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ABSTRACT: In March/April 1994 a hydrographic and ichthyoplankton survey was conducted in the 
area of Porcupine Bank, west of Ireland, to study the distribution and feeding of blue whiting larvae. 
The Porcupine Bank area was characterized by 2 distinguishable water masses separated by a thermal 
front: (1) the warm and saline waters of the secondary shelf edge current (sSEC) and (2) the cooler and 
less saline waters above Porcupine Bank associated with an anticyclonic circulation. Highest 
concentrations of recently hatched larvae <4.0 mm standard length (SL) occurred in waters of the 
sSEC, while larvae >4.0 mm SL were more abundant in the cool waters above Porcupine Bank and 
larvae >5.0 mm SL were exclusively found above the bank. Copepod nauplii density was extremely 
low, with an overall mean density of 5.2 1-' Nauplii were most abundant in the water of the sSEC. 
However, proportionally more large calanoid nauplii were observed above Porcupine Bank. The diet of 
blue whiting larvae also varied among water masses, with larvae having higher feeding incidences and 
numerical feeding intensities in the sSEC but significantly higher feeding intensities by weight and, 
thus, a higher energetic gain in the waters above the bank. These contrasts resulted from differences 
in the composition of the larval diet. Larvae in the sSEC preyed heavily on tintinnids and small 
cyclopoid nauplii, while larvae above Porcupine Bank also ingested large calanoid nauplii. In addition, 
blue whiting larvae had different selectivity patterns depending on the foraging environment, with 
larvae retained above Porcupine Bank selecting strongly for calanoid nauplii, which were never 
selected for by larvae in the sSEC. Instead those larvae demonstrated a preference for smaller 
cyclopoid nauplii. In summary, we conclude that in 1994 blue whiting larvae benefited from being 
retained above Porcupine Bank not only by maintaining a close horizontal distribution but also by 
utilizing the more favorable feeding environment above the bank. 
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INTRODUCTION 

While there are indications that inter-annual varia- 
tion in recruitment strength of marine fish stocks arises 
from events occurring during the first year of life (Bai- 
ley & Spring 1992), there is an ongoing controversy 
about factors and processes that might be responsible 
for recruitment success or failure. Even though there is 
agreement that survival of early life stages is deter- 

mined by several interacting factors, the impact of 
each is still unresolved. Limited food supply for first- 
feeding larvae might result in increased mortality rates 
and thus lower recruitment (Houde 1987). However, 
the absolute stock abundance might also be dependent 
upon stable oceanograph~c retention areas that ensure 
population integrity by limiting larval dispersion (Iles 
& Sinclair 1982). In a recent model-based approach 
Werner et al. (1996) simultaneously examined food 
limitation and retention of cod Gadusmorhua and had- 
dock Melanogrammus aeglefinus larvae on Georges 
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Bank and concluded that in addition to being retained, 
larvae also experienced more favorable feeding condi- 
tions. Similarly, McLaren et al. (1997) concluded that 
larval cod G. morhua experienced highest feeding suc- 
cess and lowest displacement in the center of the West- 
ern Bank gyre. Thus, regions of retention might not 
only serve to maintain the genetic integrity of a given 
stock, but also provide enhanced feeding conditions 
for marine fish larvae. 

Blue whiting Micromesistius poutassou is a predom- 
inantly pelagic species, which ranges along the west- 
ern European shelf edge from Norway to southern Por- 
tugal. Its major spawning area is located to the west of 
the British Isles (Bailey 1982), with centers of spawning 
activity occurring in March and April above Rockall 
Bank, Porcupine Bank and in the Celtic Sea (Bain- 
bridge & Cooper 1973). Blue whiting spawn at depths 
of 300 to 600 m and larvae hatch there, ascending into 
the upper 100 m of the water column to initiate feed- 
ing (Coombs et al. 1981). Kloppmann et al. (1999) con- 
cluded that an anticyclonic circulation, i.e. Taylor col- 
umn, above Porcupine Bank and the Rockall Gyre in 
the Rockall Trough, might facilitate the segregation of 
2 larval populations. Taylor (1 9 l?) and Proudman 
(1916) were the first to theoretically describe the mech- 
anism underlying the Taylor column phenomenon. 
Briefly, when a water body is advected towards a sub- 
surface obstacle the upward deflection of the flow 
results in an anticyclonic (clockwise on the Northern 
Hemisphere) circulation above that obstacle with 
increasing velocity towards the bottom. This circula- 
tion cell remains stationary and is called a Taylor col- 
umn. For the significance of Taylor columns in recruit- 
ment of fish populations see Bakun (1996). 

However, the separation into 2 larval blue whiting 
populations appears to be incomplete, as Porcupine 

Bank larvae could be expatriated by the secondary 
shelf edge current (sSEC) while ascending to surface 
waters. Therefore, the sSEC and the Porcupine Bank 
Taylor column provide 2 potential rearing environ- 
ments for blue whiting larvae. Blue whiting larvae 
might thus experience very differing prey environ- 
ments upon reaching surface waters. 

