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INTRODUCTION

Understanding the factors that contribute to recruit-
ment variability has been at the heart of marine fish-
eries research since Hjort (1914) first devised the ‘criti-
cal period hypothesis’. Rates of survival of early life
stages of marine fish species are thought to be highly
sensitive to variability in prey field characteristics
(abundance, composition) and/or hydrographic factors
(e.g. water temperature and currents) and even small
changes in mortality and growth rates of early life
stages can cause order-of-magnitude differences in
year-class success (Houde 2008). A particularly vulner-

able period during early life is the transition from
endogenous to exogenous feeding, as larvae need to
successfully initiate feeding before they cross the
‘point of no return’ (PNR; sensu Blaxter & Hempel
1963). Clearly, it is important to understand the pro-
cesses influencing temporal and spatial match-mis-
match dynamics between larvae and suitable prey
(both in terms of prey size and quality) since these pro-
cesses govern the probability of successful first feeding
and early survival of larval fish (Cushing 1975, Yúfera
& Darias 2007, Houde 2008).

It has long been believed that larval marine fish are
part of a linear food chain where autotrophic phyto-
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plankton is fed on by heterotrophic zooplankton that,
in turn, is preyed upon by fish larvae. Analyses of lar-
val fish gut contents and feeding behaviour has
resulted in the claim that herbivorous, crustacean zoo-
plankton (copepods) is the preferred prey of young
marine fish larvae (Munk 1997, Pepin & Penney 2000).
However, recently there has been some evidence to
suggest a potential flexibility in the feeding behav-
iour of fish larvae (Pepin & Dower 2007). In particular,
more focus has been given to representatives of the
planktonic microbial loop. For example, marine fish
larvae have been reported to directly feed on hetero-
trophic protists (Lasker 1975, Scura & Jerde 1977,
Fukami et al. 1999), organisms that can be highly
abundant in marine environments during specific time
periods (Tamigneaux et al. 1997, Hansen & Jensen
2000, Sommer et al. 2002, Ptacnik 2003). However, it
is still largely unknown if indirect (incidental) or direct
ingestion of algae and heterotrophic protists provides
any nutritional and/or energetic value for marine fish
larvae.

Evidence exists from marine fish larviculture that
microalgae can increase the survival and condition of
young, first-feeding larvae; hence ‘green water’ tech-
niques have been utilised in rearing protocols for
decades (Howell 1979, Skiftesvik et al. 2003). For
example, yolk-sac Atlantic cod Gadus morhua L. lar-
vae have been reported to ingest phytoplankton either
passively or through active filter feeding prior to ‘first
feeding’ on copepod nauplii (Ellertsen et al. 1980, van
der Meeren 1991). Changes in the lipid composition
that occurred in first-feeding cod larvae reared in the
presence of microalgae (van der Meeren et al. 2007)
were thought to provide nutritional benefits that
delayed the onset of fasting symptoms in unfed larvae
such as gut epithelia degeneration, hepatocyte degen-
eration and cholestasis (Kjørsvik et al. 1991, Diaz et al.
1998, Maurizi 2000). Thus, ingestion of autotrophic
phytoplankton (and perhaps the heterotrophic protists
that feed on those algae) may represent an alternative
(nutritional) pathway that increases starvation resis-
tance and the probability of survival in marine fish lar-
vae in variable feeding environments.

The present laboratory study was designed to
answer 2 questions. First, is first-feeding success of
marine fish larvae (in this case Baltic cod larvae) on
metazooplankton increased when larvae have been
reared in the presence of autotrophic phytoplankton
(Nannochloropsis sp.) and/or a heterotrophic dinofla-
gellate (Oxyrrhis marina)? Second, do larvae receive
direct nutritional benefits from these microbial loop
components as assessed via early growth? Answering
these 2 questions will help assess the potential role
played by algae and heterotrophic protists in the early
feeding, survival and growth of marine fish larvae.

