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Atlantic cod larvae showed strong selectivity for the medium-size calanoid
copepod Pseudocalanus spp. Naupliar stages comprised 62.4% of total prey number
in the gut of first-feeding larvae. Selectivity shifted to Pseudocalanus spp. females at
the mid-larval stage, representing 43% of all prey ingested by >12 mm larvae.
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Recruitment success in marine fish populations is gener-
ally considered to be highly dependent on the survival
rate achieved during the initial and relatively short
larval period (Hjort, 1914; Anderson, 1988; Govoni,
2005; Houde, 2008). Any environmental factor which
may induce variability in larval processes (e.g. feeding
and growth) may thus potentially impact year-class
strength through control of mortality rate. However,
apart from a few successful attempts at linking year-class
strength  to larval environmental characteristics
(Beaugrand et al., 2003; Platt et al., 2003; Castonguay
et al., 2008), the large majority of field-based studies
have failed to reveal the main processes accounting for
recruitment variability (Myers, 1998). Coupled phys-
ical—biological models of the growth and survival of
young fish dispersed in a virtual representation of their

environment represent a promising alternative avenue
towards elucidating the links between ocean climate
variability and year-class strength (Miller, 2007; Houde,
2008). The biological component of such models relies
on the quantification of functional relationships linking
larval behaviour and/or metabolism (e.g. vertical
migration, prey selection, energy intake, growth, survi-
val) to key characteristics of the environment (e.g. prey
availability, temperature) (Beyer and Laurence, 1980;
Cushing and Horwood, 1994; Runge e al., 2004).
Among these functional relationships, effects of prey
availability on wvital rates are particularly difficult to
parameterize because of a general lack of information
on prey selectivity during the larval stage (Robert et al.,
2008). Using a fine taxonomic resolution, the objective
of the present study was to characterize the ontogenetic
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evolution of diet and prey selectivity in larval Atlantic
cod from the southern Gulf of St Lawrence. This work
constitutes a first step prior to quantifying and model-
ling feeding success, growth and survival for this
population.

Southern Gulf of St Lawrence cod larvae were
sampled through weekly 1-day surveys from late May to
mid-September of 1998 and 1999. This time interval
spanned most of the spawning and larval development
season of Adantic cod in the area (Lett e/ al, 1975;
DFO, 2009). Sampling was concentrated in areas
located to the south-east and north-east of the
Magdalen Shallows (Fig. 1). During each survey, the
sampler was deployed 6 to 10 times from 1600 to 2100
hours. Detailed sampling methodology is given in
Robert et al. (Robert et al., 2007, 2008). Briefly, the
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Fig. 1. (a) The Gulf of St Lawrence in eastern Canada with
delineated study area. (b) The Magdalen Shallows with stations where
fish larvae and their zooplankton prey were sampled in 1998
(triangles) and 1999 (circles).
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sampler consisted of a rectangular metal frame towed
from its centre and carrying two plankton nets (750-pm
mesh, 1 m”® aperture) to capture fish larvae and large
zooplankton. Two small cylindrical nets (64-pwm mesh,
81 cm” aperture, 4 m long) were fastened on each side
of the sampler to collect the microzooplankton prey of
cod larvae. Upon retrieval of the sampler, the cod-ends
of the 750-wm mesh nets were immersed in a tricaine
methane sulphonate (MS-222) solution to prevent larval
cod gut content evacuation. Larvae were then preserved
in 95% ethanol, while the 64-pm mesh net microzoo-
plankton samples were preserved in 4% formaldehyde.

A stratified sub-sample of 713 larvae was assembled
for gut content analysis by randomly picking larvae
among length classes in the 2 years. Prey items found in
the digestive tract of each larva were identified to the
lowest taxonomic level possible at X 70 magnification.
Digested copepods that could not be identified or
staged (~25%) were assigned to species/stage in pro-
portion to the relative abundance of identified copepods
in the diet of a given larval length class.

Zooplankton were identified in the 64-pwm mesh net
sample corresponding to each 750-um mesh net
sample in which at least one cod larva was captured.
Successive known aliquots were taken with a Stempel
pipette and all organisms were enumerated under the
dissecting microscope until a minimum of 300 organ-
1sms were identified to species (and developmental stage
for copepods). Since late larval Atlantic cod primarily
feed on later stage copepods which represented a small
fraction of the 300 organisms, the procedure was
repeated where only copepodites were enumerated.
This added precision to the first estimation of copepodite
abundance. Stages CV and CVI of Calanus finmarchicus
were enumerated from the 750-pwm mesh net collections
as they are undersampled by 64-pm mesh nets
(McLaren and Avendaiio, 1995).