In the present study we test the hypothesis that feed- 
ing of blue whiting larvae differs between 2 distin- 
guishable water masses. In particular, we describe the 
rearing habitats for blue whiting larvae and compare 
prey environments and feeding success of first-feeding 
larvae in the waters of the sSEC and above Porcupine 
Bank. Furthermore, we attempt to determine whether 
retention areas, in addition to maintaining larval distri- 
bution, might provide better biotic conditions for first- 
feeding blue whiting larvae. 

MATERIAL AND METHODS 

Field site and methods. Data for the study were col- 
lected on board the German RV 'Heincke' during a 
cruise to the area of Porcupine Bank and Porcupine 
Seabight, west of Ireland. In March/April 1994, a sta- 
tion grid located over Porcupine Bank was sampled 
targeting larval blue whiting. In order to evaluate the 
feeding environment and diet of larval blue whiting, a 
sub-sample of 13 stations on 2 transects (C and D) was 
chosen which included both the water masses of the 
sSEC and above Porcupine Bank (Fig. 1, Table 1). 
Sampling was carried out during both day and night. 

Ichthyoplankton were collected over 9 depth inter- 
vals to a depth of 650 m, using a multiple opening-clos- 
ing net (MCN). The MCN had a mouth opening of 
0.25 m2 and was equipped with 150 pm mesh nets to 

Fig. 1 Location of station grid 
in March/April 1994 west of 
Ireland. (0) stations sampled 
in the secondary shelf edge 
current, (+) stations sampled 

above Porcupine Bank 

Longitude 
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Table 1. Summary of station information. The 2 sampling 
areas are distinguished by the water masses: sSEC, secondary 
shelf edge current; PB, Porcupine Bank; UTC, Universal Time 

Coordinated 

Tran- Area Stn Long. Lat. UTC Bottom 

sSEC 1 53°00.00 15O44.8 13:18 3244 
sSEC 2 53°00.00 15"14.1 18:28 2033 
sSEC 3 53°00.00 14O54.9 00:OO 997 

PB 4 53O00.00 14O32.1 04:45 381 
PB 5 53O00.00 14"05.7 08:43 205 
PB 6 53°00.00 13°50.0 1055 196 
PB 7 53°00.00 13'35.0 03:12 200 

sSEC 8 52"30.00 1551.7 06:41 3269 
sSEC 9 52°30.00 15O18.1 00:50 1617 
sSEC 10 52°30.00 15"05.0 20:42 1026 

PB 11 52°30.00 14O34.0 16:45 398 
PB 12 52"30.00 14O02.7 13:Ol 305 
PB 13 52'30.00 13O29.0 05.03 345 

Table 2. The sampled depth of the consecutive multiple 
opening-closing net casts per each station 

Net no. Sampled depths Sampled depths 
(shallow) (deep) 

assure that both eggs and freshly hatched blue whiting 
larvae were sampled quantitatively. Kloppmann (1994) 
evaluated the efficiency of the MCN comparing it with 
a 60 cm Bongo net, which is the recommended stan- 
dard gear for ichthyoplankton sampling (Smith & 
Richardson 1977). When properly used, the MCN pro- 
vides abundance and length frequency data compara- 
ble to those collected with a Bongo net. 

Two MCN casts per station were conducted to cover 
the 9 depths sampled (Table 2). After retrieval of the 
MCN each net was thoroughly washed, codends were 
detached and samples rinsed into the relevant sieves. 
Concentrated samples were preserved in 4 % buffered 
formalin-seawater solution. 

At each station, physical data were recorded to a 
depth of 1000 m using a CTD system. The CTD was 
connected to a rosette sampler, so that microzooplank- 
ton samples could be taken simultaneously. Microzoo- 
plankton were collected at the midpoint of each shal- 
low MCN interval, namely at 175, 125, 75, 37.5 and 
12.5 m, using a rosette sampler equipped with 7.5 1 bot- 
tles. Water from the bottles was passed through a 
45 pm sieve. The concentrated samples were pre- 

served with 4 % buffered formalin-seawater solution. 
For convenience, we use the term microzooplankton to 
refer to the zooplankton taxa captured with the 
method described above. Due to increased swimming 
speeds, it has to be noted that late-stage copepodites 
and adult copepods might have escaped capture and 
their estimated densities are, thus, likely to be under- 
estimated. Also, due to their small size, tintinnids were 
only partially retained by our sampling and thus 
excluded from further analysis. 

Laboratory analyses. Blue whiting were enumerated 
and a sub-sample measured to the nearest 0.1 mm 
standard length (SL). No correction was made for lar- 
val shrinkage due to net-capture damage or preserva- 
tion. 

