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were highly preferred by cod larger than 9 mm, while the 
abundant Metridia longa and the non-calanoid copepods 
contributed less. These findings stress the importance of 
focusing on abundance of preferred prey when assessing 
the actual prey availability to young fish. We found a spa-
tio-temporal overlap between cod and their preferred prey, 
and observations suggest that advection of both zooplank-
ton and cod contributed to this overlap. Hence, the larval 
feeding opportunities might be sensitive to climate-related 
changes affecting the circulation patterns in this fjord.

Introduction

The availability of suitable prey during the early life of 
fish is believed to be a bottle neck for the recruitment to 
the adult population (Hjort 1914; Cushing 1990; Houde 
2008). To avoid starvation, larval and juvenile fish need 
to overlap spatially with their prey (Cushing 1990; Platt 
et al. 2003). Starving fish are more vulnerable to preda-
tion from spending more time searching for prey and less 
on predator avoidance (Dill and Fraser 1984; Munk 1995), 
and because they have lower escape capabilities (Hossain 
et al. 2002; Takasuka et al. 2003). Good feeding conditions 
facilitate fast growth by reducing the duration of the lar-
val stage where predation mortality is highest (Chambers 
and Leggett 1987; Houde 1987; Leggett and Deblois 1994). 
A thorough understanding of the processes involved in the 
spatio-temporal synchronization in predator and prey distri-
bution is therefore essential to assess the linkages between 
prey availability and fish recruitment.

Predators are selective in their feeding; a trait that  has 
received increasing scientific attention (e.g. Rowlands 
et al. 2008; Robert et al. 2011; Demontigny et al. 2012). 
This partially stems from the necessity to resolve the prey 
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field of a predator in order to determine which fraction of 
potential prey organisms is available as food. The princi-
pal mechanisms constructing the prey field are visibility 
and catchability of the prey. For young fish, prey becomes 
easier to locate but more difficult to catch with increasing 
size (Munk 1997; Pepin and Penney 1997). Furthermore, 
the prey field changes with ontogeny as foraging capabili-
ties improve (Voss et al. 2003; Robert et al. 2008; Row-
lands et al. 2008). Consequently, only a restricted part of 
the zooplankton community is available as food to young 
fish at any given time during their development. Resolving 
the prey field is further complicated by species-specific dif-
ferences in traits; e.g. prey morphology, visibility, motil-
ity, behaviour, predator avoidance and escape capabilities 
(Buskey et al. 1993; Heath 1993; Petrik et al. 2009). A high 
taxonomic resolution is therefore required when determin-
ing the diet and the zooplankton community composition to 
ascertain the relative taxonomic preferences (e.g. Robert et 
al. 2013). Furthermore, these traits change with the devel-
opment of the prey (e.g. Titelman and Kiørboe 2003b). 
Hence, prey field investigations need to account for the 
interactive effects of prey taxon and size (Mayer and Wahl 
1997). Ignoring these effects might result in misinterpreta-
tion of the prey availability.

The diet of a predator and its relative preferences for 
specific suitable prey species can also be affected by the 
relative abundance of prey species in the environment. For 
instance, larval and juvenile Atlantic cod (Gadus morhua) 
change their diet or modify their preferences for certain 
species of prey across their geographical distribution in 
response to changes in the zooplankton community com-
position (Heath and Lough 2007). Substantial differences 
in the zooplankton community may occur over small geo-
graphical scales (Munk et al. 2003; Arendt et al. 2010) 
across which, the young planktonic stages of fish or their 
prey may be transported over time (Fortier and Leggett 
1983). Lastly, over the year there is a continuous succes-
sion in the plankton communities both in terms of species 
and developmental stages. Consequently, trophodynamics 
can be highly dynamic over temporal and spatial scales, 
and a fine spatio-temporal resolution is important when 
ascertaining the prey selection and diet of fish.

In the present study, we focused on the trophodynamics 
of larval and juvenile Atlantic cod in the sub-Arctic fjord 
branch Kapisigdlit within the Godthåbsfjord system. This 
system contains the largest inshore population of cod in 
Western Greenland, and Kapisigdlit has previously been 
identified as a principal spawning site (Hansen 1949; Smidt 
1979). Interestingly, inshore populations have remained 
at relatively constant size during the past 70  years, while 
the West Greenlandic offshore stock largely disappeared 
around 1970 due to a climatic cold period leading to fail-
ure in larval recruitment to the stock (Pedersen and Rice 

2002; Buch et al. 2004; Stein and Borovkov 2004; ICES 
2013). This indicates that the physics and biology in fjords 
have been more stable. Therefore, we carried out a com-
parative study on the little investigated inshore cod popula-
tion in Kapisigdlit with the overall aim to determine which 
processes govern early-life success. In the present study, 
we investigate the diet and prey preferences of cod to quan-
tify the prey availability, and test the hypothesis that abun-
dances of larval and juvenile cod at size are synchronized 
to optimal availability of preferred prey in space and time.

Materials and methods

Study site

Sampling was carried out in the fjord branch Kapisigdlit in 
the Godthåbsfjord system, West Greenland. We established 
a transect of 6 stations along the 26 km long fjord branch, 
which were visited during 15 cruises, 7–10  days apart 
(each of 1–2  days duration), from 24 March to 5 August 
2010. The vessel “Lille Masik” was used during all cruises 
except on June 17–18 where sampling was carried out from 
RV Dana (National Institute for Aquatic Resources, Den-
mark). Station (St.) 2 was located close to the mouth of the 
fjord branch, while St. 6 was located at the end of the fjord, 
in a shallow inner creek (Fig.  1). St. 2–4 covered deeper 
parts of the fjord, while St. 5 was located on a slope lead-
ing up to the shallow inner creek. During the study period, 
daylight hours increased from 13 to 21 h.

