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ABSTRACT: The quantification of prey requirements for larval fish is essential to understand how
environmental factors act to restrict suitable habitats and recruitment success in marine fish. The
effect of prey concentration on ingestion rates of the European sardine Sardina pilchardus was
estimated for larvae through 50 d post-hatch (dph) under controlled laboratory conditions at 15°C.
Prey were nauplii and copepodites of the calanoid copepod Acartia grani, which were provided to
larvae at 3 concentrations (0.5, 2 and 6 nauplii ml~! and 0.1, 0.5 and 1 copepodites ml™!). Larvae
were not able to capture copepod nauplii at the beginning of exogenous feeding, suggesting that
early larvae depend on smaller prey types and/or less mobile prey than copepods. The mean size
of prey found in the guts of sardine larvae increased from 145 to 348 pm for larvae of total length
increasing from 6 to 18 mm, respectively. Maximum ingestion rates (232 * 8.0 ng C larva™! h™?)
were reached at the highest prey concentration diet for individuals >40 dph (1500 to 2500 ng C
dry weight). These feeding rates are higher than values previously reported for the larvae of small
pelagic fish. The inability of sardine larvae to feed at low prey concentrations, particularly during
the first weeks of life, suggests that this species relies on and is adapted to forage within dense
prey patches. Given this feeding strategy, bottom-up processes causing food limitation may
strongly impact the survival and growth of sardine larvae.
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INTRODUCTION

Within the several theories proposing explanations
for the recruitment variability of fish populations (e.g.
Hjort 1914, Lasker 1975, Bakun 1996), processes act-
ing on early life stages are considered to be the most
important for establishing year-class success in many
marine fish stocks (Houde & Schekter 1980). Ascer-
taining the main causes of mortality during the lar-
val period is essential to improve our understanding
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and prediction capability of recruitment success of
marine fishes.

Predation, ocean circulation patterns and food lim-
itation are considered to be the most important fac-
tors influencing larval survival (Anderson 1988, Peck
& Hufnagl 2012). Feeding can affect larval mortality
directly through starvation or indirectly by reducing
growth rates, causing larvae to spend more time in
early life stages particularly vulnerable to predation
mortality (Houde & Schekter 1980, Munk & Kigrboe
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1985, Anderson 1988, Munk 1997). Survival of fish
larvae depends, consequently, on their ability to find,
capture and ingest sufficient quantities of appropri-
ate prey to avoid starvation and to ensure high rates
of growth (Blaxter 1963, Checkley 1982, Pryor & Epi-
fano 1993). In this regard, it is crucial to know the
changes in the suitable prey field (species, sizes) and
the required prey concentrations to support survival
and high rates of feeding and growth through fish
larvae ontogeny.

The European sardine Sardina pilchardus is dis-
tributed along the eastern North Atlantic coast, from
Iceland and the North Sea to Senegal and the Medi-
terranean Sea (Whitehead et al. 1988). One of the
main areas of sardine spawning in the northeast
Atlantic is the Iberian Peninsula (Stratoudakis et al.
2007), where sardine larvae often dominate the
ichthyoplankton community (Garrido et al. 2009).
Although the abundance and recruitment success of
sardine fluctuate widely from year to year, in recent
years the size of the population in Iberian waters has
declined (ICES 2013).

Recent field studies suggest that, at least during
particular phases of larval development, sardine lar-
vae are almost exclusively zooplanktivorous and
calanoid copepods seem to be preferentially selected
(Conway et al. 1994, Ferndndez & Gonzdalez-Quirés
2006, Voss et al. 2009, Catalan et al. 2010, Morote et
al. 2010). Sardine larvae are likely able to ingest
phytoplankton but early larvae have a poorly devel-
oped digestive system and are probably unable to
digest non-naked microalgae cells (Blaxter 1969).
Unfortunately, feeding rates of sardine larvae, and
those of other small pelagic fish larvae, cannot be
properly estimated by analysing gut contents of lar-
vae collected in the sea due to, among other factors,
a very high percentage of empty guts (e.g. 90% in
Blaxter (1969), 68% in Voss et al. (2009), 70% in
Morote et al. (2010)). Clupeoid larvae have straight
alimentary tracts and rapid rates of food passage,
thus, empty guts are probably caused by defecation
or regurgitation (Fernandez & Gonzdlez-Quir6s
2006, Morote et al. 2010, Borme et al. 2013). There-
fore, it is necessary to perform complementary labo-
ratory studies to quantify rates of larval feeding, and
identify prey types and concentrations providing
adequate energy to support larval survival.