Microzooplankton from the water bottle samples 
were identified to the lowest possible taxon and devel- 
opmental stage, enumerated and measured to the 
nearest 0.Olmm using a stereo microscope. Carapace 
length, total length and width were measured for cope- 
pod nauplii, diameter for eggs, metasome length, total 
length and width for copepodites and adult copepods, 
and length and width for all other organisms. Using 
those measurements, wet weight of prey items was cal- 
culated (Nishiyama & Hirano 1983). 

For the analysis of feeding habits, larvae were sub- 
sampled from 8 size classes (<3.0, 3.0 to 3.49, 3.5 to 
3.99, 4.0 to 4.49, 4.5 to 4.99, 5.0 to 5.49, 5.5 to 5.99, 
t 6.0 mm SL). Since blue whiting larvae > 2.6 mm SL, 
which had initiated exogenous feeding were observed 
to be mainly distributed in the upper 100 m of the 
water column (Coombs et al. 1981), only larvae from 0 
to 100 m water depth were used for feeding analysis. 
Each larva was placed on a microscope slide and the 
entire alimentary canal was excised. The gut was posi- 
tioned in a drop of glycerin, opened and the contents 
examined. Each item was identified to the lowest 
possible taxonomic group and developmental stage, 
counted and measured, using the same strategy as 
employed for the water bottle samples. 

Data analyses. The abundance of blue whiting lar- 
vae was computed as number 1 m-2 sea surface sam- 
pled over the upper 650 m of the water column. 

Feeding incidence, the proportion of feeding larvae 
per station, sampling depth and size class were calcu- 
lated. Chi-square tests of independence were used to 
test the null hypotheses that feeding was uniform with 
respect to station, sampling depth and size of the lar- 
vae. The mean number of food items per gut (numeri- 
cal feeding intensity) and the mean weight of food per 
gut (weight-based feeding intensity) were calculated 
using only feeding larvae. The null hypotheses that 
feeding intensities were evenly distributed were tested 
with ANOVA. Normality was tested using normal 
probability plots and Lillefors Test (Daniel 1990). When 
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necessary, data were transformed using either a 
square-root or a Box-Cox power transformation (Sokal 
& Rohlf 1981). If significant differences were found, 
multiple comparison procedures were used to test for 
pairwise relationships. 

The selectivity of fish larvae for their prey was esti- 
mated with a (Chesson 1978): 

a, = (d,/p,)/(d,/pi), for i = 1.. .N 

where N is the number of different prey taxa; d, and p, 
are the proportions of prey j in the diet (d) and in the 
environment (p); d, and p, are the same proportions for 
the i th prey. Chesson's a was first calculated for each 
larva examined and afterwards averaged for a given 
length class (Fortier & Harris 1989). Since the index is 
independent of fluctuations in the absolute abundance 
of prey taxa and will only change due to changes in the 
predators' behavior, it can be averaged and compared 
between stations and water masses with different 
absolute prey densities (Chesson 1983). 

RESULTS 

Physical environment 

Strong westerly winds averaging 15 to 20 m S-' and 
wave heights of up to 10 m prevailed throughout the 
cruise and prevented stratification of the water column 
in the euphotic zone. The depth of negligible frictional 

influence of the wind (Ekman depth) was between ?P 

and 100 m (Kloppmann et al. 1999). 
Sea surface temperatures in the study area were 

between 9 and 10°C. Above the western slope of Por- 
cupine Bank in areas >l000 m bottom depth, the sur- 
face water was warmer and more saline (T 5 10°C, 
S > 35.42), while surface waters above Porcupine Bank 
were colder and less saline (T < 10.O°C, S < 35.40). 

Analysis of the vertical temperature and salinity 
distributions revealed a core of warm, high-salinity 
water from the surface to 400 m depth over the west- 
ern slope of Porcupine Bank (Fig. 2). Kloppmann et 
al. (1999) identified the warmer, more saline water 
mass as North Atlantic Current Water which formed 
a northward current, termed the sSEC, along the 
western slope of Porcupine Bank. A frontal zone sep- 
arated the sSEC from waters above the bank. Above 
Porcupine Bank a dome of colder and less saline 
water was detected, indicating an area of upwelling. 
Kloppmann et al. (1999) concluded that the doming 
of isolines above the bank was associated with a 
Taylor column. 

Blue whiting larvae 

A total of 11 953 blue whiting larvae were counted 
on the 13 stations selected for analyses of feeding, 
resulting in an average abundance of 360.6 larvae m-' 
(SD = 270.2; median = 327.6; min = 24.3; max = 731.7). 

