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ABSTRACT: During their diel vertical migration in the Gullmarsfjord (Swedish west coast) Nordic krill
Meganyctiphanes norvegica made excursions into regions of severe hypoxia, >70 m depth, during the
day. Consequently, we investigated the capacity for anaerobic metabolism by M. norvegica and the
extent to which they utilize this capacity in the field. L-lactate was the main end-product of anaerobic
metabolism. The concentration of L-lactate in the haemolymph ([lactate]y. ) under conditions of acutely
declining pO-, only increased below 4 to 6 kPa. During anoxia, no krill survived >1 h and accumulation
of L-lactate was at its most pronounced. Handling stress had little effect on {lactate]y,. Field observa-
tions (January 1998) showed that during the day krill resided at a depth of 65 to 85 m (pO, = 3 to
10 kPa). Net cages were stocked with krill, trawled from 60 to 70 m depth at dusk, and then kept
overnight at 40, 70 and 90 m depth {pO, >14, 6.1 and 1.8 kPa respectively). This resulted in krill mor-
tality of 7, 70, and 100 % respectively. While individuals caged at 40 m showed [lactate]y; no greater
than that of normoxic laboratory individuals (3.04 + 1.05 mmol I""), survivors at 70 m showed elevated
concentrations {9.91 + 1.68 mmol 1"'). Furthermore, newly trawled krill (at dusk) had [lactate]y, = 7.18
= 2.72 mmol I"!, indicating that, like the caged individuals at that depth, they too had resorted to an-
aerobic metabolism. This study has shown that while anaerobic metabolism is not well developed in M.
norvegica, individuals do enter bodies of water where the pO, is below that required to maintain aero-
bic metabolism. Utilization of anaerobiosis seems to be critical to the ability to enter such O, poor water,

although the krill are close to the limits of their physiological capacity at such times.
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INTRODUCTION

Most of the 86 species of krill (Euphausiacea) are diel
migrators, the exceptions being about 12 to 18 meso-
and bathypelagic species (Mauchline 1980). Some spe-
cies exhibit pronounced migration and can cover a 300
to 600 m depth range each day, while others are short-
distance migrants (<150 m) (Brinton 1979, Sameoto et
al. 1987). When migrating euphausiids enter deep
waters, under some circumstances this also means
encountering hypoxia, e.g. in fjords with reduced bot-
tom water exchange (Onsrud & Kaardvedt 1998, van
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den Thillart et al. 1999) or in the open ocean, where at
depths of 400 to 1000 m there can be an O, minimum
layer (Sewell & Fage 1948, Wyrtki 1962, Kamykowski
& Zentara 1990, Wishner et al. 1990). The physiological
responses of krill, and other zooplankton, to hypoxia
(mainly as a result of invading or inhabiting the O,
minimum layer) have recently been reviewed (Chil-
dress 1995, Childress & Seibel 1998). Generally speak-
ing, those responses consist of an increased efficiency
of O, extraction from the water, even at very low pO,s.
Maintenance of aerobic metabolism is paramount.
Those planktonic species that periodically invade
waters where the pO, is lower than the critical tension
at which their ability to maintain aerobic metabolism
fails invariably display a pronounced anaerobic capa-
bility, e.g. the crab Pleuroncodes planipes (Childress
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1975) and the copepod Gaussia princeps (Childress
1977). Presumably this could also be the case for some
species of krill (e.g. Teal & Carey 1967a) although
there is as yet no information on their anaerobic capac-
ity either in the laboratory or in the field.

At the beginning of 1998 the Gullmarsfjord, on the
west coast of Sweden, became markedly hypoxic after
2 yr in which bottom water exchange failed. The pO,
close to the bottom at 110 m was very low (0.5 kPa) and
at 70 m pO, was only 6.1 kPa.

Three species of krill occur in the Gullmarsfjord
beside the Kristineberg Marine Research Station
(KMRS): Meganyctiphanes norvegica, Thysanoessa
raschii and T. inermis. All 3 are migrators, normally
being found in deep waters during daytime and shal-
low water at night (Mauchline 1980, Buchholz & Boy-
sen-Ennen 1988, Buchholz et al. 1995, Bergstrém &
Stromberg 1997). The sound scattering layer, com-
prised of mainly M. norvegica, was found between 65
and 85 m depth in the daytime. This means that during
the day M. norvegica may invade hypoxic water where
the pO, is lower than that of its critical O, tension for
maintaining aerobic metabolism as measured in labo-
ratory experiments (van den Thillart et al. 1999). Con-
sequently we used the unusual hypoxic conditions
prevailing in the Gullmarsfjord to conduct a ‘natural
experiment’, to investigate the extent to which anaero-
bic metabolism is used by Nordic krill M. norvegica in
the field. The field work was complemented by an
examination of anaerobic capacity in the laboratory,
under conditions of hypoxia and anoxia.