Physical measurements

For every sampling, vertical profiles of water temperature 
and salinity were recorded by CTD casts down to approxi-
mately 15 m above the sea floor. On all cruises, a SBE 19 
plus was used, except from June 17–19 when a 911 plus 
SeaCat was used. Due to technical problems during few 
sampling events, a SBE 25 SM MicroCat was used to fill in 
missing data points. All CTDs were calibrated against each 
other and against salinity samples collected with a Niskin 
bottle at 1, 10, 20, 50, 75, 100, 150 and 250 m depth on 
May 24 and July 6 analysed on a Portosal salinometer.

Sampling of zooplankton

Mesozooplankton was sampled by vertical net tows using 
a Hydrobios Multinet (type Mini, 0.125 m2 opening) with 
five 50-µm mesh nets, or a 60-cm-diameter WP-2 net 
50-µm mesh size equipped with a non-filtering cod end. 
The Multinet was used on every sampling date at St. 4, 
and on March 24, April 22, May 18, June 17 and July 6 at 
St. 2 and 5. The WP-2 net was used on all other sampling 
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events. The nets were hauled at a speed of 0.2–0.3 m s−1 
from a maximum depth of 100, 75 and 50 m depth to the 
surface at St. 2,  4, 5 and 6, respectively. No zooplankton 
sampling was done on St. 3. The content of the codend 
was immediately preserved in buffered formalin (4 % final 
concentration). All samples were analysed by the Plank-
ton Sorting and Identification Center in Szczecin, Poland 
(www.nmfri.gdynia.pl). Samples containing high numbers 
of zooplankton were split into subsamples. All copepods 
and other zooplankton were identified to lowest possible 
taxonomic level (approximately 400 per sample), length 
measured and counted. Copepods were sorted into devel-
opment stages (nauplii stage 1—copepodite stage 6) using 
morphological features and sizes, and up to 10 individu-
als of each stage were length measured. Data collected on 
May 24 (St. 6) and June 3 (St. 2, 5, 6) were not included 
since the depth strata sampled may have been incorrect, as 
the WP-2 net was towed at an angle of 30–45° due to bad 

weather conditions. The biomass of the different zooplank-
ton species was calculated from length measurements. For 
copepodites, the prosome length was measured, except for 
Microsetella norvegica where the combined length of the 
prosome and urosome were measured. The diameter of 
eggs, bivalve and gastropod larvae was measured on the 
longest axis. For all other organisms, the full body length 
was measured excluding any hairs, appendages and spines. 
Carbon conversion factors used were derived from the liter-
ature (Table S1). Average abundances and biomasses were 
calculated for different time periods by integrating over the 
period and dividing by the number of days. Average abun-
dances of different organisms for the whole fjord branch 
were calculated by integrating over the transect and divid-
ing with the length of the transect. Oncaea spp. includes 
members of Triconia borealis which were also identified in 
the fjord (Maria Grazia Mazzocchi, pers. com.), but will be 
referred to as Oncaea spp.

Fig. 1   Location of sampling 
stations along the fjord branch. 
Note different symbols for col-
lection of cod larvae (horizontal 
net tow) and zooplankton (verti-
cal net tow)

http://www.nmfri.gdynia.pl
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Sampling of Atlantic cod larvae and juveniles

In May and June, the cod (Gadus morhua) larvae/juve-
niles were collected using double-oblique tows of 60-cm-
diameter bongo with one 300-µm and one 500-µm mesh 
net. Later in July and August, the collection was done by 
double-oblique tows of a MIK ring net (ring of 2-m-diam-
eter and a 14-m-long white net of 600-µm mesh size). 
Both net types were fitted with a flowmetre recording 
water flow, and a CTD (MicroCat SBE 25 SM) recording 
vertical hydrographical profiles. At the two innermost St. 5 
and 6, the net tows were conducted down to 75 and 50 m, 
respectively; 35–50  m above the sea floor due to vari-
able bathymetry. At stations 2–4, tows were performed to 
a maximum depth of 100  m. Ships speed was about 1.6 
knots. Sampling at St. 6 on June 18 was carried out using 
a WP-2 net (200-µm mesh size), and these larvae were 
immediately preserved in ethanol (95  % final concentra-
tion). Bongo net samples were preserved either in buffered 
formalin (for the 300-µm net, 4 % final concentration) or 
in ethanol (for the 500-µm net, min 50  % final concen-
tration). MIK net samples were split in two subsamples, 
and one of these was preserved in formalin and the other 
in ethanol. Occasionally, the total zooplankton content 
of the MIK net samples were very large, and therefore, 
only a subsample was preserved, while the remaining part 
was kept cold (~5 °C) and inspected for cod within 48 h of 
sampling. All larvae/juveniles found in these samples were 
preserved in 95 % ethanol.

All sampled cod were sorted and identified under a dis-
secting microscope. Up to a maximum of 40 larvae/juve-
niles per sample were length measured (standard length) to 
the nearest 0.2  mm. In total, 706 cod were measured out 
of 1,257 caught. Before length measurements, cod were 
soaked in freshwater for approximately 2 min to minimize 
bending of the body due to preservation. Standard lengths 
were corrected for shrinkage due to handling and preserva-
tion using Eq. 1 from Theilacker (1980):

where L is the standard length (mm) prior to handling and 
preservation, X1 is the standard length of the preserved cod, 
and X2 is the time from death to fixation (which were set at 
20 min in the present study). Cod were divided into three 
size groups: 4–8-, 9–15- and 16–25-mm standard length. 
Conversion from standard length (L) into dry weight (DW) 
was based on Eq. 2 from Munk (1997):

where L is in mm and DW is in mg. We assumed 43 % car-
bon content of the dry weight (Harris et al. 1986).