Following Govoni ¢t al. (Govoni el al., 1986) and
Llopiz and Cowen (Llopiz and Cowen, 2008), sclectivity
of each individual cod larva for its main prey was quan-
tified using Chesson’s (Chesson, 1978) a electvity
index:

_ @)
§= Sy N )

where N is the number of prey taxa considered; (d;/p;)
the relative frequency ratio of prey j in the diet and in
the plankton; and Y (di/p;) the sum of this ratio for all
prey taxa. Copepod eggs were not considered an inde-
pendent prey for larvae of length >6 mm because of
the probability of passive ingestion when preying on
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Table I: Duet composition by length classes of
Atlantic cod larvae expressed as the per cent
contribution by number of different species and

stages of prey

Length class (mm)

3to 6 to 9to 12 to

Prey taxon Stage <6 <9 <12 <20
Copepods
Nauplii
Pseudocalanus spp. | - <0.1 - -

\% 33.9 29.9 11.2 2.2
\Y 2.0 1.9 0.8 0.2
VI 0.3 0.5 0.2 0.1
Cyclopoids | 0.1 - - -
Il 22 0.6 - -
1 4.7 1.6 04 <01
\% 0.4 0.3 0.2 <0.1
\ - 0.1 0.1 -
VI - - - -
Temora spp. | 0.2 - - -
Il 1.0 0.1 <01 -
1 1.7 0.1 - -
[\ 1.5 0.2 0.2 -
\Y 1.4 0.5 0.1 <0.1
VI 0.3 0.1 - <0.1
Calanus spp. | 0.1 0.1 - -
Il 0.5 0.4 - -
Il 3.4 25 04 <01
\% 0.9 0.5 0.3 0.1
\Y 0.3 0.1 0.3 <0.1
VI - <0.1 - <0.1
Copepodites
Pseudocalanus spp. | 3.8 6.5 3.9 2.3
Il 0.8 3.9 4.1 2.0
il 1.2 4.1 4.8 2.8
\% 1.3 3.6 6.1 6.7
\ 0.9 6.8 8.2 8.5
Q 0.7 8.7 26.4 43.0
d - 0.7 0.6 0.2
| .

Oithona similis

Temora longicornis

\% 0.3 0.2 1.6 1.9
\ 0.6 22 4.7 6.8
Q 0.2 34 6.4 7.0
d - - 0.1 0.1
I .
Il .

I\ - 0.2 0.5 0.2

\ - 0.3 0.2 0.4

Q - - 0.3 0.2

d - - 0.2 0.4

Calanus finmarchicus | - 0.2 04 0.4

Il 0.1 0.2 0.4 0.9

I 0.1 0.3 0.7 0.9

I\ - 0.1 0.2 0.6

\ - - 0.2 0.6

Q - - <0.1 02

d - - - 0.1

Cladocerans 0.1 <01 - 1.3

Gastropods 0.1 - - <0.1

Bivalve larvae 2.7 0.6 0.2 0.1
Number of larvae analysed 217 177 157 162

Mean number of prey 10.0 16.3 17.5 28.1

Mean carbon ingested (.g) 2.3 8.8 20.3 55.8

egg-carrying females. Selectivity was computed for indi-
vidual larvae and then averaged over length intervals.

Atlantic cod larvae of all lengths preyed almost exclu-
sively on copepods, which represented on average >95%
of all ingested prey (Table I). By number, copepod nauplii
comprised 83.5% of the diet of larvac <6 mm, and
nearly 75% of these were Pseudocalanus spp. (primarily
NIIT and NIV). As larval length increased, the diet shifted
from nauplii to copepodites, with Pseudocalanus spp.
females becoming the dominant prey (Table I). For any
length class, Pseudocalanus spp. represented over 65% of
the total number of prey ingested. Outhona similis, Temora
longicornis and Calanus finmarchicus made up the bulk of the
remaining copepod prey fraction.

The i siu abundance of the four main prey of
Atlantic cod larvae (Pseudocalanus spp., O. similis,
T longicormis, C. finmarchicus) followed a similar seasonal
pattern in 1998 and 1999 (Fig. 2). All developmental
stages started to increase in number during the second
half of June, with abundance peaking in mid-July 1998
and late June 1999 (Fig. 2). The number of O. sumlis
increased again in August 1999, but less so in 1998.
Abundance of medium-sized calanoids Pseudocalanus
spp. and Zemora spp. rapidly decreased after a mid-
summer peak (Fig. 2a—d). The nauplii, copepodites and
adult stages of the two genera showed similar abun-
dances throughout the season. Relative to other prey,
the abundance of the large C. finmarchicus was low.

