of lipid content (Postel et al. 2000), the selec-
tion on Calanoida would satisfy the energetic
requirements of the blue whiting larvae.

The carbon content of organisms is related to their
trophic condition (Kremer 1982) and shows differ-
ences between taxa, locations (e.g. Gorsky et al.
1988, Kiørboe 2013) and seasons (Beers 1966). This
variability suggests that the diet description based on
prey carbon content should consider carbon data of
prey sampled concurrently with the predators to
ensure accurate estimates of carbon content. The diet
description in terms of carbon content showed some
differences with respect to numerical prey abun-
dance in pre-flexion stages. In pre-flexion 1 larvae,
nauplii were still the main contributor to the diet
(~50%Wc), while Calanoida copepods became more
important (~30%Wc). In pre-flexion 2 larvae, Cala -
noida were the most important prey (~70% of Wc),
with the carbon contribution of nauplii being very
low (5.9% of Wc). In flexion and post-flexion larvae,
which have a diet based on Calanoida copepods, no
differences were observed between the 2 diet
descriptors.

4.2.  Stable isotopes and trophic structure of the
planktonic community

Blue whiting larvae showed an increase in δ13C
and δ15N throughout development. An increase in
δ15N during larval growth in relation to changes in
diet has been previously reported for other fish
species such as common dolphinfish Coryphaena
hippurus, sailfish Istiophorus platypterus and
capelin Mallotus villosus (Pepin & Dower 2007,
Wells & Rooker 2009). In our study, this increment
in δ15N values corresponded to the shift in diet
from nauplii to Calanoida copepods as blue whiting
larvae grow. Thus, SIA, which integrates informa-
tion of assimilated diet, supports the results
obtained from the stomach content analysis. Some
studies have reported maternal transmission of iso-

topic signatures to eggs and small larvae, resulting
in relatively high isotopic δ15N values at these
stages (Le Bourg et al. 2014). In the present study,
the low values of δ15N in pre-flexion 2 larvae (~10 d
old, according to the otolith daily increments, N.
Raventós pers. obs.), much lower than those of the
adults during the study period (Mir-Arguimbau et
al. 2020b), suggest that these larvae no longer
show the maternal effect. Experimental studies
conducted with another species (Sciaenops ocella-
tus) showed that larvae reflected the isotopic com-
position of ingested food after a 6-fold increase in
biomass (Herzka & Holt 2000). Taking into account
the SL-dry weight relationship of blue whiting lar-
vae obtained by Bailey & Heath (2001), our pre-
flexion 2 larvae (~4.5 mm SL) would have increased
17× their initial weight. It is therefore not surprising
that these larvae did not show the maternal
isotopic composition.

Most studies analysing stable isotopes of the
planktonic community are based on stable isotope
ratios of size-fractionated zooplankton (i.e. Bǎnaru
et al. 2014, Tilves et al. 2018) and only a few
studies have been conducted at a taxonomic level,
especially in the Mediterranean (Koppelmann et al.
2009, Protopapa et al. 2019). The results of the
present investigation revealed a wide range of δ13C
values for the zooplankton taxa analysed (from
−21.88‰ to −17.88‰) in line with the usual values
reported for zooplankton in the Mediterranean
(Darnaude et al. 2004, Costalago et al. 2012). This
wide range of values suggests that the zooplankton
community exploits different sources of primary
production (Fanelli et al. 2011). Very low δ15N val-
ues were found in the seston (average values of
~−6‰) and in the different zooplankton taxa (−1 to
3‰). These zooplankton values are similar to those
reported in the Mediterranean (Koppelmann et al.
2009, Costalago et al. 2012, Bǎnaru et al. 2014), but
much lower than those observed in other geo-
graphic areas, such as the Baltic Sea (Sommer &
Sommer 2004) or the Bay of Biscay (Chouvelon et
al. 2015). Previous studies conducted in the Medi-
terranean also reported very low values of δ15N for
the seston that were related to nitrogen fixation by
diazotrophs (Koppelmann et al. 2009, Bǎnaru et al.
2014). It should be considered that the planktonic
community is very sensitive to variability of δ15N
values caused by variation in primary producers
(Costalago et al. 2012, Bǎnaru et al. 2014); there-
fore, further research is needed to determine pat-
terns of seasonal and interannual variability to
frame these low values in a broader context.
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The estimated TP of the different zooplanktonic
taxa ranged from 2 (herbivore) to 3 (primary carni-
vore), while the TP of seston was <1 due to its very
low values of δ15N. Above the gelatinous filter
feeders, to which we assigned an herbivorous
trophic guild, nauplii and small copepods presented
the lowest TP, close to the herbivores, due to a diet
based on ciliates and dinoflagellates (Turner 2004).
For most copepods, the TP corresponded to omniv-
orous feeding (TP ~2.5), although the cyclopoid
Oncaeidae and the Calanoida Euchaetidae showed
a higher TP (~2.8), close to primary carnivore, in
line with their zooplanktonic diet (Yen 1987, Go et
al. 1998, Turner 2004). Finally, the TP estimated for
blue whiting at all larval stages corresponded to a
primary carnivore (TP ~3), similar to other groups
such as Chaethognatha, which fits with the
described diet guild. In spite of the uncertainties in
TP estimates related to the appropriate baseline
selection and to the discrimination factor used, the
analysis of stable isotopes has shed light on the
trophic structure of the winter planktonic commu-
nity in the NW Mediterranean.

The results of the present study provide the first
assessment of the diet composition of blue whiting
larvae in the Mediterranean. The high FI and high
number of ingested prey are comparable to those
observed for the species in the North Atlantic and
suggest that the foraging abilities of larvae allow
them to feed efficiently under different trophic sce-
narios. The results also show that in the Mediterran-
ean, where large Calanoida copepods are relatively
scarce, the species modulates the number and size of
ingested prey to meet the energetic requirements
throughout its early ontogeny. Finally, the study
sheds light on the trophic structure of the winter
planktonic community in the Mediterranean, identi-
fying blue whiting larvae as a primary carnivore.
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