Laboratory research on early life stages of small
pelagic fish has shown that larvae require high con-
centrations of different prey types to achieve growth
rates similar to those in nature (Hunter & Thomas
1974, Theilacker 1987, Garrido et al. 2012, Peck et al.
2013). Moreover, larvae either grow slowly or often

die when provided only monospecific diets (e.g.
dinoflagellates or copepod nauplii), likely reflecting
the rapidly changing optimal prey sizes and/or types
required as larvae grow and develop (Lasker et al.
1970, Hunter 1976, Garrido et al. 2012). Natural con-
ditions at which larvae are able to survive and grow
can be inferred from laboratory-derived feeding
rates in relation to prey availability. Furthermore,
laboratory data on aspects of larval feeding (e.g.
ingestion rates and prey-size ranges in relation to lar-
val size and prey concentration) are needed to para-
meterize foraging sub-routines of individual-based
models (Peck & Hufnagl 2012), tools which may yield
fundamental insights into the mechanisms of envi-
ronmental regulation of recruitment, aiding advice
needed to establish sustainable exploitation rates of
fish populations (Peck et al. 2013).

The present work provides the first laboratory
study on the feeding behaviour of the larvae of Euro-
pean sardine. We determined the ingestion rates of
the larvae in relation to larvae age and to prey size
and concentration. Our study encompassed larvae
between 5 and 50 d post-hatch (dph) that were fed
nauplii and copepodites of the calanoid copepod
Acartia grani. This and other calanoid species
account for the main prey of sardine larvae in situ.
Our estimates of foraging capacity are discussed in
relation to field growth patterns and recent estimates
of metabolic losses.

MATERIALS AND METHODS
Larval rearing

The sardine larvae used in the experiments were
hatched from eggs spawned by captive sardines Sar-
dina pilchardus, captured by purse-seine fishery in
the fishing port of Peniche (Western Portugal) during
2009 and 2010 and maintained in a large cylindrical
tank (15000 1) in the Oceanério de Lisboa. Adult fish
started spawning naturally by adjusting the photo-
period and temperature to natural conditions. The
eggs were collected from the broodstock using
500 pm mesh egg collector bags placed in the skim-
mers of the tank. Eggs were counted and transferred
to 30 1 cylindrical tanks (stocking tanks), where they
were incubated at 15°C and a salinity of 35.0. This
temperature corresponds to the peak of the spawn-
ing season of sardines off Portugal (Stratoudakis et
al. 2007). The light regime was 16 h light: 8 h dark
and gentle aeration was used to maintain steady
water circulation and high oxygen concentrations.
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Sardine larvae were reared in the stocking tanks
until 50 dph. The diet of sardine larvae in the stocking
tanks comprised the dinoflagellate Gymnodinium sp.,
the rotifer Brachionus sp., and nauplii, copepodites
and adults of the copepod Acartia grani (Table 1);
these prey proved suitable to provide high rates of
growth and survival in sardine larvae in previous ex-
periments (S. Garrido et al. unpubl. data). The con-
centration of prey remaining in the larval tanks was
monitored daily and new prey added to maintain con-
stant values throughout the experimental period. The
microalgae Nannochloropsis sp. was added daily to
the stocking tanks (green-water method). Stock cul-
tures of live prey for sardines (A. grani and rotifers
Brachionus sp.) were fed ad libitum with Rhodo-
monas sp. and Nannochloropsis sp., respectively.

Larval feeding experiments

Feeding experiments consisted of determining the
ingestion rates of sardine larvae fed different diets.
Larvae were fed every 5 d between 5 and 50 dph.
The 3 diets consisted of increasing concentrations of
different developmental stages of the calanoid cope-
pod A. grani (Table 2).

Every 5 d, 3 to 7 larvae were randomly selected and
placed into each of 9 experimental 5 1 glass beakers
(with 4 1 sea water) and acclimated for 18 h without
prey. The experimental beakers remained static,
with no air supplementation and were kept at the
same temperature (15°C) and salinity (35) as the
stocking tanks. To maintain the temperature condi-
tions, stocking tanks and experimental beakers were
placed in temperature-controlled water baths. At the
start of measurements, beakers were randomly se-
lected to receive 1 of the 3 food concentrations. Food
items were added and larvae were allowed to feed
for 4+0.17 h, after which the water in the beakers
was rapidly cooled to 4-6°C, to minimize any further

Table 1. Prey offered to sardine larvae reared in the stocking tanks as a function

of age (days post-hatch, dph)

Table 2. Feeding regimes used in the sardine larvae inges-
tion experiments. The prey were nauplii and copepodites of
the calanoid copepod Acartia grani

Concentration Feeding regimes

Low 0.5 nauplii ml™' + 0.1 copepodite ml™!
Intermediate 2 nauplii ml™! + 0.5 copepodite ml~!
High 6 nauplii ml! + 1 copepodite ml™

digestion and/or feeding. At each food concentration,
2 control beakers were used (food but no larvae)
(thus, a total of 15 beakers used). All larvae were
then rapidly removed and anesthetized with MS-222,
their total length (TL) was measured in vivo under a
stereoscopic microscope (+0.05 mm, micrometer on a
Zeiss Stemi 2000 dissecting scope), and larvae were
stored in formaldehyde until further processing. The
water of each experimental and control beaker was
sieved (55 pm) and stored with 2% Lugol solution
and initial (control beakers) and final (larval beakers)
prey concentrations were determined later. Larval
mortality was inspected and registered for all experi-
mental beakers at the end of the conditioning (star-
vation) period, immediately before food was added
and the 4 h experimental feeding period begun.
Dead larvae were not considered in any further
calculations or analyses.