14' 16' 15' 

L o n g i t u d e  W 

Fig. 2. (a) Temperature and (b) salinity distribution in the sampling area. The data grid for computing the isolines was calculated 
by Linear interpolation between the original datapoints. Diamonds show the position of CTD casts 
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Fig. 3.  Abundance of blue whiting larvae by size classes integrated over the upper 650 m of the water column. (.......) Position of 
1000 m and 200 m isobaths 

52'30'- 

Larvae occurred on all stations, with highest concen- senting 60.0% of the microzooplankton, followed by 
trations located over depths >l000 m and in waters copepodite stages (26.3 %) and adult copepods (9.9%). 
warmer than 10°C (Fig. 3). However, these large con- Relatively few free-spawned copepod eggs were col- 
centrations were composed almost exclusively of lected, amounting to only 3.1 %. 
recently hatched larvae <4 mm SL. Larvae >4 mm SL In general, naupliar densities were very low, with an 
were rare in these areas of high abundance. Larger lar- overall mean of 5.2 1-' (SD = 2.75). Since naupliar abun- 
vae were concentrated in the cooler and less saline dance did not change with respect to Transect 
waters above Porcupine Bank. Indeed, larvae >5  mm (ANOVA, F= 0.842, p = 0.362), samples from both tran- 
SL were found exclusively above Porcupine Bank. sects were combined for further analysis. Copepod 

Blue whiting larvae were found in any depth stratum nauplii were significantly more abundant in the upper 
sampled, with modes both in deep and shallow layers 100 m of the water column (ANOVA, F= 4.07; p < 0.01), 
(Fig. 4). The deep modes were exclusively 
attributable to recently hatched larvae, while Day Night 

most feeding larvae were found in the top 
25 - 0 1-1 25-0  - 

. .  x x . .  

100 m (Kloppmann et al. 1999 and compare 
Coombs et al. 1981). There were small, non- 50 - 25 50 - 25 

significant changes in vertical distribution - 100-50 - 100-50 
E E 

between day and night, with larvae being more ; 150- loo ~ = 4 ~ 5  

m F,, I 150-100 
m m 

dispersed at nighttime. However, the vertical 2 200- 150 2 200-150 

resolution of the catches was too coarse to 5 30,~200 $ 300- 200 

reveal significant diurnal vertical migrations. 0 o 
400 - 300 400 - 300 

N = 7308 

1 

m 
500 - 400 500 - 400 

650 - 500 650 - 500 
Microzooplankton F , v-r- I , , 

0 10 20 30 40 0 10 20 30 40 

A total of 3829 prey items was analyzed. % Distribution % Distribution 

Averaged over all depth and stations, copepod Fig. 4. Vertical distribution of blue whiting larvae during day and night 
nauplii were the most abundant group, repre- pooled over the 13 stations selected 
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I +Porapins Bank 1 
20 0 

Transect D 

100 200 300 400 500 

Total Length [urn] 

the stratum of highest abundance of 
feeding larvae. Consequently, sam- 
ples of the upper 100 m were pooled 
for further analyses. Significantly 
higher densities of copepod eggs, 
nauplii and adults were observed in 
the waters of the sSEC than above 
Porcupine Bank (Table 3). 

Nauplii ranged from 60 to 500 pm 
total length, with peak abundance 
between 100 and 150 pm total 
length. Cumulative frequency distri- 
butions of naupliar total length dif- 
fered significantly between nauplii 
from the waters of the sSEC and from 
the waters above Porcupine Bank 
(Fig. 5). On both transects analyzed, 
a higher proportion of larger nauplii 
was found above Porcupine Bank 
(KS 2 sample, p 5 0.01) (Fig. 5),  with 
additional frequency-peaks in sizes 

Fig. 6. Comparison of numerical 
feeding intensities (prey larva-') in 
blue whting larvae in the waters of 
the secondary shelf edge current 
(sSEC) and above Porcupine Bank. 
Means and confidence intervals are 
calculated from square-root trans- 
formed variates. Values in the table 
indicate number of fish analyzed 

Fig. 5. Length-frequency distribution of copepod nauphi in 
the waters of the secondary shelf edge current (sSEC) and 

Porcupine Bank in the upper 100 m of the water column 

>200 pm. The size ranges of naupliar stages of differ- 
ent species overlapped considerably. However, a size 
frequency distribution for different taxonomic groups 
revealed that the high abundance of larger nauplii 
above Porcupine Bank was based predominantly on 
larger (>200 pm) calanoid nauplii that were missing in 
the waters of the shelf edge current. 