MATERIALS AND METHODS

Field study. Krill Meganyctiphanes norvegica were
collected in the Gullmarsfjord (58°19.9'N, 11°33.8'E)
on the Swedish west coast, at dusk (17:00 h) on 16 Jan-
uary 1998. Concentrations of krill were located using
an echo sounder (120 kHz Lowrance X-15", transducer
8 degree) and then collected using an Isaacs-Kidd
Midwater Trawl (mouth size 0.6 m?% haul duration =
10 min) from 60 to 70 m depth. This represented indi-
viduals from the top of the krill swarm which extended
down to a depth of 85 m. Haemolymph was collected
immediately from a large number of individuals (see
below). Between 100 and 150 individuals from the
same catch were then transferred to each of 3 cages
(vol. = 30 1, mesh size = 1 mm). The cages were low-
ered to 3 depths: 40, 70 and 90 m within 40 min of ini-
tial capture and then left overnight from 17:00 to
11:00 h the next day. When the cages were retrieved,
mortality was noted and haemolymph was sampled
from surviving individuals. Samples were returned to
the laboratory on ice and the concentration of L-lactate

in the haemolymph ([lactate]y; ) measured as described
below. Values for pO,, temperature, and the salinity at
about 10 m interval, between 40 and 105 m depth,
were obtained on the 19 January, from the same loca-
tion, by the RV 'Arne Tiselius'. Oxygen concentration
was measured using Winkler titration (SIS 1975).

Laboratory studies. Krill were collected, using iden-
tical methods and from the same location as described
above, on a number of occasions (always during the
day) during January 1998. They were returned to the
laboratory at KMRS within 1 h of capture. Here they
were maintained in a number of opaque fibre-glass
tanks (vol. = 350 1 each). Each tank was covered to
keep the krill in darkness and supplied with natural
sea water, pumped into the station from nearby ‘deep’
water (34 PSU, 8°C). Krill were not fed in the labora-
tory. Only large males and females (non-ovigerous)
were used in the laboratory experiments. All experi-
ments were performed within 1 to 2 d of collection.

The effect of acutely declining pO,s on the initiation
of anaerobic metabolism was examined as follows. A
glass aquarium (vol. = 50 1) was filled with running
('deep’) sea water and established in a controlled tem-
perature environment. The pO, of the water supplying
the aquarium was altered by equilibrating it with a
desired gas mixture, produced by controlled bubbling
of N, gas. The desired pO, was maintained using a
computer controlled system (LabVIEW® 2.2 for Macin-
tosh computers) employing feedback from an O, sen-
sor {(Microprocessor OXI 196) within the equilibration
chamber. The efficacy of this method was checked by
independently measuring pO; using a hand-held O,
probe coupled to an O, meter (YSI). The pH of the sea
water was measured at regular intervals using a pH
electrode and probe (Mettler M90 Checkmate) in
order to monitor any fluctuations that may have
resulted from displacing CO, as a result of N, bub-
bling. To minimize the water/air intertace, and thereby
prevent O, diffusion back into the sea water, a number
of polystyrene sheets, cut to fit the aquaria, were
floated on the water surface. To begin the experiment,
the pO, was reduced to 16 kPa. As soon as this pO,
was observed to be stable, 300 individual krill were
gently introduced into the aquaria using a hand-held
net. Immediately approximately 30 individuals were
removed, using the same hand-held net and their
haemolymph extracted (within 5 to 30 s of each one
being removed from the aquaria} as described below.
Thereafter pO, was reduced to 2.5 kPa in steps of 1 to
2 kPa, a process which lasted in total about 2 h; at each
step a further 30 individuals were removed and their
haemolymph sampled.