(1)ln(L) = ln X1 + 0.289e−0.434X1X−0.68
2

(2)DW = 0.00135 × L3.08

Gut content analysis

Guts from all or a max of 15 ethanol preserved larvae/juve-
niles (preserved immediately after catch) from each station 
at each date were included in the analysis (144 individuals 
in total). Guts were removed and emptied using fine nee-
dles under a dissecting microscope. The content of prey 
organisms were length measured and identified to lowest 
possible taxonomic level. As many prey items found were 
partially digested, identification was mainly done based 
on size, shape and other morphological characteristics. 
Copepodites and nauplii were primarily identified from the 
size and shape of the prosome and urosome, and from the 
number and size of individual segments and appendages. It 
was not possible to distinguish between Calanus spp. and 
Metridia spp. copepodite stages 1–3 so these stages were 
treated as one group. Some prey taxa found in the guts 
could only be identified to e.g. cladocera, calanoid, cope-
pod or crustacea. A maximum of 20 individuals per taxa 
and developmental stage (e.g. nauplii or copepodite) were 
measured, and the rest were counted.

Carbon weights of prey items identified to appropriate 
taxonomic groups were estimated using the conversion fac-
tors in supplementary Table S1. Conversion for Calanus 
spp. and Metridia spp. C1–C3 was carried out using an 
average between the conversion for C. finmarchicus and C. 
glacialis from Madsen et al. (2001) and Metridia spp. from 
Hirche and Mumm (1992). Calanoid nauplii found in the 
gut were all converted to carbon weight using the conver-
sion factor from Hygum et al. (2000). Carbon weight of 
prey, where parts of the main body (prosome for copepo-
dites) were missing, was calculated as the average of other 
individuals of the same taxa found in the gut.

Prey size and taxonomic preferences

The dietary preferences were described using the Chesson 
(1978) α-selectivity index calculated by Eq. 3:

where di and zi is the abundance of prey item i in the gut 
and environment, respectively, and N is the number of 
prey items considered. The index was calculated for indi-
vidual larvae/juveniles and then averaged for the three size 
groups. All arthropods positively identified to class, order 
or genus depending on the organism (see Table 1 and S2), 
bivalves, gastropods and polychaetes are included in the 
analysis. All taxa were divided into 6 log-scaled length 
classes with the following mid-points: 100, 200, 400, 800, 
1,600 and 3,200 µm, based on body length. Eight zooplank-
ton taxonomic groups were considered (the more abundant 

(3)∝i=
di/zi

∑
(

dj/zj

) , for j = 1, . . . , N
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and ingested); hence, a total of 48 prey categories (N) were 
used. Neutral preference is found at 1/N.

Modelled prey size preferences

In order to estimate availability of prey (at size) in the envi-
ronment, we calculated the theoretical prey size spectra of 
cod in the three size groups. Using a Gaussian distribution 
of the spectra, we estimated the prey length of maximum 
preference (preymax) and the width of spectra (b) by non-
linear fit to the data. We assume the frequency distribution 
of α to be normal over the prey length classes. The rela-
tive preference (p) for the ith prey length could then be esti-
mated from Eq. 4:

and i is the length interval, and N is the number of prey 
length classes considered. Preferred prey length to cod 
length ratio was estimated in the same way for each cod 
size group, by dividing the prey length (mid-points of the 
six prey length classes) with the standard lengths of each 
individual fish.

Prey availability (preyavailable) could then be calculated 
based on the relative prey length preference of the cod lar-
vae/juvenile, for the biomass of each length class of zoo-
plankton in the environment (z) by Eq. 5:

where pi is the relative preference for the ith prey length 
interval (Simonsen et al. 2006).

Statistics

All statistical analyses were performed in SYSTAT version 
13. Analysis of total gut content (prey numbers and carbon 
weight) and prey size preferences was done on log-trans-
formed data using ANCOVA, followed by a Tukey’s post 
hoc test. Analysis on the relative contribution of different 
prey taxa to the diet was done using Kruskal–Wallis fol-
lowed by a pairwise comparison test. Test of difference in 
length of specific prey taxa was done by ANOVA when 
comparing three cod size groups, and t test when compar-
ing two. Assumptions of normality and homogeneity of 
variance in all parametric tests performed were tested using 
Shapiro–Wilk and Levene’s test, respectively.

(4)pi = qi/

N
∑

j=1

qi, for j = 1, . . . , N ,

where qi = exp

(

−0.5 ×

(

log (i) − log
(

preymax
)

b

))2

,

(5)preyavailable =

N
∑

j=1

pi × zi, for j = 1, . . . , N

Results

Hydrography

The physical conditions in the fjord branch changed during 
the study period. The upper 30 m of the water column, in 
the inner half of the fjord branch, became warmer by the 
end of April. By early June, a thermocline had formed at 
around 20  m depth, and temperature had increased from 
4.5° to 7.8° C (average in upper 30  m), moving inwards 
from the mouth of the fjord branch to St. 6. Following the 
ice break-up after June 20 in Kapisigdlit River, located 
at the end of the fjord branch, the stratification became 
stronger by the formation of a halocline at 10 m depth. By 
early July, the  average  temperature below the pycnocline 
(10–50  m depth) increased from 2.8° to 4.4° C moving 
from St. 2 to St. 6. The temperature continued to increase 
at St. 6 until the end of the study period. Moreover, salin-
ity decreased from 33 down to 16 near the surface. Further 
details on hydrography are given in Riisgaard et al. (2014).

Zooplankton distribution

The zooplankton community structure varied tempo-
rally and spatially. Throughout the investigation, rotifers 
accounted for approximately half the total abundance of 
zooplankton which included all crustaceans, molluscs, 
polycheates and free spawned eggs (supplementary Table 
S2). In terms of biomass, their significance was, however, 
lower. Microsetella norvegica nauplii and copepodites, 
which numerically dominated the copepod community 
(see also Koski et al. 2013), were approximately one mag-
nitude lower than rotifer abundance. Other zooplankton 
that in terms of abundance remained important throughout 
the study were Pseudocalanus spp. and free eggs (mainly 
from copepods), while important contributors to the bio-
mass included calanoid nauplii and Calanus spp. and Met-
ridia longa copepodites. In the last half of the study period, 
M. norvegica (both nauplii and copepodites), Evadne 
spp., Podon spp., bivalve larvae, Oithona similis (see also 
Zamora-Terol et al. 2014) and Oncaea spp. had become 
increasingly important (Table S2). Biomass of protozo-
ans (mainly ciliates) was comparable to other zooplankton 
from mid-June until the end of the study (Riisgaard et al. 
2014).