Larval growth

The TL of larvae used in the feeding experiments
was determined on each experimental day. Addition-
ally, 3 to 10 larvae were collected from the stock tank
on each measurement day, their TL was measured,
and larvae were frozen at —80°C for subsequent dry
weight (DW) determination. Larvae DW was ob-
tained (+0.1 pg, Sartorius microbalance, XM1000P)
after freeze drying (Thermo PL9000/HSC, 36 h). To
estimate sardine growth rate during
the experimental period from hatch-
ing to 50 dph, larval length data and
age data were fitted to a Laird-Gom-

Gymnodinium sp.  Brachionus sp.

Acartia grani

pertz growth curve by an iterative

0 dph 1500 cells m1™*
3 dph

4 dph onwards

25 rotifers ml!

20 dph onwards

30 dph onwards

5 nauplii ml™!
5 nauplii ml™!

2 copepodites ml™
2 nauplii ml™

2 copepodites ml™
2 adults ml™!

nonlinear regression routine:

2=

TL = Loe[ (1

where TL is total length in mm, L, is
initial length at time 0, A, is the
growth rate at time 0, A is the rate of
exponential decay and tis age in days.
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The increase of larval dry weight (DW) per age was
also fitted to a Laird-Gompertz weight curve by an
iterative nonlinear regression routine:

(5 )o-e™) 2)

where DW is larval dry weight in pg, W, is the
dry weight at hatching in ng, Aq is the dry weight at
time 0.

LogDW = W,e

Feeding rates

Ingestion rates over the 4 h feeding period were
determined by comparing the initial and final prey
concentrations in the control and larval beakers. Prey
(copepod A. grani) concentration was quantified in 4
subsamples using a plankton counting chamber
(accounting for 10 to 20% of the sample), under a
stereoscope microscope (Olympus SZ-PT). Subse-
quently, 40 to 50 prey items (nauplii and copepodites)
of each experiment were digitally photographed at
40x magnification (Canon EOS 1100D), and meas-
ured using the Image-Pro Plus image analysis soft-
ware version 4.5.0.29.

For each replicate larval beaker, ingestion (I; prey
larvae ! h™!) and clearance (F; ml larvae™ h!) rates
were calculated using the following formulas:

[ci—cl—(ci—cf)]
I= /t 3)

n

and

t

F = [VX[m(q/q)—m(q/q)n/n 4)

where C; is the initial prey concentration, C; is the
average final prey concentration in the control
beakers, C is the final prey concentration in the
larval beakers, n is the number of larvae that
remained alive in the experiment, ¢ is the duration
of the experiment in hours and V is the volume of
water in the experimental beaker. Prior to calcula-
tions, we compared the decrease of prey concen-
tration between control beakers (with only prey)
and larvae beakers (with prey and larvae) using t-
tests. Experimental beakers were used in further
analyses only when concentrations in the 3 repli-
cate beakers with larvae were significantly lower
than those computed for the control beakers (i.e.
feeding took place).

Prey items were identified to stage at the begin-
ning and end of the experimental period.

To evaluate changes in selectivity patterns through
larval ontogeny, we calculated the Chesson o statis-
tic (Chesson 1983):

o = (5)

P

i1
J pj

where m is the number of prey types (either
nauplii or copepodite), r; is the proportion of prey
type j ingested and p; is the proportion of prey
type j in the experimental beakers. Selection was
interpreted as neutral if the m™ value fell within
the 95% confidence interval for o; at a particular
larval age, and as positive or negative if the 95%
confidence interval was higher or lower than mt,

respectively.

Gut contents

The gut content of each larva was analysed. The
entire gut from each larva was excised and dissected
using a fine needle, placed in a drop of glycerine on
a glass slide and examined under a stereoscope
microscope. Prey organisms were identified, counted
and digitally photographed at 6.3x magnification
(Canon EOS 1100D). Subsequently, prey lengths
were measured using the Image-Pro Plus image ana-
lysis software version 4.5.0.29 and the carbon con-
tents of prey were estimated using the equation of
van der Lingen (2002). Feeding incidence was calcu-
lated as the percentage of larvae examined contain-
ing at least one prey in the gut.

Data analysis

Analysis of covariance (ANCOVA) was used to
assess whether the regressions relating sardine lar-
vae ingestion rates (or clearance rates) and larval age
were comparable among the 3 prey concentrations.
Specifically, we tested for differences in ingestion
rate (ng C larvae™ h7') or clearance rate (ml larvae™
h7!) depending on larval age (continuous variable)
and diet type (factorial variable design with 3 factors
corresponding to the concentrations of the 3 diets).
To test the relationship between larval length and
prey size, a regression model was used on non-
transformed variables.