To examine the effect of exposure to sustained
hypoxia, at the level experienced by krill during the
day (pO, = approximately 6 kPa), the following exper-
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iment was carried out: 2 glass aquaria, identical to
those used in the previous experiment, were supplied
with running ‘deep' sea water. The pO, in one of the
aquaria was reduced to 6 kPa over a period of about an
hour. After the pO, had stabilized in the experimental
aquarium, both aquaria were supplied with approxi-
mately 150 individual krill as described before. There-
after approximately 50 individuals were removed from
each aquarium 3, 6 and 15 h after krill had been added
and haemolymph sampled.

To examine the maximum rate of L-lactate accumula-
tion in the haemolymph (as a measure of maximum
rate of anaerobic metabolism), and also to serve as a
control for handling and sampling stress, the following
experiment was carried out: again 2 aquaria were pre-
pared exactly as before except that in one of them the
pO; was reduced to <0.1 kPa (anoxia). Then 150 indi-
vidual krill were introduced into each aquarium.
Immediately upon introduction of the krill into the
experimental set-up, individuals were removed and
their haemolymph sampled at intervals of approxi-
mately 3 min. This continued until there were no live
krill remaining in the tank supplied with anoxic water.

Haemolymph sampling. After removal from the
water, individual krill were quickly and gently blotted
dry using tissue paper. Haemolymph (vol. = 0.5 to
8.0 pnl) was extracted from individuals using a 25 (or
50) pl microsyringe (Hamilton), the needle of which
was inserted dorsally, puncturing the arthrodial mem-
brane which joins the abdomen to the carapace,
directly into the pericardium. The haemolymph sample
was then immediately transferred to a microcentrifuge
tube (Eppendorf) kept on ice. Necessary samples were
pooled until a minimum of 7 pl was obtained. Then the
tube was capped and kept at 0 to 4°C until used in any
analysis.

Measurement of organic acids. The concentrations
and relative proportions of organic acids present in
pooled haemolymph samples collected from both con-
trol (n = 4 pooled samples) and hypoxia stressed indi-
viduals (n = 5 pooled samples) were estimated using a
high-performance liquid-chromatography (HPLC) sys-
tem (Gilson, France) coupled to an organic acid analy-
sis column (Bio-Rad Aminex HPX-87H, 300 x 7.8 mmj.
Pooled haemolymph samples (vol. = 50 pl) were depro-
teinized by the addition of an equal volume of perchlo-
ric acid (600 mmol I"!). The resultant solution was then
centrifuged (10 min, 10 000 X g) to remove precipitated
proteins, and the supernatant was neutralized by the
addition of 10 pl of K,CO3 (2 mol I"1). The sample was
then centrifuged again, exactly as before, to remove
precipitated potassium perchlorate. The supernatant
was decanted and 20 pl subsamples were introduced
into the column using a microsyringe (25 pl, Hamilton).
Elution of the column was with sulphuric acid

(25 mmol 17!) at a rate of 1 ml min~'. All of the organic
acids of interest were eluted within an 18 min period
and detected by a spectrophotometer (A =210 nm}. The
following standards were run: acetate, fumarate, lac-
tate, malate, pyruvate and succinate. As L-lactate
appeared to be the major end-product of anaerobic
metabolism in this species, only the concentration of
this metabolite was measured in the remaining
haemolymph samples using the method of Gutmann &
Wahlefeld (1974).

RESULTS
Field study

The pO; in the water column near the krill collection
and caging site exhibited a dramatic decrease with
depth, which was pronounced between 40 and 90 m
where there was a decrease from 14 to 1.8 kPa, equiv-
alent to a change in concentration from 4.76 to 0.59 ml
O, I'! (Fig. 1). At a depth of 105 m, pO, = 1.2 kPa
(equivalent to 0.40 ml O, 1"!'). Temperature also de-
clined with depth but only by about 2°C over the depth
range 50 to 105 m. Salinity remained almost constant at
33.68 to 34.17 PSU.