The variability in the abundance of zooplankton taxa 
at the different stations is illustrated for seven taxa, which 
were all abundant and important prey items for larval cod 
(Fig.  2). In May–June, Evadne spp. and Podon spp. were 
only found at St. 5 and 6 (only qualitative at St. 6), while 
bivalve larvae, O. similis and Pseudocalanus spp. increased 
in abundance and biomass towards the entrance of the fjord 
(from St. 5 to 2, Fig.  2a, b). Later in the season, Evadne 
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spp. and Podon spp. were present at all stations, but 
increased significantly in abundance towards the end of the 
fjord (from St. 2 to 6, Fig. 2c–f). O. similis, Pseudocalanus 
spp., calanoid nauplii, cirripedia (nauplii and cypris, likely 
from Balanus spp.) and bivalve larvae had generally a low 
abundance (and biomass) at St. 6, but increased towards the 
entrance of the fjord (Fig. 2c–f).

Cod larval and juvenile diet

Of the 144 cod examined, 131 had prey in their guts. In 
total, 1,849 prey items were found and 1,421 were identi-
fied to order (copepod nauplii), genus (copepodites and 
cladocerans) and larvae (cirripedia and bivalves) (Table 1). 
Some prey items could not be identified or only to copep-
oda (nauplii, copepodite) or cladocera. In addition, 89 
eggs  were found likely from copepods and euphausiids. 
Another 32 prey items were identified as Amphipoda, 
Decapoda, Euphausiacea, Gastropoda, Ostracoda, Poly-
cheata larvae or Rotifera and Tintinnida.

The gut contents increased significantly in number 
of prey and carbon weight from the smaller to the larger 
cod size group (df = 2, F = 7.217, p = 0.001 and df = 2, 
F = 7.327, p = 0.001, respectively; Table 1). There was no 
effect of time of day when the cod were caught on number 
of prey or carbon weight (df = 1, F = 1.252, p = 0.265 and 
df = 1, F = 2.118, p = 0.148, respectively), and no interac-
tion between time and cod size group in number of prey or 
carbon weight (df = 2, F = 1.109, p = 0.333 and df = 2, 
F  =  0.629, p  =  0.535, respectively). Calanoid nauplii 
accounted for most of the diet in small 4–8-mm cod lar-
vae, but their relative contribution, and the contribution of 
Calanus spp. and/or M. longa copepodite stages 1–3 (C1–
C3) and cirripedia, generally decreased with increasing cod 
size (Table 2). The contribution of Pseudocalanus spp. was 
highest in the 9–15-mm size group, while the contribu-
tion of Calanus spp. C4–C6, cladoceran and bivalve larvae 
generally increased with cod size (Table 2). Other impor-
tant components of the cod diet were eggs (mainly from 
copepods), O. similis and Centropages spp. (Table 1). The 

Fig. 2   Bars: Relative abundance (a, c, e) and biomass (b, d, f) of 7 
selected taxa at four stations covering the length of the fjord during 
three time periods: a, b May 24–June 17. c, d June 18–July 12 and e, 
f July 13–August 5. Shown for 4 areas. Connected symbols: Relative 

contribution of selected taxa to all zooplankton taxa (grey squares), 
and the abundance (n m−2) and biomass (mg C m−2) of all zooplank-
ton taxa (white circles) is shown on the second Y-axis, note different 
scales
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contribution of copepodite stages to the diet was, however, 
underestimated, since 1/3 of them could not be identified 
to genus and were therefore not included in the analysis. 
Most of the unidentified copepodites were calanoids. Sig-
nificant increases in prey length with cod size were found 
for Podon spp. and Evadne spp., cirripedia and O. similis 
(Table 2).

Spatial differences in larval and juvenile gut contents 
were observed. Since relatively few cod were caught in the 
later part of the investigation, data were merged from St. 2 
and 3 in the further analysis (Fig. 3). The 9–15-mm larvae/
juveniles collected at St. 6 had significantly fewer prey in 
their gut compared to St. 4 and 5 and less prey carbon than 
at St. 5 (p  <  0.003 and p =  0.008, respectively; Fig.  3c, 
d). In 4–8- and 16–25-mm cod, the gut content did, how-
ever, not differ between stations in terms of numbers of 
prey (p  =  0.287 and p  =  0.966, respectively) or carbon 
weight (p =  0.053 and p =  0.267, respectively; Fig.  3a, 
b, e, f). The relative contribution of 7 prey taxa account-
ing for most of the diet is shown in Fig. 3. The contribu-
tion of Pseudocalanus spp. to the diet generally increased 
moving further into the fjord. In small 4–8-mm larvae, the 
contribution of calanoid nauplii was equal at all stations, 
except St. 4 where it was lower (Fig. 3a, b), while in 9–15-
mm cod, it increased moving out the fjord (Fig. 3c, d). The 
contribution from cladocerans was highest at St. 4 and 5 
(Fig. 3c–f).