All graphics and statistical analyses were per-
formed using the open source software R version
2.9.2 (R Development Core Team).
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RESULTS
Larval growth

Sardine larvae hatched 48 h after the eggs were
collected from the adult spawning tank, and had a
yolk sac, non-pigmented eyes and a closed mouth.
Larval TL at-hatch was between 3.1 and 4.5 mm
(mean + SE: 3.8 + 0.34 mm). At 4 dph, the yolk sac
was totally absorbed and larvae started exogenous
feeding. At 5 dph, sardine larvae had pigmented
eyes, and pectoral fins started to develop, while the
caudal fin started to form at 25 dph. At 50 dph larval
TL had increased up to 18.7 + 1.64 mm (Fig. 1). The
relationship between TL and age was statistically
significant and described well by the Laird-Gom-
pertz curve:

1L = 3gs0etosl ")
(p <0.001, n = 408). Sardine larvae weight increased
throughout the ontogeny from 0.03 + 0.006 pg at

(e}
20 — 8

Size (mm)

Log Larval weight (ug)

Age (days post-hatch)

Fig. 1. Change in size and dry weight of sardine larvae

reared in the stocking tank at optimum feeding levels. Size

and dry weight were fitted to Laird-Gompertz curves.
Parameters of the equations are given in the text

hatching to 1.44 + 0.873 pg at 50 dph (Fig. 1). The
relationship between larval DW and age was

d ibed by:
escribed by M](1—e‘0'049t)

LogDW = 2.95e[°-049
(p <0.001, n=151).

Feeding rates

The decrease in prey concentration during the
feeding incubations was from 5 to 41 % (mean * SE:
15.3 = 10.1 %) for nauplii, and 3.2 to 76.3% (28.7 =
19.2 %) for copepodites. Ingestion rates of sardine lar-
vae increased significantly with larval age (F-test =
85.9, p < 0.001) and prey concentration (F-test = 50.1,
p <0.001) as shown by the ANCOVA model (r*=0.81,
n = 73). Sardine larvae aged between 5 and 10 dph
(6.3 and 6.9 mm TL, respectively) were not able to
feed or had very low ingestion rates at each of the
3 prey concentrations (Fig. 2). Ingestion rates mar-
kedly increased after >45 dph or >15.9 mm TL at the
low prey concentrations (maximum ingestion rates
reached 46 + 35.1 nauplii larvae™ h™' and 18 =
0.5 copepodites larvae™' h™! at 50 dph for an 18.1 mm
larva). At the intermediate concentration, ingestion
rates increased at 20 dph and 10.1 mm and reached
44 + 61.9 nauplii larvae™' h™! and 75 * 38.0 cope-
podites larvae™ h™! at 50 dph with 18.1 mm TL. At
the high prey concentration, ingestion rates increa-
sed at 20 dph with 10.1 mm TL and reached 863 =+
40.0 nauplii larvae™ h™! and 285 + 8 copepodites
larvae™' h™! at 50 dph with 18.1 mm TL.

Clearance rates of sardine larvae increased sig-
nificantly with larval age (ANCOVA regression (r? =
0.29, n =73, p < 0.001) but were not different among
the 3 prey concentrations. The largest ontogenetic
changes in clearance rates occurred when larvae
were >25 dph (>11.8 mm TL). Clearance rates were
higher on copepodites (145 + 138.3 ml larvae™! h™)
than on nauplii (31 + 33.6 ml larvae™ h™') of A. grani
(Fig. 2). Except for early larvae, feeding rates in-
creased linearly with food concentration without
reaching a saturation point (Fig. 3).

Total carbon intake increased with larval body
mass (i.e. size and age) and prey concentration
(Fig. 4). Larvae =240 dph (=15.9 mm TL and ranging
from 1500 to 2500 pg DW) consumed 13 + 3.4 SD, 44
+26.2 and 231 + 8.0 ug C larvae™' h™! when feeding
at the low, intermediate and high prey concentra-
tions, respectively (Fig. 4). In terms of weight-specific
rates, mean values were 1.5 = 1.70% BC (body car-
bon h™?1) for low concentration, 14.3 + 28.94 % BC for
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nauplii (Fig. 5). This pattern was very
clear at the high food concentration

Low Intermediate High
concentration concentration concentration

20 80 - 300 1
T 15+ 1 .
= 200 }
? 10
5 t
[} 100
=Z 54 +
-~ - . #

04 0 ‘__*_——n—ﬂ’:
T

diet, whereas at lower food avail-
ability there was much more scatter in
the data.