MATERIALS AND METHODS

Production of yolk-sac larvae. The larvae used in
the experiment were hatched from eggs collected
from captive Eastern Baltic broodstock cod collected
in March 2006 east of Bornholm (55° 03’ 00’’ N,
15° 11’ 50’’ E). The egg batch was collected on 16 May
2008 from spontaneous group spawning within the
broodstock tank. A total of 600 ml of eggs (90% fertili-
sation) was gently collected from the water surface via
a PVC pipe into a 500 µm mesh bag. The eggs were
subsequently disinfected using 400 mg l–1 glutaralde-
hyde solution for 10 min before being transferred to a
100 l cylindrical, black, PVC tank, where they were
incubated within a recirculation system at 7°C and a
salinity of 16.0 using artificial salt water (Tropic
Marin®). The surface light intensity was maintained at
15 lux (DVM1300, Velleman®). The natural light
regime occurring at the time of spawning was used
(15h dark: 9h light). Only eggs hatching within a 24 h
period (between 84 and 93 degree-days after collec-
tion) were used in experiments. These larvae were
maintained for an additional 24 h prior to the start of
the experiment.

Experimental set-up. The experiment was con-
ducted within a controlled-temperature room at 10.0 ±
0.2°C (mean ± range). At 2 days post-hatch (dph), 1200
larvae were transferred to 1 of 3 black, square, 60 l
holding tanks, representing 3 treatment groups. Each
tank was filled with artificial salt water (0.1 µm filtered,
salinity 16.0). Larvae were maintained in either salt
water (‘clear water’, CW), in salt water containing the
eustigmatophycean Nannochloropsis sp. (NA) (1.5 ×
106 to 2.0 × 106 cells ml–1, size range 2.0 to 3.4 µm), or
in a tank containing both Nannochloropsis sp. and the
heterotrophic dinoflagellate Oxyrrhis marina Dujardin
(NO) (1000 cells ml–1, size range 13.3 to 16.0 µm). The
concentration of these organisms in larval tanks was
monitored during the experimental period. Nanno-
chloropsis sp. was maintained at the same concentra-
tions in both the NO and NA treatments; decreased
concentrations due to feeding by O. marina were offset
by supplemental additions of Nannochloropsis sp.
Gentle aeration (4 mm diameter glass capillaries, indi-
vidual air bubbles) was applied to maintain steady
water circulation and high oxygen concentrations
(>10 mg l–1). All tanks received constant (24 h) light.
The NO and NA treatments were maintained at con-
stant light at ~400 lux (underwater reading of 180 lux),
to ensure sufficient light energy for Nannochloropsis
sp. to maintain positive growth rates. A lower surface
light intensity (10 lux, 5 lux underwater reading) was
used in the CW treatment to account for the higher
light penetration in that tank due to the absence of
algae.
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At 2 dph, 1200 larvae were randomly loaded into
each of the holding tanks (1 holding tank treatment–1).
For each of the 3 treatment holding tanks, triplicate 5 l
plastic aquaria (each containing 4 l salt water) were
allowed to acclimatise to experimental conditions 14 h
before the daily experimentation began. The experi-
mental tanks contained the same algal and light con-
ditions as in the associated holding tanks. The ex-
perimental tanks remained static, with no air sup-
plementation. The entire experiment was conducted at
10 ± 0.2°C. In order to maintain these temperature con-
ditions, holding tanks and experimental tanks were
placed in temperature-controlled water baths. The
temperature was controlled by computer (Aqua Medic,
T Computer) and monitored throughout the experi-
ment (TLog64-USB, Hygrosens; resolution 0.06°C).
The salinity was 16.0 ± 0.1 measured at the beginning
and end of the experiment (WTW cond315i).