Prey preference

Cod larvae and juvenile prey preferences were calculated 
for the following eight selected zooplankton taxonomic 
groups: Pseudocalanus spp., Oithona similis, cirripedia 
nauplii–cypris, bivalve larvae, calanoid nauplii, Podon spp. 
and Evadne spp. Cod showed preference for specific prey 
sizes and taxa, and their preferences changed during ontog-
eny. Rotifers and protozoans were likely underrepresented 
in the guts, as they generally were more degraded and only 
few could be identified. They were therefore omitted from 
the analysis. Small 4–8-mm larvae showed the highest pref-
erence for prey in the 400-µm length class (Table 3), and 
calanoid nauplii were the preferred prey. The larger 9–15-
mm larvae/juveniles showed highest preference for prey 
in the 400- and 800-µm length class. Calanoid nauplii and 
Podon spp. were preferred in the 400-µm length class, and 
Pseudocalanus spp. in the 800-µm length class. The large 
16–25-mm juveniles had the highest preference towards 
the 800- and 1,600-µm prey length classes. Podon spp. 
and others were preferred in the 800-µm length class and 
others in the 1,600-µm length class. These other prey taxa 
were mainly Centropages spp. in the 800-µm length class 
and Calanus spp. C4–C6 in the 1,600-µm length class. At 
the outer margins of the prey size spectrum, taxa that were 
most abundant in the environment were in most cases also 
the preferred prey of all cod size groups (Table 3).

Table 2   Statistical comparison 
of number or prey, prey carbon 
weight and prey length between 
three cod size groups

Letters indicate which cod size 
groups differ significantly. Only 
tests significant at p < 0.05 are 
included

Prey taxa Prey unit Cod size group Significance level

4–8 mm 9–15 mm 16–25 mm

Pseudocalanus spp. No a b a p = 0.038

Oithona similis Length a b b p < 0.05

Cirripedia No a a b p = 0.014

Carbon weight a b c p = 0.007

Length a b – p < 0.01

Bivalve No a b c p = 0.032

Carbon weight a b c p = 0.048

Calanoid nauplii No a b c p < 0.01

Carbon weight a b c p < 0.001

Podon spp. No a b c p < 0.001

Carbon weight a b c p < 0.001

Length – a b p < 0.01

Evadne spp. No a b c p < 0.001

Carbon weight a b c p < 0.001

Length – a b p < 0.01

Calanus spp./M. longa C1–C3 No a b c p = 0.001

Carbon weight a b c p = 0.002

Calanus spp. C4–C6 No a b c p < 0.001

Carbon weight a b c p < 0.001
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When comparing the three cod size groups, a decline 
in the importance of calanoid nauplii and an increase in 
importance of cladocerans were apparent during ontogeny 
(Table 3). The 9–15-mm larvae/juveniles showed high pref-
erence for Pseudocalanus spp., while the 16–25-mm juve-
niles preferred larger calanoid species. Prey length of maxi-
mum preference increased with cod length being 352, 505 
and 835 µm for the 4–8-, 9–15- and 16–25-mm size groups, 
respectively (Fig. 4a). This corresponds to a preferred prey 
length of 6, 5 and 4  % the larval length within the three 
respective larval size groups (Fig. 4b).

Cod distribution and preferred prey availability

The availability of prey, calculated as available biomass 
from the prey size preferences of the individual cod size 
groups (Fig. 4a), was higher in June–July compared to the 
other two periods (3–7 times, Fig. 5). However, availability 

of preferred taxa differed between periods. The avail-
able biomass of calanoid nauplii was largest in May–June, 
Podon spp., Evadne spp. and Pseudocalanus spp. in June–
July, while Calanus spp. and Pseudocalanus spp. was larg-
est in July–August.

The small 4–8-mm cod larvae were primarily found in 
the May–June (43  %) and June–July (50  %) periods and 
mainly at St. 6 (81 and 65 %, respectively, Fig. 5a–c). Early 
in the season, when cod larvae hatched and started feed-
ing (late March to mid-June), availability of prey biomass 
increased from St. 2 towards the inner fjord (Fig. 5a). Due 
to sampling problems, the prey availability on St. 6 in the 
May–June period was calculated as an average between 
May 18 and June 17 (Fig. 5a, d, g). However, prey distri-
bution changed dramatically between these dates. On May 
18 at St. 6, prey availability was 2–6 times higher than at 
St. 2–5, but by June 17, St. 6 had become 2–3 times lower. 
Later in June–July, when more of the 4–8-mm cod larvae 

Fig. 3   Bars: Relative contribution in numbers (a, c, e) and carbon 
weight (b, d, f) of 7 selected prey taxa in the gut for three size groups 
of cod: a, b 4–8 mm, c, d 9–15 mm and e, f 16–25 mm. Connected 
symbols: Relative contribution of selected prey taxa to all prey found 

in the gut (grey squares), and the total gut content in numbers and 
carbon weight (white circles ±  SE) is shown on the second Y-axis, 
note different scales
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had dispersed out into the fjord the availability of prey 
was now highest at St. 5 (3–12 times, Fig.  5b). By July–
August, the distribution of prey had switched, increasing 
with increasing distance from St. 6 (3–10 times, Fig. 5c). 
At this time, 89 % of the larvae were located outside St. 6. 
A similar relationship was observed in the biomass of cala-
noid nauplii with sizes within the prey size spectra of the 
4–8-mm larvae. On May 18, these were more available at 
St. 6 compared to the other stations (3–8 times), while by 
June 17, calanoid nauplii were almost absent at St. 6 but 
highly available at the other stations. In June–July, calanoid 
nauplii continued to be more available at St. 2–5 than at St. 
6 (4 times), and by July–August, their availability increased 
with increasing distance from St. 6 (7–72 times).