Larval feeding 

A total of 633 larval blue whiting were analyzed for 
gut contents. Larval size ranged from 2.5 to 8.4 mm SL, 
with the majority in the 3 to 4 mm SL size class (50 %). 
Mean feeding incidence for all size classes was 7 9.6%. 
No differences in feeding incidence were observed due 
to larval size class (X' = 2.375, p = 0.936). While larval 
feeding was significantly increased during daylight (x2 

c3.0 3.0-3.5 3.5-4.0 4.0-4.5 4.5-5.0 5.0-5.5 5.5-6.0 >6.0 

Larval Slze Classes [mm] 
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Taxa Number I-' (SD) Significance 
sSEC PB 

Copepod eggs 0.51 (0.47) 0.16 (0.21) p < 0.005 
Copepod nauplii 7.38 (2.78) 5 44 (1.69) p < 0.05 
Copepodites 1.96 (1.02) 1.57 (0.70) p = 0.182 
Adults 1.63 (1.33) 0.89 (1.07) p < 0.01 

Table 3. Results on mlcrozooplankton densities in the upper captured from Transect C or D (ANOVA, F= 0.108, p = 
100 m of the water column in the 2 different water masses: 0.743), so data were pooled for further analyses. Lar- 

sSEC, secondary shelf edge current; PB. Porcupine Bank vae in the had ingested significantly more food 
items than larvae caught above Porcupine Bank 
(ANOVA, F = 19.115, p < 0.001). While overall larval 
feeding appeared to be affected by time of day, with 
higher feeding intensities during daytime, that pattern 
was only significant for larvae captured above Porcu- 
pine Bank (ANOVA, F  = 98.049, p < 0.001) and not for 
larvae in the sSEC (Fig. 6).  Larval blue whting feeding 
intensity changed significantly with larval size for both 
larvae sampled above the slope and above the bank. 

= 27.756, p < 0.001), a high proportion of larvae was ob- However, the pattern of change was different in the 2 
served to continue feedmg throughout the night. On areas (Fig. 6): In the sSEC the highest numbers of prey 
both transects sampled, larvae above Porcupine Bank items were found in first-feeding larvae ( ~ 3 . 5  mm SL), 
had significantly lower feeding incidences during night while larvae >3.5 mm SL showed very reduced feed- 
than larvae in the shelf edge waters. In addition, blue ing. In comparison, larvae ~ 3 . 5  mm SL above Porcu- 
whiting larvae captured in the sSEC on Transect C pine Bank had lower feeding intensities and experi- 
were more likely to be feeding than larvae captured enced peak feeding intensities at 4 to 4.5 mm SL. 
above the bank (x2  = 28.0, p <0.001), while no clear pat- Feeding intensity by weight revealed no significant 
tern could be established for larvae from Transect D. difference with respect to Transect (ANOVA, F =  0.066, 

There were no differences in numerical feeding p = 0.797), so data from both transects were pooled for all 
intensity (number of prey items ingested) for larvae subsequent analyses. Mean weight ingested was signif- 

icantly higher in larvae sampled above 

30.0 P- P- . Porcupine Bank (ANOVA, F = 91.247, 
1 .SEC 
I 

p < 0.001) (Fig. 7). There were significant 

25.0 l differences for larval size classes 3 to 3.49, 
- - -  l 

9 20.0 - 3.5 to 3.99,4.0 to 4.49 mm SL, with up to a 
'm + 5-fold increase in gut weight for larvae 3 15.0- -0- Night 

8 S 
X a . . 

, -1 (Fig. 7). Larvae above the bank ingested 

on the bank as opposed to larvae in the 
E .  
m g 10.0- 

waters of the sSEC. Feeding intensity by 
weight was affected by time of the day 

5.0 3 

0.0 - - significantly higher prey weights during 

<3 .0  3 . 0 - 3 5  3.5-4.0 4.0-4.5 4.5-5.0 5 . 0 - 5 5  5 5 - 6 . 0  >6 .0  daytime (ANOVA, F= 12.668, p < 0.001), 

Larval Sbe Classes [mm] 

while the opposite was true for larvae in 
the waters of the sSEC, namely higher 
feeding intensities at night (ANOVA, 
F =  4.800, p < 0.05). 

Prey length in larval guts ranged from 
10 to 1100 pm. There was a significant 
increase of mean prey size ingested 
with increasing larval size (F = 193.595, 
p < 0.001). Blue whiting larvae of all size 
classes fed on significantly larger organ- 

Fig. ?. Comparison of weight-based 
feeding intensities (weight larva-') in 
blue whiting larvae in the waters of the 
secondary shelf edge current (sSEC) 
and above Porcupine Bank. Means and 
confidence intervals are calculated 
from Box-Cox transformed variates. 
Values in the table indicate number of 

fish analyzed 
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15.0 . +Porcupine Bank j 
10.0 . 

5.0 - 

0.0 - 

Naupliar Total Length [pm] 

Fig. 8. Comparison of prey length ingested by larval blue 
whiting in the waters of the secondary shelf edge current 

(sSEC) and above Porcupine Cank 

isms above Porcupine Bank than in the waters of the 
sSEC. The observed difference was significant for all 
developmental stages of copepods, that is to say, for 
free-spawned eggs (ANOVA, F = 8.955, p < 0.005), 
copepod nauplii (ANOVA, F = 522.213, p < 0.001) and 
for copepodites and adult copepods (ANOVA, F = 

5.847, p < 0.05). However, the size difference was most 
pronounced for copepod nauplii. Above Porcupine 
Bank, larvae c4.5 mm SL ingested significantly more 
larger nauplii than their counterparts in the waters of 
the sSEC (Fig. 8). 