Prey used in daily feeding trials were 2 d old nauplii
of the calanoid copepod Acartia tonsa that had been
fed the cryptophycean Rhodomonas baltica Karsten
(mean cell size: 7.6 µm). Both A. tonsa and R. baltica
were from cultured strains produced by DTU Aqua
(Technical University of Denmark) and reared accord-
ing to methods reported by Peck & Holste (2006). The
red algal pigment in the guts of the otherwise transpar-
ent copepod nauplii acted as a natural marker and
aided in the detection of nauplii in the guts of feeding
larval cod. To ensure food was non-limiting, concentra-
tions of 1 nauplii ml–1 were employed.

The experiment was conducted for 9 d, through the
PNR and after the exhaustion of yolk-sac reserves.
Starting at 2 dph, 60 larvae were removed each day
from each holding tank and 20 larvae were placed
into each of 3 experimental tanks. Food items were
added to the experimental tanks prior to larval load-
ing. The larvae were then allowed to feed for 4 h ±
10 min, after which most of the water was removed
and the tanks were placed on ice to chill the remain-
ing water (~1 l) and larvae to a low temperature to
greatly minimise any further digestion and/or feeding.
Each larva was viewed under a dissecting microscope
(50×) for the presence of food (both Acartia tonsa and
algae) in the gut and subsequently digitally pho-
tographed at 12× magnification (Leica DFC). Ten of
these larvae were rinsed with distilled water to
remove excess salt, placed in 1.5 ml micro-centrifuge
vials and stored at –80°C (ultra freezer) until further
processing. Any mortalities and deformed or mori-
bund fish were noted. Mortality was noted as a lack of
heartbeat. On the day of 50% hatching (0 dph), 20
additional larvae were photographed and stored for
dry mass analysis.

Measurements. The standard length (SL, ± 0.1 mm),
myotome height (MH, ± 0.1 mm) and yolk-sac area

(YSA, ± 0.01 mm2) of each larva was measured using
image analysis software (Image J, version 1.40g, free-
ware, Wayne Rasband, NIH, USA). Myotome height
was used as a proxy for condition, reflecting energy
allocation to body mass rather than axial length. The
larvae were freeze-dried (Christ-Alpha, 16 h, 0.2 mil-
libars) and their freeze-dried mass (DM, ± 0.1 µg) was
measured using a digital microbalance (Sartorius 1773
MP8).

In larvae with food in the gut, the magnitude of feed-
ing was assessed using a simple gut fullness index
(GFI; van der Meeren et al. 2007) that employed scores
of 1 (<6 intact copepods and/or remnants in the gut), 2
(>6 clearly distinguished copepods in the gut but a gut
that was not distended) or 3 (fully distended gut
packed with prey). For each replicate tank, GFI was
calculated using the formula:

GFI = (N1 + 2N2 + 3N3) × (N1 + N2 + N3)–1           (1)

where N1 to N3 represent the number of larvae with
gut fullness scores 1 to 3, respectively. A mean GFI
score for each treatment was calculated based upon
the mean scores from each of the 3 replicate tanks.

Data analysis. The mean (± SD) incidence of first
feeding (FI) was calculated for each treatment on each
day based on the percentages of larvae containing
food in the gut in each of the 3 replicate tanks. These
treatment mean values (n = 3 tanks) were the unit of
measure used for all statistical analyses. A 3-parameter
log-normal regression was fitted to the data for each
treatment:

(2)

where FIMAX is a parameter estimating maximum feed-
ing incidence, age = larval age in dph, tFI MAX is a para-
meter representing the age at maximum mean FI, and
b is a constant. Although data were collected on a daily
basis, using this regression allowed us to more clearly
estimate the point of first feeding, FI50 (the larval age
when 50% of the larvae had food in the gut), the larval
age and percentage of maximum incidence of feeding
(FIMAX) and the larval age at the PNR (the larval age
when the incidence of first feeding had reduced to
≤50%, PNR50). The window of opportunity (WOO, the
timeframe in which feeding incidence was >50%)
could be calculated as PNR50 – FI50. In addition to this,
the magnitude of feeding during the WOO could also
be estimated (based on the integral of the curve above
FI50).

