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In order to elucidate the possible existence o f genetically separated stocks o f  Meganyctiphanes norvegica 
in the north-east Atlantic Ocean, a population genetic analysis o f the species was commenced. In particular 
we wanted to investigate how possible genetic cohesiveness between samples corresponds to the physical 
oceanographic structure in the region. An electrophoretic analysis o f  allele distributions at five enzyme loci 
identified in previous studies as being polymorphic was screened for variation between samples. 1 043 
individuals from eight locations were studied and with the genetic resolution attained with allozymes on the 
loci studied, samples appear to represent a single panmictic population.
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IN TR O D U C T IO N

Meganyctiphanes norvegica (M. Sars) is a relative large 
(total length, 40 mm) epipelagic euphausiid found in the 
NorthAtlantic and in the Mediterranean ( E in a r s s o n  1945; 
M a u c h l in e  &  F is h e r  1967,1969). It has two population 
centres in the NorthAtlantic, one on the American con
tinental shelf off Nova Scotia and one in the Norwegian 
Sea ( L in d l e y  1982). In the Norwegian Sea, it is one of the 
most abundant zooplankters and accounts for both the 
highest biomass and the highest production among the 
euphausiids in the region ( L in d l e y  1982). M. norvegica 
is also a common zooplankter in Norwegian coastal 
waters and fjords ( J ö r g e n s e n  &  M a t t h e w s  1975; F a l k - 

P e t t e r s e n  &  E Io p k in s  1981; K a a r t v e d t  &  S v e n d s e n  

1990). In the north-east Atlantic it has been found as far 
as 80° N, but is less common in the Barents Sea and in 
Greenland waters except where there is a strong Atlantic 
water influence ( D u n b a r  1964; M a u c h l in e  &  F is h e r  1967; 
D a l p a d a d o &  S k jo l d a l  1991).

Various characteristics of the life history of M  norvegica, 
like spawning behaviour and growth, have led to the sug
gestion that reproductively isolated stocks may exist. 
Spawning begins earlier in the year in southern than in 
northern areas; i.e. in early January in the Mediterranean, 
in F ebruary in the English Channel and in early summer in 
Norwegian fjords and in the Gulf of St. Lawrence ( L e b o u r

1924; E in a r s s o n  1945; B e r k e s  1976). In the Norwegian 
Sea spawning is most vigorous on the edges of the coastal 
banks ( E in a r s s o n  1945), but it remains to be proven 
whether those areas are inhabited by self-maintaining 
populations. D ifferences in growth and different 
developmental pathways in the furciliae from different 
parts of the species’ distributional range are also reported 
( E in a r s s o n  1945; C a s a n o v a  1977, quoted by M a u c h l in e  

1980), but such characteristics have not been proven to be 
genetically controlled; they could just as well have been 
induced by ecological factors. Notwithstanding, off the 
British Isles local spawning centres with distinct size fre
quencies have been described (M a u c h l in e  1959), but again 
no proof of genetically structured populations in those 
areas has been given (A n d e r s o n  1982; isozyme techniques). 
Nor have the suggested distinct populations of M. 
norvegica off the American coast, in Gulf of Maine and in 
Bay of Fundy ( K u l k a  &  I sl e s  1975; K u l k a  & al. 1982), 
been established as genetically distinct stocks.

Most population genetic investigations conducted on 
euphausiids from the Southern Ocean conclude that there 
is a high level of genetic homogeneity between sampling 
areas. This includes the species Euphausia superba 
( F e v o l d e n  &  A y a l a , 1981; F e v o l d e n  1986; K u h l  &  

S c h n e p p e n h e im  1986; M cD o n a l d  & al. 1986; F e v o l d e n  &  

S c h n e p p e n h e im  1988,1989)andE. crystallorophias {K u h l  

&  S c h n e p p e n h e im  1986). It has been suggested that the
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Fig. 1. Sampling localities ofM eganyctiphanes norvegica in the
north-east Atlantic. Major surface currents are indicated. > =
Atlantic currents, — > = polar currents, — > = Norwegian Coastal 
Current.

lack of genetic heterogeneity between Southern Ocean ar
eas is the ‘mixing nature’ of the hydrographical mecha
nisms of the East Wind Drift and the Antarctic Circumpolar 
Current ( F e v o l d e n  &  S c h n e p p e n h e im  1 9 8 9 ) .  On the other 
hand, investigations on the species E. krohnii and 
Nematoscelis megalops, from north-west Atlantic slope 
waters, show some evidence of genetic structuring ( B u c k l in

&  W ie b e  1 9 8 6 ) .  The oceanographic features in that area 
may be considered less conducive to dispersal of planktonic 
species than the Southern Ocean.