All length classes of Atlantic cod larvae strongly selected
for Pseudocalanus spp. (Table II). Selectivity for Pseudocalanus
spp. shifted from the naupliar stages in larvae <6 mm to
copepodites and females in larvae 6 to <9 mm, and then
principally to females in larvac >9 mm. Calanus spp.
nauplii were selected for by larvae <9mm and
C. finmarchicus copepodites by larvae >12 mm (Table II).
Cod larvac systematically selected against naupli and
copepodites of O. sumulis and I longicornis.

Our results are in agreement with a large body of litera-
ture showing that the different species of the Pseudocalanus
genus (or the morphologically similar Paracalanus) consti-
tute the dominant prey for Atlantic cod larvae in popu-
lations located in southern portions of the species
distribution (reviewed by Heath and Lough, 2007). To our
knowledge, the present study, however, provides the
deepest insight to date into the ontogeny of larval cod
selectvity for their Pseudocalanus spp. prey. The naupliar
stages of Pseudocalanus spp., highly selected by <6 mm cod
larvae, proved to be the key prey item at the onset of
exogenous feeding. First-feeding larvae also selected for
the larger Calanus sp. nauplii, but the contribution of this
relatively rare taxon to total number of prey ingested
remained low and could not have sustained the metabolic
demand by itself. After the first-feeding stage, larvae 6 to
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Fig. 2. Seasonal pattern in the abundance of the naupliar (a, b), copepodite (¢, d) and adult (e, f) stages of the main copepod prey of Atlantic
cod larvae on the Magdalen Shallows in 1998 and 1999. The density of C. finmarchicus was multiplied by 100 (naupliar stage) or 10 (copepodite
and adult stages) to allow visualization on the same scale as the other species.

<9mm underwent a feeding transition period. The
increase in body and gape size, combined with increasing
energy demand, likely prompted a shift in selectivity from
the small Pseudocalanus sp. naupli to copepodite and
female stages of the same species. This feeding shift was
fully achieved by a body size of 9 mm, when larvae sys-
tematically selected against small copepod naupli and
strongly for the female stage of Pseudocalanus spp.

The origin of the strong selectivity pattern towards
Pseudocalanus  spp. throughout the larval stage in
southern Atlantic cod populations remains unclear, but
several hypotheses can be put forward. Pseudocalanus
spp. usually represents one of the most abundant prey
taxa of suitable size in the environment, with relatively
stable availability through time (Lough e/ al., 1996).
However, Atlantic cod larvae did not select Pseudocalanus
spp. on the sole basis of abundance on the Magdalen
Shallows, as the equally abundant Zemora longicornis was
selected against (Table II). Another potential reason

explaining this selection pattern is that Pseudocalanus spp.
are characterized by a high lipid content and fewer
robust structures relative to other genera of the same
size such as Zemora (Lough et al., 1996). A relatively high
level of activity (Tiselius and Jonsson, 1990; Incze e al.,
2001) could also make Pseudocalanus spp. an easier prey
to detect (Sullivan et al., 1983; Peterson and Ausubel,
1984; Limburg et al., 1997). In a modelling study,
Kristiansen e al. (Kristiansen et al., 2009) concluded that
the strong selectivity for Pseudocalanus spp. during the
early larval stage likely reflected a passive process and
was mainly attributable to combined high abundance
and behavioural traits enhancing detection by larval
predators. Passive prey selectivity in early larvae would,
however, evolve to an active process during the highly
motile late larval stage (Rowlands et al,, 2008). We
propose that on the Magdalen Shallows, strong and
active selection for Pseudocalanus spp. females occurred
as soon as larvae became large enough (>9 mm) to
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Table II: Selectivity (o, Chesson, 1978) of Atlantic cod larvae for their main prey according to different
length classes of fish larvae

Length class (mm)