Mean larval FI (%, arcsine-transformed), SL (mm),
DM (µg), MH (mm), YSA (mm2) and GFI were com-
pared among treatments (n = 3 tanks treatment–1) on
each day of sampling using a 1-way ANOVA followed
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by pair-wise comparisons using a Tukey test (Sigma
Stat, version 2.0, SPSS).

RESULTS

Incidence of first feeding

Feeding occurred at a younger age in the NA and
NO treatments compared to the CW treatment (Fig. 1).
Successful first feeding (>50% mean FI) was initiated
by larvae at an age of 4 dph in NA and NO treatments
compared to 6 dph for larvae in the CW treatment (cal-
culated FI50 = 3.96, 3.37 and 5.57 dph for NA, NO and
CW, respectively; Table 11). The point of maximum
feeding (FIMAX), as calculated by nonlinear regression,
was reached 1.0 and 1.3 d earlier in larvae from NA
and NO treatments compared to larvae from the CW
treatment. However, there was no difference in the
PNR50 (8.2, 8.3 and 8.9 d for larvae in CW, NA and NO
treatments, respectively). Therefore, precocious exo-
genous feeding by NA and NO larvae extended their
WOO compared to CW larvae. The mean magnitude of
first feeding (within the 4 h measurement period) by
yolk-sac larvae in NA and NO treatments was respec-
tively 1.4 and 2.4 times greater than that observed for
larvae in the CW treatment.

Gut fullness

The addition of algae in the water increased larval
gut fullness (Fig. 2). The cod larvae in NA and NO
treatments exhibited a high GFI at 3 to 10 dph com-
pared to CW larvae, which were moderate feeders
(significant difference at 4, 5, 7 and 9 dph; Fig. 2D).
Overall, there was no significant difference in GFI
between NA and NO treatments except at 10 dph,
when the index of the latter was greater than the
former.

Growth and development

Larval SL increased from 4.4 to 4.6 mm by 5 dph and
then remained more or less unchanged, whereas DM
steadily decreased from 68.7 to 27.9 to 28.9 µg from the
start until the end of the experiment (Fig. 3). Yolk-sac
area also decreased throughout the experiment (from
1.39 to 0.015–0.027 mm2) and yolk absorption rates, as
calculated from exponential regression lines, were
–0.451, –0.442 and –0.441 d–1 in the NO, NA and CW
treatments, respectively. Myotome heights were be-
tween 0.21 and 0.24 mm and changed little throughout
the experiment. For each of these 4 measures (SL, DM,
YSA and MH), the vast majority of daily treatment
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Fig. 1. Mean feeding incidence (FI) in yolk-sac larvae versus larval age in the presence (NA) or absence (CW) of algae
(Nannochloropsis sp.) or in the presence of algae and Oxyrrhis marina (NO). Significant differences in FI were found among
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comparisons was not significantly different except in
4 instances: (1) SL at 10 dph (NA > CW), (2) DM at
10 dph (CW > NO and NA), (3) YSA at 4 dph (NA > NO

and CW) and (4) MH at 9 dph (CW >
NO and NA).

DISCUSSION

The present study clearly demon-
strated precocious and more intense
exogenous feeding by the larvae of a
marine fish species in the presence of
autotrophic phytoplankton (Nanno-
chloropsis sp.) and heterotrophic dino-
flagellates (Oxyrrhis marina). Young
larvae in our CW, NA and NO treat-
ments started first feeding at 6, 4 and
3 dph, had 11, 42 and 60% yolk re-
serves remaining on that day, and
reached a peak of 68, 75 and 95% first
feeding on 7, 6 and 5 dph, respectively.
The presence of autotrophic phyto-
plankton and heterotrophic protists,
therefore, corresponded to a substantial
increase in first-feeding success and ex-
pansion of the WOO for first feeding.
Despite these benefits, our experiment
also revealed that the nutritional value

of these protists was not great enough to alter the
(macroscopic) growth characteristics of yolk-sac larvae
relative to conspecifics maintained in pure salt water.
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Estimates Treatment
CW NA NO