The current flow in the north-east Atlantic is dominated by 
Atlantic water in the south and polar water in the north 
( B l in d h eim  1 9 8 9 ) . Eddies or oceanic gyres in and between the 
Norwegian and Greenland Seas could prevent movement of 
planktonic animals between different areas, and therefore it is 
possible that genetically different populations ofM  norvegica 
could have evolved. It is, as yet, an open question whether M  
norvegica performs an active spawning migration to restricted 
spawning grounds. In order to elucidate the possible existence 
of genetically separated stocks of M  norvegica in the north
east Atlantic, a population genetic analysis of the species was 
commenced InpartLcularwe wanted to investigate howpossible 
genetic cohesiveness between samples correspond to the 
physical oceanographic structure in the north-east Atlantic.

M ATERIALS A ND M ETHODS

Samples were collected during cruises in 1993, 1994, and 1995 
using ring trawl, (M u n k  1988) and pelagic fish trawl ( V a ld e m a r s e n  

&  M is u n d  1995). Samples 1, 4, and 6 were collected in Atlantic 
w ater m asses, sam ples 2, 3, and 5 w ere from  polar w ater 
masses and samples 7 and 8 were collected in the Norwegian 
coastal current. The sample localities and capture dates are 
listed in Table 1 (sample localities are also shown in Fig. 1). 
Live krill were immediately frozen individually at -70° C and 
stored for up to six months before analyzed. To avoid confusion 
with other species only adult individuals were analyzed. Samples 
for electrophoresis were prepared by sonicating muscle tissue 
in equal amounts o f  distilled water. In order to avoid sample 
contamination from digestive enzymes and gut contents only 
muscle tissue was analyzed.

Pieces o f  filter-paper (10 mm x 1.5 mm) were soaked in the 
cell lysates and applied to the gels. Horizontal gel electrophoresis 
using a  histidine/citrate buffer-system with pH 7.0 ( W a r d  &  

B e a r d m o r e  1977) was performed. This gel buffer allowed all 
the assayed loci to be resolved in the same gel. Only enzymes 
catalyzing reactions involving internally derived substances 
were used as possible genetic markers.

Table 1. Sample localities and capture dates o f  M eganyctiphanes norvegica in 
the north-east Atlantic.

Sample Pos. Date
1 Storljordrenna 7 6 °0 r  N - 13°33' E 5 Aug 94
2 Vesterisbanken 73°37' N - 14°24' W 2 Aug 94
3 North of Iceland 70°00' N - 16°08' W 23 Jul 94
4 Central Norwegian Sea 70°01' N - 01°39' E 23 Nov 93
5 East o f  Iceland 65°23' N - 07°45' W 12 Jul 93
6 Norwegian shelf 65°42' N - 07°47' E 7 Jun 94
7 Frohavet 63°59' N - 09°29' E 14 Dec 93
8 Oslol] orden 59°30' N - 10°30' E 8 May 95
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Starch gels o f 12.5 % and 8 mm thick were run at 230 V 
until a control m arker o f  bromphenol blue migrated out o f 
the gel. Each gel was sliced into four sheets 1 mm thick and 
stained  fo r lactate dehydrogenase (LDH, E.C. 1.1.1.27), 
m an n o se-p h o sp h a te  iso m erase  (M PI, E .C. 5 .3 .1 .8 .) , 
g lu co sep h o sp h a te  isom erase  (G PI, E .C. 5 .3 .1 .9 .) , and 
phosphoglucom utase (PG M , E.C. 2 .7 .5 .1 .) accord ing  to 
F e v o l d e n  &  A y a l a  (1981) and F e v o l d e n  (1982) (M PI). 
Polymorphic loci have previously been described by A n d e r s o n  

(1982) and F e v o l d e n  (1982). Stained gels were preserved for 
future analyses by drying on filter-paper.