At all sizes, blue whiting larvae preyed primarily on 
developmental stages of copepods (Fig. 9). However, 
first-feeding larvae also ingested high numbers of 
tintinnids. This was especially true for first-feeding lar- 
vae from the sSEC, whose diet consisted numerically of 
more than 50% of tintinnids. With increasing larval 
size, blue whiting larvae tended to prey on progres- 
sively larger items, shifting from protozoans to nauplii, 
then to copepodite stages and adult copepods. 

Size distributions of copepod nauplii in the larval 
guts were significantly different from those in the 
water column (Fig. 10) insofar as larvae tended to 
ingest proportionally more, larger nauplii. While those 
differences were less striking in the waters of the 
sSEC, they were very pronounced for larvae feeding 
above Porcupine Bank. In addition to cyclopoid nauplii 
(100 to 200 pm), Porcupine Bank larvae ingested a 
higher abundance of calanoid nauplii as was revealed 
by additional peaks in the size-frequency distribution 
(>200 pm total length). 

Proportional abundance of copepodite stages and 
adult copepods could not be estimated without bias, 
due to sampling gear bias, and were thus excluded 
from the analysis of prey preference. Blue whiting lar- 
vae in the sSEC showed high preference for cyclopoid 
nauplii in all larval stages analyzed, but very little 
selection for other groups (Table 4). In contrast, only 
the youngest larval stages (<4.0 mm SL) selected for 
cyclopoid nauplii above Porcupine Bank, while 
calanoid nauplii were preferred by blue whiting of all 
sizes analyzed. In addition, there was a strong prefer- 
ence for free-spawned copepod eggs. 

DISCUSSION 

Seasonal occurrence, abundance, horizontal 
and vertical distribution of blue whiting larvae in 

relation to hydrographic and biological conditions 

Bainbridge & Cooper (1973) suggested that blue 
whiting increase the survival of their offspring by syn- 
chronizing larval hatchlng with maximum annual 
availability of their prey, thus following the predictions 
of the match-mismatch hypothesis (Cushing 1975). 
However, this 'synchronous' strategy seems very 
unlikely for blue whiting of the Porcupine Bank area, 
since highest concentrations of blue whiting larvae are 
consistently observed in early April (O'Brien & Fives 
1995), while primary and secondary productivity peaks 
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Larval length classes (mm) 
<3.0 3.0-3.5 3.5-4.0 4.0-4.5 4.5-5.0 5.0-5.5 5.5-6.0 >6.0 

Secondary shelf edge current 
No. of larvae 60 64 5 2 2 2 9 n n n 

E ~ Y S  0.08 0.21 0.17 0.28' 
Cyclopoid nauplii 0.57' 0.48' 0.46' 0.40' 
Calanoid nauplii 0.16 0.19 0.20 0.20 
Other nauphi 0.20 0.19 0.24 0.18 

Porcupine Bank 
No. of larvae 16 56 48 4 3 3 9 24 18 27 

Eggs 0.00 0.34 ' 0.17 0.45' 0.34 ' 0.40' 0.29' 0.00 
Cyclopoid nauplii 0.26' 0.35 ' 0.31 ' 0.16 0.18 0.06 0.06 0.10 
Calanoid nauplii 0.61 ' 0.42' 0.53 ' 0.63' 0.62' 0.66' 0.78' 0.58' 
Other nauplii 0.07 0.07 0.3.0 0.04 0.12 0.13 0.00 0.34 ' 

- 

1 sSEC 

m - p c 0.001 

another indication that spring bloom and secondary 
production had yet to start. Blue whiting spawning 
occurs all along the European shelf edge, reaching as 
far north as to the west of Norway. While spawning in 

; 

the more northern habitats is initiated later in the year. 
the pattern observed for blue whiting in the Porcupine 
Bank area still holds, namely onset of hatching prior to 
spring bloom and peak secondary productivity. Blue -L - 

9 
0.0 

rl +Lsnnl Dia 

- 

.- 
c whiting might thus be best described as 'early' strate- 

E 0  loo 200 300 400 500 W O  gists (Fortier et al. 1995) that produce larvae that initi- 

40.0 ate feeding weeks before the maximum abundance of 
potential prey. Similar observations were made for 

30.0 Arctic cod Boreogadus saida and sand lance 
Ammodytes sp. larvae in Hudson Bay (Fortier et al. 

20.0 1995) and for larval Pacific sand lance Ammodytes 
hexapterus and rock sole Pleuronectes billneatus in 

10.0 Auke Bay, Alaska (Haldorson et al. 1993). Bollens et al. 
(1992) suggested that 'early' strategists may take 

0.0 advantage of 2 possible mechanisms, namely avoid- 
o loo 200 300 400 500 600 ance of predators due to the early time of hatching and 

Naupliar Total Length [urn] matching of late larval and early juvenile stages with 
peak abundance of zooplankton in summer. 