FI parameter estimates (Eq. 2)
FIMAX (%) 67.72 ± 2.43 74.62 ± 6.40 95.13 ± 5.36
b 0.24 ± 0.01 0.41 ± 0.05 0.43 ± 0.03
tFI MAX (age at FIMAX) (dph) 6.73 ± 0.07 5.71 ± 0.24 5.48 ± 0.16

Statistics (Eq. 2)
Observations (n) 10 10 10
Adjusted r2 0.91 0.85 0.93
p <0.01 <0.01 <0.01

Calculated first-feeding estimates
t50 (first age at FI50) (dph) 5.57 3.96 3.37
PNR50 (dph) 8.15 8.26 8.91
WOO (PNR50 – FI50) (dph) 2.58 4.3 5.54
Relative feeding magnitudea 1.0 1.4 2.4
aCalculated as the relative change in the area under the FI curve above 50%
FI between t50 and PNR50 for the 3 treatments (shaded areas in Fig. 1)

Table 1. Summary information for feeding incidence (FI) by yolk-sac cod larvae
reared at 10°C in only seawater (clear water, CW) and in seawater including
Nannochloropsis sp. (NA) and both Nannochloropsis sp. and Oxyrrhis marina
(NO). Parameter estimates and statistics for Eq. (2) (see ‘Data analysis’ under
‘Materials and methods’) are provided: maximum mean feeding incidence
(FIMAX), slope (b) and age of larvae at FIMAX. Calculated values include the age
of larvae at 50% feeding incidence (t50), the point of no return (PNR50), window
of opportunity (WOO) and the relative magnitude of feeding (see Fig. 1). FI was

expressed as the mean of 3 replicate tanks. dph: days post-hatch
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The results of the present study agree well with those
of previous research reporting beneficial effects of rear-
ing marine fish larvae in the presence of microalgae in-
cluding (1) earlier first feeding (Kentouri 1985, Naas et
al. 1992, Maurizi 2000), (2) reduction of metabolic stress
and prolonged survival of unfed larvae (reviewed in
Muller-Feuga et al. 2003) and (3) dramatic improve-
ment of early survival in marine fish species considered
problematic to rear (Naas et al. 1992, Reitan et al. 1997).
After first feeding, the presence of algae may also (4)
increase rates of food consumption and/or growth (Øie
et al. 1997, Bengtson et al. 1999, van der Meeren et al.
2007). Previous work by van der Meeren et al. (2007)

indicated increased gut filling at 3 dph (7 to 8°C) in cod
larvae exposed to microalgae, which agrees with the
results obtained in the present study. However, the
present study indicates that this improved gut filling is
sustained throughout the mixed feeding stage until
PNR is reached. The mechanism responsible for our
GFI findings is not known but could involve either in-
trinsic and/or extrinsic (environmental) factors. For
example, different combinations of light intensity and
algal concentration may enhance visual contrast, im-
proving prey capture in larval fish (Boehlert & Morgan
1985, Naas et al. 1992). It is important to note that the
differences in feeding intensity observed among treat-
ments in the present study cannot be attributed to the
small differences in light intensity (175 lux) experi-
enced by larvae in CW compared to NA and NO
groups. No significant differences in first feeding by
cod larvae were observed over a larger range in light
intensities (~50 to 690 lux) in the presence or absence
of microalgae (van der Meeren et al. 2007). The differ-
ence in feeding intensity between our NA and NO
groups (which were at the same light and algal densi-
ties) supports the overriding effect of algal characteris-
tics over light intensity in this particular study.