The different alleles are assigned figures where 100 designates 
the m ost common allele. The designations o f the remaining 
alleles indicates their percentage mobility relative to the 100 
allele for the gel buffer employed here. Allelic correspondence 
between the present study and A n d e r s o n  (1982) and F e v o l d e n  

(1982) has not been established, and therefore the allelic 
designations might be different in the studies. Statistical analysis 
o f the electrophoretic data was facilitated using the computer 
program BIOSYS-1 ( S w o f f o r d  &  S e l a n d e r  1981).

RESULTS

Allelic frequencies at the five polymorphic loci are given 
in Table 2. With the exception of PGM in sample 3, no 
significant deviations from Hardy-Weinberg distributions 
of genotypes were observed (p > 0.157; p = 0.041 for 
the deviant sample set). Contingency chi-square analyses 
of the allele frequencies (Table 3), gave no evidence of a 
genetic differentiation among the various sample groups 
of M  norvegica. This conclusion is also evident from 
estimates of the genetic identity coefficient (Nei 1972) 
(I > 0.99 for all pairwise comparisons of samples).

DISCUSSION

As a preliminary approach to resolve the genetic popu
lation structure ofM  norvegica in the north-east Atlantic, 
isozyme analyses were applied. However, the data pre-

Table 2M eganyctiphanes norvegica. Allele frequencies in eight samples from the north
east Atlantic. Locations as in Table 1, enzyme abbreviations see text. (N = sample size).

Locus Allele
1 2 3

Collecting stations 
4 5 6 7 8

Ldh -1 70 0.003 0.014 0 0.005 0 0 0 0.003
90 0 0.007 0.003 0 0.005 0 0 0.008
100 0.997 0.972 0.990 0.984 0.990 0.997 0.995 0.983
105 0 0.007 0.007 0.011 0.005 0.003 0.005 0.006

(N) (144) (144) (144) (93) (96) (144) (96) (182)

Ldh - 2 90 0.042 0.045 0.049 0.022 0.031 0.045 0.036 0.023
100 0.951 0.948 0.948 0.978 0.969 0.948 0.958 0.974
110 0.007 0.007 0.007 0 0 0.007 0.005 0.003

(N) (144) (144) (144) (93) (96) (144) (96) (182)

M pi 75 0.007 0 0.003 0 0 0 0 0
90 0.076 0.092 0.097 0.061 0.068 0.058 0.069 0.052
100 0.590 0.612 0.583 0.591 0.573 0.622 0.586 0.627
105 0.306 0.285 0.302 0.335 0.359 0.320 0.345 0.315
110 0.007 0.012 0.014 0.012 0 0 0 0.012

(N) (144) (131) (144) (82) (96) (139) (87) (165)

Gpi 75 0.003 0.007 0 0.005 0 0.003 0 0.006
80 0.024 0.017 0.017 0.022 0.016 0.031 0.031 0.017
100 0.951 0.958 0.958 0.962 0.952 0.955 0.953 0.941
120 0.021 0.017 0.024 0.011 0.032 0.010 0.016 0.036

(N) (144) (144) (144) (93) (93) (144) (96) (182)

Pgm 85 0.003 0 0.007 0 0 0 0.010 0
90 0.042 0.035 0.035 0.038 0.047 0.038 0.036 0.060
100 0.941 0.948 0.951 0.946 0.930 0.948 0.953 0.934
105 0.010 0.014 0.007 0.011 0.023 0.014 0 0.006
115 0.003 0.003 0 0.005 0 0 0 0

(N) (144) (144) (144) (93) (86) (144) (96) (182)
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sented herein, give no evidence to suggest a genetic dif
ferentiation over the geographic area sampled. When the 
present sample sets are compared with previous data 
from the Oslofjord ( F e v o l d e n  1982), striking similarities 
are seen at all loci. PGM was reported to be monomorphic 
in that study, but this discrepancy arises from different 
electrophoretic mobility under the described running con
ditions in the two different studies. One test for deviation 
from Hardy-Weinberg distributions of genotypes was 
significant. This is probably a Type 1 error and can be 
expected by chance.