Fig. 10. Naupliar total length in the water column and the diet 
of blue whiting larvae in the waters of the secondary In 1980 and 1983, at the time of their peak abun- 

shelf edge current (sSEC) and above Porcupine Rank dance, blue whiting larvae accounted for more than 
80% of the ichtyoplankton in the area of Porcupine 
Bank, sampled to a maximum depth of 200 m, varying 

in May (Colebrook 1986). During our sampling in 1994, according to bottom depth (O'Brien & Fives 1995). Our 
blue whiting larvae occurred at  a time when the water observations were similar, as blue whiting larvae com- 
column was still thermally unstratified, indicating that prised 81 % of all fish larvae at the time of our sampling 
spring bloom had not yet commenced. This was sup- in 1994. Thus, in addition to avoiding extra predation 
ported by low concentrations of copepod nauplii, with pressure, initiating feeding at  a time prior to zooplank- 
cyclopoid nauplii, namely Oithonidae, contributing ton maximum abundance may reduce inter-specific 
most to their number As Oithonidae are known to competition for prey. Blue whiting larvae might well be 
maintain populat~ons under more severe conditions able to successfully initiate feeding at  the observed low 
and contribute relatively more to copepod biomass in concentrations of potential prey organisms while at the 
fall and winter (Sabatini & K~errboe 1994), their domi- same time avoiding predation pressure and competi- 
nance in the waters both off and on the bank was tion for the admittedly scarce resource. Prey concen- 

Table 4.  Mean prey preference of blue whiting larvae in the waters of the secondary shelf edge current, and above Porcupine 
Bank, with preference indicated ' 
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trations like those observed in our study have recently 
been documented to be adequate for marine fish lar- 
vae to successfully initiate feeding (Paul 1983, Munk 
1995). Larvae apparently adjust their behavior in rela- 
tion to the prey environment, namely by increasing 
search activity and decreasing prey selectivity when 
prey is scarce. 

The distribution of the separate length classes of 
blue whiting larvae during this study suggests a geo- 
graphic shift during larval development from off the 
bank toward it. Kloppmann et al. (1999) concluded that 
larvae hatching at the western periphery of Porcupine 
Bank are advected towards the central parts of the 
bank and retained there by a Taylor column circula- 
tion. Retention and aggregation of blue whiting larvae 
by Taylor colun~n might thus facilitate the existence of 
a separate spawning population on Porcupine Bank. 
Similar conditions have been described for Flenlish 
Cap redfish and cod (Kudlo & Boytsov 1979, Anderson 
1984) and Rockall Bank haddock (Dooley 1984 cf. 
Bakun 1996). 

Feeding conditions and success of blue whiting 
larvae in the waters of the secondary shelf edge 

current and above Porcupine Bank 

Throughout our sampling grid, densities of appropri- 
ate prey for blue whiting larvae, namely copepod eggs 
and nauplii (Conway 1980, Hillgruber et al. 1997), 
were extremely low, with mean values of 6.3 nauplii 1-' 
and 0.3 free-spawned eggs 1-' in the upper l00 m of the 
water column (Table 2) .  The low number of free- 
spawned eggs concurs with our observation that the 
majority of the nauplii could be attributed to egg-sac 
carrying Oithonidae. Oithonidae, which carry egg- 
sacs, are considered to be anatomically less specialized 
than calanoid copepods and able to maintain an almost 
constant weight-specific egg production throughout 
the year (Sabatini & Kierrboe 1994). In contrast, free- 
spawning calanoid copepods show a very strong sea- 
sonal signal, suggesting that at  the time of sampling 
egg production for calanoid copepods had not reached 
its maximum. 

Nauplii were more abundant in the sSEC than in the 
bank area. However, analyses of their size composition 
revealed that though more plentiful, there were pro- 
portionally more, smaller nauplii off the bank in the 
waters of the sSEC. In comparison, nauplii above Por- 
cupine Bank were fewer but proportionally larger. 
While Taylor column circulations have been suggested 
to enhance zooplankton production above seamounts, 
evidence concerning densities is often conflicting. 
Boehlert & Genin (1987) suggested that instead of con- 
sidering zooplankton biomass it might be more reveal- 

ing to analyze specific taxa and their abundance and 
presence/absence above topographic structures. Our 
results demonstrate that the Porcupine Bank area dif- 
fered in species composition compared to the waters of 
the sSEC. Large calanoid nauplii were present above 
the bank but lacking in the sSEC, i.e. virtually no nau- 
plii of the species Calanus sp. were observed in the 
sSEC, while they occurred consistently above Porcu- 
pine Bank. Similar results have been documented of 
the shallow banks off Nova Scotia, where in early 
spring Calanus sp. and Pseudocalanus sp. copepods 
were dominant (O'Boyle et al. 1984). 