Gut contents

The analysis of the gut contents of

(l) I 10|00 l 20|00 I
Larval weight (ug)

T T T T T
1000 2000

Fig. 4. Total carbon biomass (ug C ind™' h™') ingested by sardine larvae from
49.1 to 2221.2 ng DW (5 to 50 dph), fed 3 different concentrations of the calanoid
copepod Acartia grani (nauplii and copepodites). Diet concentrations are
described in Table 2. Calculation of food intake necessary to achieve larval
growth rates of wild sardine (y = 0.199 + 0.006x; solid line) and food necessary
to achieve the respiration rates (y = 0.056x; dashed line) estimated in Moyano
et al. (2014). Values are expressed as mean + SD. Note the y-axes scales are

different between the diets

intermediate concentration, and 29.6 = 19.02% BC
for high concentration diets.

Prey size increased with larval age (Fig. 2). For the
3 prey concentrations, early sardine larvae mea-
suring <14.7 mm TL (<35 dph) preferentially
ingested nauplii. The intake of copepodites in-
creased with age and size and, in some cases, more
copepodites were ingested compared with nauplii.
At the intermediate prey concentration, 40 dph
larvae (15.9 mm TL) ingested only copepodites at a
mean + SE rate of 74 + 7.6 prey larva™' h™' (227 +
23.4 pg C larva™! h™1). Older (50 dph) larvae with
18.1 mm TL consumed both nauplii (44 + 61.9 prey
larva_! h™') and copepodites (75 + 38.2 prey larva™!
h™!), which corresponded to 261

+

T T T T T
0 1000 2000

252 larvae (size range from 3.9 to
23.9 mm TL) revealed that overall the
percentage of larvae analysed with
food in the guts was very low (15.5 %),
although higher values were occa-
sionally found (Table 3). The smallest
sardine larvae with prey in the gut
were 5.9 mm and 5 dph. Sardine lar-
vae <10 mm (<20 dph) only ingested
nauplii, while older larvae (>10 mm
and >20 dph) also had copepodites in
the guts. The number of prey items per larva in-
creased with prey concentration (Fig. 6). Maximum
prey number per larvae at the low, medium and high
prey concentrations were 5 prey at 45 dph (3 nauplii
and 2 copepodites; 18.37 mm TL larva), 7 prey at
50 dph (7 copepodites; 18.5 mm TL) and 10 prey at
20 dph (8 nauplii and 2 copepodites; 10.5 mm larval
size), respectively.

Prey size significantly increased with increasing
larval TL (p < 0.001, r> = 0.44, n = 113). In early sar-
dine larvae (5.8 to 10 mm TL and <20 dph) prey items
ranged in total and prosome length (for nauplii and
copepodites, respectively) from 91.8 to 243.7 pm. For
larvae between 10 and 16 mm TL (20 to 40 dph), the

160.5 pg C larva™! h™!. At the highest Low Intermediate High

. concentration concentration concentration
prey concentration, 35 dph (14.7 mm o o o
TL) sardine larvae exclusively in- t 05 0 05 1 1 05 0 05 1 1 05 0 05 f
gested copepodites at a rate of 81 + 57 ! ! . ! ! 1 ! !
18.0 prey larva™ h™! (249 + 55.3 ug C 101 : i - , ;
larva~! h™!). Older (40 dph) larvae with 15 : . '
159 mm TL ingested both nauplii 201 ' . : :
(44 = 43.8 prey larva™ h™') and cope- &, 257 . :
podites (248 = 24.2 prey larva! h™!), < 30- 1 ; :
which amounted to 792 + 103.9 pg C 35 § I ——H
larva! h™'. The results of the Chesson 40 1 : : . !  E—
selectivity statistic confirmed the 45 1’_ 1 E . {-E_
above-mentioned observations and 50 ' h ; . |
showed that, in general, larvae

>20 dph or >10.1 mm TL tended to
positively select copepodites, whereas
younger larvae positively selected

Fig. 5. Chesson o selectivity for nauplii (black bars) and copepodites (white
bars) with larval age for 3 concentrations of nauplii and copepodites of Acartia
grani. Diet concentrations are described in Table 2. 95% confidence intervals

are shown
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Table 3. Presence (as % of incidence) of Acartia grani (nauplii and copepodites) in the guts
of sardine larvae from 5 to 50 dph and for the 3 different diets

geny using the calanoid cope-
pod Acartia grani as prey. It con-

stitutes one of the few attempts
Age Diets — Total — | {0 determine the ingestion rates
0.5 nauplii ml™! + 2 nauplii ml™* + 6 nauplii ml™" + of small pelaqic fish larvae in
0.1 copepodites ml™' 0.5 copepodites ml~! 1 copepodites ml™! ) pelag )
n  Incidence n Incidence n Incidence n Incidence relation to prey concentration
(%) (%) (%) (%) (review in Peck et al. 2013).
5 16 0.00 13 0.00 17 11.76 252 15.48
10 12 25.00 8 0.00 14 0.00 .
15 19 3158 20 20.00 18 16.67 Feeding rates and prey
20 13 46.15 12 16.67 12 33.33 selectivity
25 8 12.50 9 22.22 9 33.33
30 5 0.00 6 0.00 4 0.00 Although confinement in small
35 3 0.00 3 0.00 4 0.00 tank h . t th
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Fig. 6. Relationship between number of prey items in sardine larvae guts and
larval size for 3 concentrations of nauplii (O) and copepodites (@) of Acartia
grani. Diet concentrations are described in Table 2