Larger 9–15-mm larvae and juveniles were found in 
all time periods, although mainly in June–July and July–
August (29 and 57  %, respectively, Fig.  5d–f). Initially, 
50  % of the 9–15-mm cod were found at St. 6, but this 
percentage gradually decreased to 11  % by July–August. 
The distribution of prey biomass largely followed that of 

the cod. In May–June, prey availability was higher at St. 6 
compared to the other stations (2 times, Fig. 5d). Later in 
June–July, prey had become equally available at St. 5 and 6 
and still 3–7 times higher than at St. 2–4 (Fig. 5e). By July–
August, the distribution of prey had reversed and was now 
higher at St. 2–5 compared to St. 6 (2–4 times, Fig. 5f). A 
slightly different relationship was seen in the distribution 
of preferred Pseudocalanus spp. that were within the prey 
size spectra of the 9–15-mm cod. In May–June, these were 
up to 2 times more available at St. 6, while in the two con-
secutive periods Pseudocalanus spp. had become 2–3 times 
more available at St. 2–5. Initially, calanoid nauplii were 
equally available within the fjord, but in June–July, they 
were more available at St. 2–5 (3–4 times) and by July–
August they were almost exclusively found at St. 2. Clad-
ocerans, another preferred group of prey, first appeared on 
June 17 and only at St. 5–6, although most available at St. 
6 (3 times). Their restricted distribution largely persisted 
in June–July where they accounted for 58 % of the avail-
able prey biomass at St. 5–6, but by July–August, they had 

Table 3   Prey size and taxonomic preferences (Chesson’s α index) for 6 logarithmic size classes and 8 taxonomic groups in three cod size 
groups: (a) 4–8 mm, (b) 9–15 mm and (c) 16–25 mm

Values are mean preference in percentage ± SE. Blank fields equal 0

Cod size group Prey taxa Prey length interval (µm)

100 200 400 800 1,600 3,200

4–8 mm Other 10.1 ± 5.6 8.2 ± 4.8 10.3 ± 5.7 6.0 ± 3.8 1.1 ± 1.1

Pseudocalanus spp. 3.4 ± 3.4 0.2 ± 0.2

Oithona similis 3.3 ± 3.3 2.6 ± 2.6

Cirripedia 6.0 ± 4.2

Bivalve

Calanoid nauplii 9.1 ± 5.2 39.0 ± 9.0 0.5 ± 0.5

Evadne spp.

Podon spp. 0.2 ± 0.2

9–15 mm Other 5.8 ± 3.1 3.1 ± 2.1 2.6 ± 1.9 11 ± 3.8 8.2 ± 3.4 1.8 ± 1.8

Pseudocalanus spp. <0.1 ± 0.1 9.9 ± 3.9 3.3 ± 2.4

Oithona similis 4.8 ± 2.6 0.4 ± 0.4

Cirripedia 1.8 ± 1.4

Bivalve 0.4 ± 0.4 0.9 ± 0.8 0.6 ± 0.6

Calanoid nauplii 0.5 ± 0.4 14.5 ± 4.4 1.1 ± 1.1

Evadne spp. 5.5 ± 2.3 3.5 ± 1.3

Podon spp. 16.6 ± 4.3 3.5 ± 2.1

16–25 mm Other 0.1 ± 0.1 7.5 ± 7.1 0.2 ± 0.2 29.3 ± 10.7 21.3 ± 8.3 1.3 ± 0.9

Pseudocalanus spp. 0.9 ± 0.8 3.5 ± 3.5

Oithona similis 2.5 ± 1.4

Cirripedia

Bivalve 5.7 ± 5.7

Calanoid nauplii 0.4 ± 0.4

Evadne spp. <0.1 ± 0.1 3.7 ± 2.8

Podon spp. 14.6 ± 8.3 9.0 ± 5.7
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become more equally distributed in the fjord and were now 
most available at St. 5 (2–4 times).

Large 16–25-mm juvenile cod were almost exclusively 
found in July–August (97  %), although in terms of abun-
dance 25 % of them were around in June–July (Fig. 5g–i). 
These juveniles were largely found outside St. 6. In June–
July, the availability of prey biomass was highest at St. 6 
and tended to decrease with increasing distance (2–11 times, 
Fig. 5h), but by July–August, prey were equally available at 
St. 2–5 and higher compared to St. 6 (2 times, Fig. 5i). The 
distribution of the preferred cladocerans that were within 
the prey size spectra of the 16–25-mm cod was almost iden-
tical to the distribution of those sizes preferred by the 9–15-
mm cod. Only few Centropages spp. were caught within the 
fjord, but Calanus spp. C4–C6, the other preferred group 
of prey, was generally more available at the central St. 4–5 
in the last two periods compared to St. 2 and 6 (2–7 times 
more in June–July, 2 times more in July–August).

Discussion

Zooplankton community and larval diet

The zooplankton community in the Kapisigdlit fjord was 
not reflected in the diet composition of larval and juvenile 
cod. This was especially clear from the low contribution of 
non-calanoid copepods. In situ biomasses of Oithona simi-
lis nauplii, Microsetella norvegica and Oncaea spp. nauplii 
and copepodites were 14-fold higher than the larger cala-
noid nauplii. Nevertheless, very few were found in the cod 
guts, while the less-abundant calanoid nauplii had a high 
contribution to the diet. Other studies have also found high 
importance of calanoid nauplii in cod larval and juvenile 
diet (Heath and Lough 2007, and references therein), while 
only one study has reported the presence of Microsetella 
spp. but in low numbers (Pepin and Penney 1997). Pre-
dation on Oncaea spp. has not previously been reported. 
Calanoid nauplii have a high lipid content (Jung-Madsen et 
al. 2013) and are therefore likely nutritional prey items for 
the young cod. Moreover, the ingested nauplii were gener-
ally large and expected to belong to the genera Pseudoca-
lanus spp., Metridia longa or Calanus spp., as these genera 
contributed with >99  % of the calanoid nauplii biomass. 
These prey items contributed most to the diet of small 4–8-
mm cod larvae, while cladocerans and Calanus spp. (C4–
C6) were more important prey for the large 16–25-mm 
juveniles. The 9–15-mm larvae/juveniles displayed a more 
diverse diet, transitioning from nauplii to larger copepods 
and cladocerans.