Prey taxon 3to <6 6 to <9 9to <12 12 to <20
Copepods
Nauplii Pseudocalanus sp. 0.46 + 0.03 (+) 0.11 + 0.02 (+) 0.03 +0.01 (—) 0.00 + 0.00 (—)
Cyclopoid 0.06 +£0.01 (—) 0.01 4+ 0.00 (—) 0.00 4+ 0.00 (—) 0.00 £+ 0.00 (—)
Temora sp. 0.06 + 0.01 (=) 0.01 +0.00 (—) 0.00 + 0.00 (—) 0.00 + 0.00 (—)
Calanus sp. 0.21 4+ 0.03 (+) 0.19 + 0.03 (+) 0.06 + 0.01 (—) 0.01 + 0.00 (—)
Copepodites Pseudocalanus sp. 0.11 4+ 0.02 (+) 0.22 +0.02 (+) 0.16 + 0.01 (+) 0.14 + 0.01 (+)
Oithona similis 0.03 £0.01 (—) 0.0340.01 (—) 0.02 4 0.00 (—) 0.02 4+ 0.00 (—)
Temora longicornis 0.01 +0.00 (=) 0.01 +0.00 (—) 0.01 +0.00 (—) 0.01 +0.00 (—)
Calanus finmarchicus 0.01 +0.00 (—) 0.07 +0.02 (—) 0.12 +0.02 (+) 0.19 + 0.02 (+)
Females Pseudocalanus sp. 0.04 +0.01 (=) 0.31 +0.02 (+) 0.53 + 0.02 (+) 0.53 + 0.02 (+)
Oithona similis 0.01 £ 0.00 (—) 0.09 £+ 0.01 (+) 0.05 4 0.01 (—) 0.04 4+ 0.01 (—)
Temora longicornis - - 0.01 +£0.00 (—) 0.01 +0.00 (—)
Calanus finmarchicus - - 0.01 +£0.01 (—) 0.03 +0.01 (—)
Bivalves 0.02 + 0.01 (—) 0.00 + 0.00 (—) 0.00 + 0.00 (—) 0.00 + 0.00 (—)
Cladocerans 0.00 £+ 0.00 (—) 0.00 £ 0.00 (—) - 0.02 +0.01 (—)
Gastropods 0.00 + 0.00 (=) - - 0.00 + 0.00 (—)
Number of prey taxa considered (N) 13 12 13 15
1/N 0.08 0.08 0.08 0.07
Number of larvae analysed 213 176 155 162

Mean values + SE are shown. Signs in parentheses indicate whether the selectivity was positive (@ >1/N, + sign) or negative (@ <1/N, —sign).

Larvae with empty stomach were not included in this analysis.

capture them. Such a selectivity pattern could be
explained by the fact that unlike other calanoid cope-
pods found in the area, Pseudocalanus spp. are egg-
bearers. We argue that larvae actively selected for the
relatively abundant, conspicuous and weakly protected
egg-carrying females of Pseudocalanus as a means to
maximize energy intake per attack. The results of
Lough et al. (Lough et al., 2005) suggest that the same
type of selection occurred on Georges Bank, as post
first-feeding cod larvaec consumed Pseudocalanus spp.
adults in larger numbers than copepodites, and among
adults, females dominated the gut contents over males
by up to an order of magnitude. Interestingly, Atlantic
mackerel from the Magdalen Shallows have also been
reported to select for Pseudocalanus spp. nauplii at the
first-feeding stage (Robert et al., 2008). This suggests
that spatiotemporal variations in the abundance of this
copepod may simultaneously impact early survival of
several commercially important species in the area.
Death is the fate of the vast majority of fish larvae
dispersed in the plankton. The infrequent survivors
(typically 10™° for an annual fecundity of 10° in cod)
are often considered to be those individuals that
encountered an improbable sequence of favourable
feeding events during the transition period from
endogenous to exogenous feeding (Hjort, 1914; Platt
et al., 2003). Alternatively, survivors may be those indi-
viduals that benefited from optimal growth conditions
(including prey supply) throughout larval life (Houde,
1987; Anderson, 1988; Cushing, 1990). The strong prey

selectivity pattern exhibited by larval Atlantic cod as
well as its evolution through ontogeny, thus, bear large
implications for modelling larval growth, survival or
recruitment. If testing the “Critical Period” hypothesis
(Hjort, 1914), the model should essentially focus on
Pseudocalanus sp. nauplii density as the effective prey field
at first feeding. If the model is alternatively based on the
“Growth-Predation” hypothesis framework (Anderson,
1988), it should explicitly take into account the ontogen-
etic shift in prey selectivity by considering in turn
Pseudocalanus sp. nauplii at first feeding, and Pseudocalanus
sp. females from the mid-larval stage.
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