prey found in guts ranged from 76.9 to 352.4 pm. Sar-
dine larvae >16 mm (>40 dph) did not ingest small
prey and prey size was between 167.6 and 530.1 pm
between 45 and 50 dph, respectively (Fig. 7). No
effect of prey concentration on the size of prey in the
guts was observed (Fig. 7). The ratio between prey
size and larvae size varied between 0.6 and 3.2 and
was higher for small larvae (<8 mm or <20 dph) than
for older larvae. This was not due to the prey size
spectrum offered since larvae had larger copepodites
than those found in the gut contents (Fig. 7).

DISCUSSION

In this study, we have described for the first time
the ingestion rates of sardine larvae through onto-

larvae of European sardine (e.g. Voss
et al. 2009, Morote et al. 2010, Borme
et al. 2013). Laboratory results have
also demonstrated that European
anchovy larvae had higher growth
rates when fed the nauplii of the
calanoid copepod A. grani compared with the
harpacticoid Euterpina acutifrons (Garrido et al.
2012). Recent work on laboratory rearing of Euro-
pean sardine (S. Garrido pers. obs.) and European
anchovy (Garrido et al. 2012) suggest that growth
rates in the laboratory and field agree well when lar-
vae are fed mixtures of different prey types (dinofla-
gellate, small zooplankton and the copepod A. grani)
offered at >2 prey ml™!. These previous laboratory
studies and the present study help reveal additional
aspects of prey requirements that cannot be ascer-
tained solely from field studies.

Early sardine larvae (5 and 10 dph, corresponding
to 5.3 and 6.9 mm TL, respectively) showed inability
to capture copepod nauplii, which is probably related
to the poor swimming abilities of young larvae
(Hunter 1981). A study of swimming behaviour of
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Fig. 7. Relationship between prey size (pm) and larval size
(mm) for 3 concentrations of nauplii and copepodites of
Acartia grani: low (open circles), intermediate (triangles)
and high (filled circles) concentration. Diet concentrations
are described in Table 2. Regressions of prey size (PS) versus
larval total length (TL): maximum (PS,,., = 46.4 + 0.019 TL;
solid line), mean (PS,can = 42 + 0.014 TL; dashed line) and
minimum (PSy;, = 52.7 + 0.007 TL; dotted line). Grey shad-
ing represents the prey size spectrum offered; light grey:
A. grani nauplii, dark grey: A. grani copepodites

sardine larvae reported that early larvae were not
capable of sustained swimming until 20 dph and
>10.1 mm TL (Silva et al. 2014). In the present work,
early sardine larvae were either not able to ingest
copepod nauplii or had very low ingestion rates of
those prey. This lower feeding threshold was age
dependent, as older larvae were able to ingest cope-
pod nauplii at the lowest concentration used, despite
having very low ingestion rates. Further experiments
should be done to test whether indeed sardine larvae
have a lower feeding threshold, which should also in-
clude less-motile prey, which might be particularly
important for younger larvae as being easier to cap-
ture. These results are in agreement with the finding
of Morote et al. (2010) that these young larvae were
unable to efficiently capture copepod nauplii. In our
stocking tanks, early sardine larvae had to be fed
rotifers and dinoflagellates to help guarantee early
survival. At the beginning of the exogenous feeding
period, sardine larvae require smaller prey with
lower escape capability than copepod nauplii to
enhance growth and survival, which has been also
described for anchovy larvae (Garrido et al. 2012).
The contribution of soft-bodied prey items and
phytoplankton to the vital rates of fish larvae has
been probably underestimated due to rapid digestion
and/or deficient preservation using traditional meth-
ods of field collection and storage (Peck et al. 2013).

In the wild, ciliates can be an alternative to copepod
nauplii as prey for first-feeding fish larvae (Fukami et
al. 1999, Nagano et al. 2000, Friedenberg et al. 2012)
and their importance to sardine early larvae should
be addressed in future experiments.