Metridia longa was only found in a few cod, despite 
being a dominant copepod species in Kapisigdlit in terms 
of biomass (Riisgaard et al. 2014). A temporal and spatial 
mismatch left cod with few opportunities to predate on M. 
longa as its copepodites performed dial vertical migrations 
spending only 6–12 h per day in the upper water column 
(Hays 1995; Kjellerup unpubl; Daase et al. 2008), and only 
accounted for a small fraction of the zooplankton at the 
time where juveniles were present in the fjord. In line with 
these results, only few studies have reported on Metridia 
spp. nauplii and copepodites in cod diet (Heath and Lough 
2007). No dial differences were found in the cod stomach 
content despite changes in light. However, light levels were 
never below the minimum required for cod larvae to suc-
cessfully feed in the upper 50 m of the water column dur-
ing the time of the study (Vollset et al. 2011).

Prey preferences

The present study showed an increase in the prey size of 
maximal preference as the cod grew, in accordance with 
other studies (Munk 1997; Rowlands et al. 2008; Robert et 
al. 2011) and other fish species (e.g. Munk 1992; Pepin and 

Fig. 4   Prey preference index estimated for 3 larval size groups fit-
ted a Gaussian 3 parameter normal distribution function. a On a log-
scaled axis of prey lengths, and b on an axis of relative prey lengths. 
a Prey length of maximal preference (Log(preymax)) and b was 2.55 
and 0.17 in 4–8-mm larvae (r2 =  0.34), 2.70 and 0.21 in 9–15-mm 
larvae (r2 = 0.21) and 2.92 and 0.28 in 16–25-mm larvae (r2 = 0.21), 
respectively. b Prey length to larval length ratio of maximal prefer-
ence (Log(preymax)) and b was −1.21 and 0.18 in 4–8-mm larvae 
(r2  =  0.31), −1.31 and 0.24 in 9–15-mm larvae (r2  =  0.22) and 
−1.42 and 0.29 in 16–25-mm larvae (r2 = 0.23), respectively
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Penney 1997; Simonsen et al. 2006). Cod preferred prey 
size 4–6 % of their length well within the range found by 
Munk (1997). Marked prey preferences for specific taxa 
were observed in the larvae and juveniles that changed both 
with prey length and with size of the fish. This was clearly 
illustrated by the shift in preference from calanoid nauplii 
to cladocerans and calanoid copepodites as cod grew, in 
concurrence with other studies (Kane 1984; Rowlands et al. 
2008; Robert et al. 2011). Most prominent was the switch 
from cladoceran in the 400-µm prey length class to Pseu-
docalanus spp. and larger calanoids in the 800-µm class, 
despite high availability of both prey taxa, demonstrating 
a marked change in taxonomic preference with prey size. 
Although found in several guts, sometimes in high num-
bers, we observed a low preference for O. similis in agree-
ment with other studies (Kane 1984; Pepin and Penney 
1997; Robert et al. 2011).

While the preference for certain calanoid species of 
copepods could be high, we found that larvae generally 
showed low preference for non-calanoid copepods. These 
findings are in agreement with other studies (Heath and 
Lough 2007, and references therein; Robert et al. 2011) and 
might stem from morphological or behavioural differences 
between species. Fish larvae prey preferences is affected 
by (1) visibility influenced by size and contrast of the prey; 
(2) catchability influenced by prey escape response and (3) 
encounter rate influenced by prey swimming mode (Bus-
key et al. 1993; Heath 1993; Hwang and Turner 1995). The 
swimming pattern in calanoid species tends to be more 
continuous, increasing the risk of predator encounters, 
compared to the jump-sink motility pattern of e.g. Oithona 
spp. and Oncaea spp. (Buskey et al. 1993; Hwang and 
Turner 1995; Titelman and Kiørboe 2003b). This would 
explain the observed high preferences for calanoid species. 

Fig. 5   Average prey availability 
(bars) and cod larval/juvenile 
biomass (connected symbols) at 
different stations covering the 
length of the fjord calculated 
from the prey size spectrum of 
three larval size groups: a–c 
4–8 mm, d–f 9–15 mm and g–i 
16–25 mm, during three time 
periods: May 24–June 17 (a, 
d, g), June 18–July 12 (b, e, h) 
and July 13–August 5 (c, f, i). 
Zooplankton was not collected 
at St. 3. Due to sampling prob-
lems in May–June at St. 6, prey 
availability was calculated as an 
average between May 18 and 
June 17 (hatched bars)
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Conversely, the narrow body shape of Microsetella nor-
vegica and its association with particles would make it less 
visible to the larvae, while the motility pattern of O. similis 
and Oncaea spp. would make them less likely to encoun-
ter. Moreover, we observed that late calanoid nauplii devel-
opment stages (N3–N6) were selectively ingested. Most 
of these late stages were within the preferred prey size 
range. However, the increase in nauplii swimming activity 
as they start feeding (at N3) would also have made them 
more likely to encounter, compared to the jump-sink motil-
ity observed in early stages (Buskey et al. 1993; Titelman 
and Kiørboe 2003a, b). Petrik et al. (2009) also found that 
species-specific differences in escape response had an even 
greater impact on prey selection in larval cod and haddock, 
which explained their high preference for Pseudocalanus 
spp. relative to Calanus finmarchicus, Oithona similis and 
Centropages typicus.

Preferences for cladocerans

We documented high preference of large cod (9–25  mm) 
for the cladocerans Podon spp. and Evadne spp. Hence, 
they contributed significantly to the diet, surpassing the 
contribution of the more abundant Pseudocalanus spp., 
Calanus spp. and other copepodites. Several studies have 
found that these copepods are key components in cod lar-
val diet (Heath and Lough 2007); however, few studies 
have investigated the significance of cladocerans, and their 
importance in the diet was reported to be low (Pepin and 
Penney 1997; Voss et al. 2003; Robert et al. 2011). Podon 
spp. was generally preferred over Evadne spp. As Evadne 
spp. were larger than Podon spp., the difference in prefer-
ence suggests a difference in predator avoidance such as 
diurnal migration (see Onbe and Ikeda 1995), pigmenta-
tion (i.e. size of compound eye, Zaret and Kerfoot 1975) or 
escape response between the two genera.