Physical barriers to dispersal, e.g. hydrographic structur
ing, can cause genetic structuring. A combination of variant 
current flows and biological factors like aggregative behaviour 
may lead to genetic structuring of previously homogeneous 
populations - provided, of course, the time-span since 
segregation is sufficiently long. Populations could have 
adapted to large- and mesoscale oceanographic cells in the 
present current pattern. Based on expected gene flow caused 
by advection, it would have been likely with more genetic 
homogeneity within each of the dominating water masses 
(Atlantic and polar) than it would be between the different 
water masses. It is known that climatic changes may alter 
the direction of major ocean currents. However, possible 
changes that have taken place in the NorthAtlantic since the 
last glaciation may be too recent for any genetic differentiation 
to evolve. In Norwegian fjords estimates of advective rates 
suggest that exchange with coastal waters is more important 
for the standing stock than local growth within the fjords 
( K a a r t v e d t  &  S v e n d s e n  1990). A replacement like this will 
cause geneflow and thereby counteract the evolution of 
genetic distinct populations in the fjords. In Balsfjorden in 
northern Norway, which is a krill-rich area, F a l k - P e t t e r se n  

&  H o p k in s  (1981) did not find eggs and larvae of M  
norvegica, indicating that recruitment occurs from outside 
the fjord.

Adult individuals of M  norvegica show markedly het
erogeneous dispersal patterns ( K u l k a  & al. 1982; N ic o l  

1986). They seem to be able to counteract advection and 
stay in ecologically favourable water masses by active

Table 3.M eganyctiphanes norvegica. Cotingency chi-square 
analysis at all five polymorphic loci investigated.

Loci No. Alleles chi-square D.F. P
Ldh-1 4 21.414 18 0.259
Ldh-2 3 5.789 12 0.926
Pgi 4 10.886 18 0.899
Pgm 4 15.792 18 0.895
M pi 5 23.115 24 0.513

Totals 76.995 96 0.923

swimming and by exploiting different current velocities 
and directions in different depths. Eggs and larval stages, 
which inhabit the uppermost water layers do not, however, 
have this ability, making interregional mixing of early stages 
possible.

As mentioned above the distribution of M  norvegica 
shows two population centres in the NorthAtlantic, one 
on the American continental shelf and one in the Norwe
gian Sea ( L in d l e y  1982). It is likely that the Gulf Stream 
to some extent facilitates gene flow between the two 
regions. Based on sequence variation for the 16s mito
chondrial gene, B u c k l in  & al. (1996) concluded that gene 
flow in the copepod Calanus finmarchicus across the 
Atlantic is considerable. This copepod is much smaller 
than M  norvegica, and passive horizontal flux is likely 
to be more extensive. Populations of M. norvegica seem 
to be morphologically indistinguishable from each other 
except for certain morphological deviations found in the 
M editerranean stock ( C a s a n o v a  1977, quoted by 
M a u c h l in e  1980). It has not been documented, however, 
that this population has been isolated over a longer period 
of time than other populations ( A n d e r s o n  1982).

Homogeneity in the genes examined in this study does 
not necessarily infer interbreeding. K a r l  &  A v is e  (1992) 
showed that selection works on protein electrophoretic 
characters that balances allozyme frequencies in American 
oysters. Such balancing selection could also be an alterna
tive for the observed homogeneity in the present study. 
Due to the large population size of most krill species, 
evolution of genetic differences following reproductive iso
lation would be expected to be a very slow process (the 
relevance to Euphausia superba is discussed by Fe v o l d e n  

&  S c h n e p p e n h e im  1989). Theoretical considerations suggest 
that nearly complete demographic isolation over long pe
riods of time may be required to produce detectable differ
ences in allele frequencies at neutral loci. Examples exist 
where different sets of markers (e.g. allozymes and 
mtDNA) reveal different levels and patterns of geographic 
variation ( M t t o n  1994).
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