Sardine larvae exhibit large ontogenetic changes
in swimming behaviour characterized by longer
pause durations in young larvae (about 33 % of the
time at 15 dph) and only search for prey during pause
events (Silva et al. 2014). Several studies have de-
monstrated that low levels of food result in reduced
growth, prolonged larval development and conse-
quently an increased risk of mortality (Theilacker
1987, Pryor & Epifano 1993). In the present study, in-
gestion rates and gut contents increased with increas-
ing prey concentration. Younger larvae (<15 dph; 7.7
+ 1.35 mm TL) had very low consumption of nauplii
at the lowest food concentration, and only at prey
concentrations >2 nauplii ml~! were ingestion rates
meaningful and fell in the range 38 to 113 nauplii lar-
vae! h™!. Sardine larvae were only able to ingest
prey offered at low concentration from 40 dph (15.9
mm TL) onwards, but only at rates that were <10 % of
those of similar sized larvae offered the same prey at
high concentration. From 15 dph (8.5 mm TL), larvae
were able to pursue and capture copepod nauplii
more efficiently. Larvae older than 15 dph (>8.5 mm
TL) were capable of ingesting nauplii (at intermedi-
ate and high prey concentrations) and could capture
copepodites at >20 dph (>10.1 mm TL) and adult
copepods at >30 dph (>13.3 mm TL).

Larger larvae are able to swim faster and longer
and therefore increase the encounter rate with prey.
Fish larvae develop a mechanical support of the cau-
dal fin, which makes older larvae stronger swimmers
and, consequently, enhances their prey-searching
ability and also increases prey capture success (Hun-
ter 1981, Sabates & Saiz 2000). Sardine larvae >20 dph
(>10.1 mm TL) spend 100 % of their time swimming
and have a significantly higher number of prey
attacks than smaller larvae (Silva et al. 2014). The
increase in the swimming abilities of sardine larvae
matches the timing of the notochord flexion at 20 dph
(Silva et al. 2014), coinciding with the beginning of
the caudal fin formation and development of the
swim bladder (Santos et al. 2007). These ontogenic
changes result in gradually improved swimming per-
formance as larvae develop, and are determinant for
the vertical migration behaviour (Somarakis & Niko-
lioudakis 2010). Moreover, when larvae are more
active, they will have a higher probability of encoun-
tering prey because the probability of contact will
increase (Munk & Kigrboe 1985).
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Throughout ontogeny, mouth size, prey searching
ability and capture success of fish larvae increase
(Shirota 1970, Hunter 1981, Sabatés & Saiz 2000)
leading to concomitant changes in the amounts and
sizes of ingested prey items. European sardine larvae
demonstrated a gradual switch in ingested prey sizes
and a marked increase in the ability to capture
nauplii and copepodites from 20 dph (>10 mm TL). At
50 dph (18.1 mm TL), when prey were offered at
6 nauplii ml™! and 1 copepodite ml™!, maximum in-
gestion rates were 863 * 39.6 nauplii larvae™' h™! and
285 + 8.3 copepodites larvae™! h™!. Nauplii were most
often found in the gut contents of larvae between 10
and 15 mm TL (from 20 to 35 dph), while larger
larvae (>16 mm TL or >40 dph) continued to feed on
nauplii but preferred copepodites. Although an
abrupt dietary shift from nauplii to copepodites has
been postulated by Fernandez & Gonzalez-Quiros
(2006), our observations are in agreement with those
of Conway et al. (1994), who found that the increase
in the consumption of copepodites was gradual, and
also with the results obtained in the northwest Medi-
terranean suggesting an increase in prey size as lar-
val size increases (Morote et al. 2010). Morote et al.
(2010) reported that the diet of sardine larvae from 10
to 15.8 mm (from 20 to 40 dph) was based on copepod
nauplii and Clausocalanus post-nauplii, with size
ranges similar to those eaten by sardine larvae in the
ingestion experiments.

Prey size determined in gut contents of Sardina
pilchardus increased with larval age and size in a
similar manner as ontogenetic changes in prey sizes
of northern anchovy Engraulis mordax larvae reared
at the same temperature (Theilacker 1987). The
range in prey sizes is similar for both species; prey
were 91.8 to 243.7 pm long in sardine larvae measur-
ing <9.5 mm standard length (SL) (<20 dph) and
167.6 to 530.1 pm in larvae >15.1 mm SL (<40 dph),
where the conversion for SL is approximately 95 % of
TL (data not shown), while early northern anchovy
larvae (from 4 to 6 mm SL) preferred 75 to 147 pm
prey (nauplii), and older larvae (6 to 9 mm SL) cap-
tured larger, 184 to 221 pm (copepodite) prey. Field
studies suggest a broader trophic flexibility in
younger larvae, with increasing trophic specializa-
tion and more selective diets at larger body sizes
(older ages). This trophic specialization includes a
greater dominance of large prey size with increasing
age and/or size (Laiz-Carrion et al. 2011). The ratio
between prey size and sardine larvae size decreased
throughout ontogeny, despite the fact that larvae had
larger copepodites available (but not found in the gut
contents). Larvae probably optimize their energy

intake by capturing smaller and less mobile cope-
podites and nauplii thereby decreasing the handling
time and maximizing capture success of prey.