In April 1995, White et  a1 (1998) observed the same 
doming of isothermals above Porcupine Bank as was 
described in our study. In addition, some surface 
reduction in inorganic nutrient values was observed 
above Porcupine Bank but not in the waters of the 
sSEC, indicating the onset of spring bloom above the 
bank. Differences in primary productivity might trans- 
late into differences in secondary productivity and, 
thus, be responsible for the occurrence of proportion- 
ally more large calanoid nauplii above Porcupine Bank 
in comparison to the sSEC. 

In spite of very low naupliar densities, a high propor- 
tion of blue whiting larvae successfully initiated feed- 
ing. Daytime feeding incidences were even higher 
than those reported for blue whiting larvae of the 
Rockall Bank area (Conway 1980), suggesting that lar- 
vae are capable of successfully feeding at  the low prey 
densities reported here. 

Concurrent with higher densities of prey items, blue 
whiting larvae in the waters of the sSEC had higher 
feeding incidences and higher numerical feeding 
intensities than larvae of comparable size classes 
above the bank. This result could suggest that the 
water mass above the western slope of the bank pro- 
vided a better feeding environment for first-feeding 
larvae. However, both feeding incidence and numeri- 
cal feeding intensity proved to be potentially mislead- 
ing and provided only an indication of larval feeding 
success. First-feeding blue whiting larvae in the waters 
of the sSEC preyed heavily on tintinnids and small 
cyclopoid nauplii. Thus, despite ingesting large nurn- 
bers, their gut weight and thus energetic gain was 
lower than that of larvae above Porcupine Bank, which 
fed on fewer but relatively larger organisms. 

Differences between the foraging patterns of blue 
whiting larvae in the 2 rearing habitats were also man- 
ifested in the apparent selection of prey items. Larvae 
in the sSEC ingested proportionally more cyclopoid 
nauplii and never selected for calanoid nauplii, proba- 
bly because of their apparent rareness. In comparison, 
larvae of all size classes analyzed above Porcupine 
Bank showed a strong selection for calanoid nauplii. 
Selection for calanoid nauplii and against cyclopoid 
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nauplii  h a s  b e e n  reported for m a n y  different larval 
species  a n d  suggestions h a v e  b e e n  m a d e  that  behav-  
ioral differences of the  nauplii  might  result i n  differ- 
e n c e s  of p rey  perception by t h e  larvae, a n d  thus l ead  
to different cap ture  probabilities (Hillgruber e t  al.  
1995, Pepin & Penney  1997). Pepin & Penney  (1997) 
also noted that  p rey  selection could differ substantially 
a m o n g  larval species. However ,  in  this s tudy blue 
whit ing larvae showed intra-specific selection pat-  
terns, which differed d e p e n d i n g  on t h e  habi tat  in 
which they w e r e  reared.  

T h e  main objective of our  s tudy w a s  to  analyze t h e  
different rear ing environments  of blue whiting larvae 
a n d  to de te rmine  if larvae i n  t h e  retention a r e a  above  
Porcupine Bank  encounte red  feeding conditions that  
secure  their survival while  be ing  retained there.  While 
superficially it  s e e m e d  that  larvae in  t h e  sSEC w e r e  
finding bet ter  feeding conditions, as  indicated by  
higher  naupliar  counts in  t h e  environment ,  higher  
feeding incidences, a n d  numerical  feeding intensities, 
a m o r e  in-depth analysis revealed that  t h e  opposite 
w a s  t rue,  namely  tha t  entrainment  a b o v e  Porcupine 
Bank w a s  energetically beneficial. In agreement  with 
the model-based approach  by Werner  e t  al.  (1996), w e  
conclude that  retent ion of blue whiting larvae a b o v e  
Porcupine Bank not  only ensures  their population 
integrity b u t  also provides t h e  larvae with a beneficial 
feeding environment  to sustain their survival. 

CONCLUSIONS 

(1) Blue whiting of the  Porcupine Bank assemblage 
s p a w n  well a h e a d  of t h e  spring bloom, thus  applying 
an 'early' s t rategy for their offspring. 

(2) Numerical feeding intensities provide only a n  
indication for larval feed ing  conditions a n d  a r e  poten-  
tially misleading w h e n  larvae a r e  feeding on  different 
taxonomic groups  of differing sizes. 

(3) Likely retention of blue whit ing larvae above  Por- 
cupine Bank m a y  not  only provide a m e a n s  of main-  
taining larval distributions bu t  also of support ing larval 
survival by  supplying e n h a n c e d  feeding conditions. 
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