This stimulation of early feeding could be linked to
the drinking phase, an important preliminary phase
that maintains osmotic balance in the developing lar-
vae as well as instigating absorption of dissolved or-
ganic material and ingestion of some small particulate
matter (Muller-Feuga et al. 2003). During the drinking
phase, cod have been reported to ingest dinoflagellates
either passively (via drinking) or actively (by filter feed-
ing) (Ellertsen et al. 1980, van der Meeren 1991), and
evidence of some nutritional benefit from imbibing al-
gae has been observed, including changes in phospho-
lipid composition and triglycerol content in first-feed-
ing larval cod attributed to the presence of microalgae
(Isochrysis sp.) (van der Meeren et al. 2007). After first
feeding, cod larvae have been shown to feed on small
protozoans but this appears to be more energetically
costly compared to feeding on larger copepod nauplii
(Hunt von Herbing et al. 2001). Thus, our finding of no
direct (macroscopic) nutritional benefit, such as de-
creased yolk/energy utilisation or improvement in lar-
val condition indices (dry mass- and myotome height-
at-age) among larvae in any feeding treatment, may
not be surprising. Regardless of a lack of direct growth
benefits, stimulation of first feeding by microalgae and
heterotrophic protists may be particularly important for
the survival of cod and perhaps in other marine fish
species that have a relatively brief WOO. Larvae in the
CW treatment started to first-feed (reached FI50) at
60 degree-days post-hatch (ddph = °C·dph), and at
63 ddph, unfed cod larvae exhibited morphological
changes in gut villi detrimental to digestive and absorp-
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tive capacity (Kjørsvik et al. 1991). Furthermore, the
earlier feeding and increased GFI when feeding would
have likely caused NO and NA larvae to exhibit more
rapid growth compared to CW larvae after first feeding,
but this was not tested in the present study.

Although direct nutritional benefits of algae and het-
erotrophic protists to larvae were lacking in the pre-
sent study, their presence appeared to ‘prime’ bio-
chemical and/or developmental systems that, in turn,
promoted first feeding. During early development, lar-
val fish cannot synthesise phospholipids (Bell et al.
2003) and must acquire these through their diet. Algae
have been demonstrated to stimulate the production of
digestive enzymes such as amylase and trypsin, char-
acteristically the first enzymes to be recorded in early
marine fish ontogeny (Cahu et al. 1998). It was hypoth-
esised by Cahu et al. (1998) and other authors (Støttrup
1994) that the large amounts of free amino acids con-
tained in algae could be responsible for the observed
stimulation in the production of trypsin. In the wild,
free amino acids are often at concentrations <10–7 M
(Braven et al. 1984) but can occur at higher concentra-
tions in areas of high phytoplankton production
(Williams & Poulet 1986). Therefore, intuitively, one
could link these dissolved free amino acids to the stim-
ulation of feeding of fish larvae in the wild. This seems
reasonable since concentrations of algae and protists
used in the present laboratory study were of the same
magnitude as those occurring in situ (e.g. Arndt 1991,
Tamigneaux et al. 1997, Hansen & Jensen 2000) at the
locations and during times of the year when first-feed-
ing cod larvae would be expected to occur. Naturally,
other benefits from microalgae and protozooplankton
such as improvement in larval microbial gut flora
(Skjermo & Vadstein 1993) should not be dismissed.

The results of the present study highlight the need to
revisit the importance of autotrophic phytoplankton
and heterotrophic protists in the early survival and
growth of marine fish larvae. Previous studies indicated
that the larvae of some marine fish species routinely in-
gest phytoplankton (e.g. Northern anchovy Engraulis
mordax feeding on dinoflagellates) which appeared to
offer some nutritional benefit (e.g. Scura & Jerde 1977)
and was thought to be important for early survival and
recruitment success (Lasker 1975). Our results clearly
indicated that cod obtained no nutritional (growth) ben-
efit from ingesting algae and heterotrophic protists
(protozooplankton) prior to first feeding. However, the
presence of adequate amounts of protozooplankton
may be critical to the survival and growth of cod by act-
ing to prime first-feeding capabilities of this species,
altering the window of opportunity for successful first-
feed and, in turn, influencing the match-mismatch dy-
namics between first-feeding cod and their macrozoo-
plankton prey.
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