The ingestion rates of the larvae of various clupeid
species have been estimated in a handful of previous
studies. The ingestion rates of sardine larvae in the
present study (15°C) are higher than estimates (0.14
to 1.26 Artemia nauplii larva™ d!) obtained for 12 to
18 mm SL Atlantic herring Clupea harengus larvae
fed at 0.1 prey ml™! at 7 to 9°C (Checkley 1984). In
contrast, 20 to 35 dph (10.2 to 14.6 mm TL) sardine
larvae had ingestion rates of 5 + 4.0 nauplii larvae™
h~! and 3 + 2.7 copepodites larvae™ h™! at 0.5 and
0.1 prey ml™}, respectively. At slightly warmer tem-
peratures (10 to 11°C) at initial prey concentrations of
0.01 to 0.05 pg C ml™}, ingestion rates of 11 to 13 mm
(19 to 22 dph) Pacific herring Clupea pallasi larvae
ranged from 0.30 to 0.50 ng C larvae™! h™! (Frieden-
berg et al. 2012), which is significantly lower than
found here for European sardines (1.92 + 1.31 ng C
larva~! h™'). These differences can be due to differ-
ences between species and/or temperatures since
the latter affects rates of metabolism and prey inges-
tion rates. The mean clearance rates for sardine lar-
vae on nauplii (8.9 ml larva™! h™!) are similar to that
determined for Pacific herring larvae (7 to 15 ml
larva~! h™'), for the same size ranges as above. The
clearance rate illustrates the direct impact of larvae
on their prey in relation to prey availability and is an
appropriate measure to use in clupeid larvae that
have adopted a cruise foraging strategy (Munk &
Kigrboe 1985). Thus, larvae at cold temperatures
have a lower percentage of time spent swimming
(and possibly lower swimming speed), which leads to
decreased searched volumes per unit time. Northern
anchovy larvae reared at 15.5°C and offered 2 and
25 rotifers ml™! had maximum ingestion rates of
0.35 and 0.81 ug C larva! h™!, respectively, at 14 dph
(Theilacker 1987). At the same temperature, 15 dph
European sardine larvae had almost 10-fold higher
ingestion rates (4.5 and 7.0 pg C larvae™' h™! at 2 and
6 nauplii ml™!, respectively). However, the numerical
ingestion rate of northern anchovy (2.9 to 6.7 rotifers
larva~! h7') is higher than that of European sardine
larvae (0.3 to 0.5 copepods larva™! h™') and differ-
ences in carbon-specific ingestion rate are due to
differences in the average carbon content of the prey.
On the other hand, ingestion rates of the bay anchovy
Anchoa mitchilli larvae at 26°C were 15 to 16 npg C
larvat h™! (Houde & Schekter 1980), which is higher
than the ingestion rates determined here for sar-
dines at similar age and initial prey concentrations
(£0.1 prey ml™).
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Vital rates and metabolic balance

The carbon content ingested by sardine larvae in
our study can be compared to estimates of amounts of
ingested food energy required to support larval
growth rates in situ and/or standard respiration rates
estimated by Moyano et al. (2014) in the laboratory.
This comparison suggests that larvae are unable to
forage at sufficiently high rates at low prey concen-
trations to support growth rates observed in nature,
particularly for early development stages (<40 dph or
<15.9 mm TL) and foraging at low prey concentra-
tions is insufficient to sustain growth and metabolic
costs for all the ages tested (Fig. 3). On the contrary,
the intermediate concentration was often, and the
high prey concentration was always, sufficient to
support metabolic costs as well as mean growth rate
costs of sardine larvae in the wild (Fig. 4). Note, for
these estimates, we assumed that C was 40% DW,
gross-growth efficiency was 40% and, since larvae
are visual feeders (Blaxter 1969, Morote et al. 2010,
Borme et al. 2013), larvae fed only during a 16 h
photoperiod each day.

Similarly high prey requirements (>1 nauplii ml™)
to ensure survival have been estimated for northern
anchovy larvae (Hunter 1977, Theilacker 1987). The
results of these studies on various anchovy and sar-
dine species suggest that these small pelagic species
must find and remain in plankton patches to survive,
at least during the early stages when their swimming
abilities and prey capture success are relatively poor.
On the contrary, for other clupeid species such as
Atlantic herring, patches of dense plankton concen-
trations are apparently not necessary for growth and
survival in the sea (Kigrboe & Munk 1986). The dif-
ference in prey requirements determined in labora-
tory and field studies may arise from the inability of
net catches to sufficiently characterize in situ prey
concentrations actually experienced by early feeding
larvae in the wild that forage within patchy prey
environments (MacKenzie & Kigrboe 1995, Peck et
al. 2013). There is strong evidence from field studies
of the importance of high prey concentrations in
habitats, as shown for the Pacific sardine Sardinops
sagax, which preferentially spawns in habitats and
during periods of enhanced food availability
(Aceves-Medina et al. 2009), which has been inter-
preted to be a reproductive strategy to enhance the
probability of larval survival (Riveiro et al. 2000).
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