The high preference for cladocerans could partly be due 
to a patchy distribution and high catchability of this species. 
Marine cladocerans tend to aggregate close to the surface 
(Onbe and Ikeda 1995; Saito and Hattori 2000; Andersen 
and Nielsen 2002) or in association with subsurface blooms 
(Nielsen 1991). They rely on early maturation and parthe-
nogenesis, producing large offspring to overcome preda-
tion, instead of good escape capabilities (Lynch 1980; Ver-
ity and Smetacek 1996). Although cladocerans are smaller 
and less fat (8–23 % of DW in freshwater species; Goulden 
et al. 1982; Goulden and Place 1993), compared to the 
larger Calanus spp. (9–74  % of DW; Swalethorp et al. 
2011), their high catchability may compensate for a smaller 
energy gain. Moreover, cladoceran lipid content is compa-
rable to that of Pseudocalanus spp. and Centropages spp. 
(Lee et al. 2006, and references therein).

Prey availability and larval distribution

Comparison of the seasonal distribution patterns in cod 
abundance and size, and the availability of their pre-
ferred prey, indicated a temporal and spatial synchro-
nization between emergence of larvae and the develop-
ment of the zooplankton community. In general, most 
of the zooplankton was located in the upper 25 m of the 
water column (Koski et al. 2013; Riisgaard et al. 2014; 
Zamora-Terol et al. 2014, Kjellerup unpubl.), where many 
young cod were likely located. Initially, prey availability 
was highest in the main cod spawning area at St. 6 and 
decreased with increasing distance from this area. Later 
in the season, when larger larvae and juveniles advected 
out following the ice break-up of Kapisigdlit River (June 
20, Riisgaard et al. 2014), the distribution of prey had 
reversed for all three cod size groups. Cod spatial dis-
tribution patterns should not have been affected by our 
change in gear; however, biomass estimates may have 
been underestimated later in the season when we switched 
to the larger 2-m-diameter MIK net (Munk and Nielsen 
1994). The towing speed of 1.6 knots could have resulted 
is a lower catch efficiency of larger individuals with 
improved escape capabilities, but larval condition and our 
determination of feeding indices may have been improved 
(Colton et al. 1980).

Our results suggest that changes in prey distribution 
were a combination of advection of the prey organisms 
and of spatio-temporal differences in abundance of spe-
cific prey taxa. Cladocerans which at times accounted 
for most of the available prey were not found in the outer 
fjord before the ice break-up of Kapisigdlit River around 
June 20. An aggregation near the surface layer (Onbe and 
Ikeda 1995; Andersen and Nielsen 2002) and an ability to 
cross a strong halocline (Pagano et al. 1993) might have 
positioned them in the top layer where there was an out-
ward moving current (Swalethorp unpubl.). Despite being 
advected, fast reproduction allowed them to maintain a 
high biomass at St. 6, as observed in a Norwegian fjord 
(Nielsen and Andersen 2002). Furthermore, larger cala-
noid copepods preferred by the 9–25-mm cod were gen-
erally more abundant outside the main spawning area (St. 
6), while calanoid nauplii preferred by the 4–8-mm larval 
cod were most abundant inside the spawning area when 
the larvae were present. Hence, our results show that dur-
ing ontogeny, there was a consistent match between cod 
distribution (at the given time) and the availability of prey 
of the preferred size/taxa. However, it is unknown whether 
the shift in calanoid nauplii distribution from inner to outer 
fjord around mid-June was only due to advection, or if 
predation was also a factor as total fish larval abundance 
was highest at St. 6.
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Conclusion and perspective

We found that during ontogeny cod larvae and juveniles pre-
ferred increasingly larger prey and that increases were pro-
portional to the length increases of the cod. During ontogeny, 
taxonomic prey preferences also changed. Cod changed from 
calanoid nauplii towards Pseudocalanus spp. and Calanus 
spp. copepodites and cladocerans, while the contribution 
of otherwise dominating Metridia longa and non-calanoid 
copepods was low. These findings are in accordance with 
previous studies and stress the importance of considering the 
abundance of preferred prey when assessing the actual prey 
availability to larvae and juveniles at size. The effect of prey 
size on taxonomic preferences, most clearly observed by the 
switch from cladocerans to Pseudocalanus spp. in 9–15-mm 
cod, also underlines the importance of making prey prefer-
ences calculations including effects of both prey size and 
taxon. When only considering the availability of preferred 
prey, we could illustrate an important spatio-temporal over-
lap between cod and their prey.

The depth distribution of the zooplankton community 
is strongly structured by the water-column characteristics 
(Arendt et al. 2010, 2011; Tang et al. 2011), resulting in 
large variability in the community composition over small 
spatial scales (e.g. Nielsen and Andersen 2002, present 
study). Our findings suggest that zooplankton and cod 
were also advected out from the innermost part of the fjord. 
Therefore, future climate changes, such as increased tem-
perature and precipitation affecting the timing and mag-
nitude of freshwater outflow to fjords, might impact the 
circulation patterns (Rysgaard et al. 2003; Kattsov et al. 
2007; Myksvoll et al. 2011, 2013) with consequences for 
the distribution of preferred zooplankton taxa, such as the 
abundance of cladocerans (see Johns et al. 2005). Many 
cod populations reside in inshore areas (Robichaud and 
Rose 2004), and changes in physical forcing could likewise 
affect the advection of cod and thus the spatio-temporal 
match to prey. Predicted increases in stratification of the 
water column by freshwater outflow will also favour small-
sized phytoplankton species (Ardyna et al. 2011) less effi-
ciently ingested by the herbivorous copepods (e.g. Levin-
sen et al. 2000; Turner et al. 2001), which were preferred 
by the cod. This might reduce prey availability impacting 
larval and juvenile growth and their survival possibilities.
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