The [lactate]y; was greater in krill caged at 70 m
(pO, = 6.1 kPa) compared with those caged at 40 m
(pO; = 14.9 kPa) over an 18 h period (t=2.2,n=8,p <
0.01) (Table 1). Mortality was considerably greater at
70 m than at 40 m. No krill survived being caged at a
depth of 90 m (pO; = 1.8 kPa) for 18 h and so we do not
have values for [lactate]y; for this treatment. The [lac-
tate]y, in krill trawled at dusk, just before they would
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Fig. 1. Temperature, salinity and oxygen tension at the study
site in the Gullmarsfjord on the west coast of Sweden, 19 Jan-
uary 1998
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Table 1. Concentration of L-lactate in pooled haemolymph samples (means + 1
SD) of krill trawled from 60 m at dusk on 16 January 1998 and from individuals
also caught at this time but subsequently caged for 18 h at 3 different depths.
Also given is the mortality observed in each cage as no. of dead individuals (as

percentage of total in parentheses)

there was a dramatic increase in [lac-
tate]y,, with concentrations steadily
increasing with further decrease in
pQO,. When krill were maintained at a
constant pO, = 6.3 kPa (at, or just

Sample No. of Mortality  [lactate]y,

(depth, m) individuals (%) (mmol 17!
caged

Newly trawled (60) - 7.18+2.72

Caged (40) 143 10 (7) 3.04 £ 1.05

Caged (70) 151 106 (70) 9.91 +1.68

Caged (90) 100 100 (100) -

No. of pooled
haemolymph
samples examined

above, the critical pO, determined
above), for 15 h in the laboratory,
there was a progressive increase in
[lactate]y, with time (Fig. 3). There
were significant differences among
the treatment groups (ANOVA, F =
13.1, n=41t0 8, p <0.01). According to
a Student-Newman-Keuls test, the

@ ©

vertically migrate and leave the hypoxic water mass
where they had spent the day, from a depth of 60 to
70 m, was closer to that of krill caged at 70 m than it
was in those caged at 40 m (Table 1). Analysis of
haemolymph samples from freshly trawled krill, and
individuals caged at 40 and 70 m depth (n = 3 in each
case), using HPLC, indicated that L-lactate was the
main end-product of anaerobic metabolism in this
species. No other organic acids could be detected
using our equipment in any of the haemolymph sam-
ples examined. Consequently, in the laboratory studies
only L-lactate was measured as an indicator of anaero-
bic metabolism.

Laboratory studies

In krill exposed to acutely declining pO,, [lactate]y
was relatively low and did not change over a wide
range of pO,s (Fig. 2}; the average [lactate]y. was
2.2 mmol I"'. However, at and below pO, = 4 to 5 kPa
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Fig. 2. Effect of acutely declining pO,s of the concentration of
L-lactate in the haemolymph of krill Meganyctiphanes
norvegica. Values are means + SE, n=3

15 h treatment was significantly dif-

ferent from the other treatments (3
and 6 h), p < 0.05. There was, however, no significant
difference in the control (normoxic) treatment with
time (mean [lactate);;, = 2.03 mmol I'!, n = 15).

When exposed to anoxia no krill survived for more
than 1 h. There was a pronounced increase in [lac-
tate]y. as a result of exposure to anoxia (Fig. 4).
Regression analysis indicated that there was a signifi-
cant relationship between [lactate]y. and exposure
time (r° = 0.47, p < 0.001, n = 21). Corresponding values
for control individuals were 1> = 0.25, p = 0.046, n = 16,
where the average [lactate]yy; was 4.3 mmol "', L-lac-
tate accumulation was calculated as the slope of the
line fitted to data for [lactate]y; for each of the time
intervals and was approximately 25 mmol L-lactate
haemolymph I"' h™'.

DISCUSSION

L-lactate is the main metabolic end-product of an-
aerobic metabolism in Nordic krill Meganyctiphanes
norvegica. This finding is in agreement with studies of
many other crustacean species (Teal & Carey 1967b,
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Fig. 3. Effect of maintaining krill Meganyctiphanes norvegica
under constant hypoxic conditions on the concentration of L-
lactate in the haemolymph. Values are means + SE, n = 3
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Fig. 4. Changes in the concentrations of L-lactate in the
haemolymph of krill Meganyctiphanes norvegica with time
under conditions of anoxia and normoxia (control). Lines fit-
ted to data obtained using the method of least squares

Pritchard & Eddy 1979, Bridges & Brand 1980, Gade
1984, Hagerman & Szaniawska 1986, Taylor & Spicer
1987, van Aardt 1988, Hill et al. 1991a,b, Anderson et
al. 1994, Hagerman & Vismann 1995, Nielsen & Hager-
man 1998). Although other minor end-products, such
as alanine and succinate, have been detected in some
species (de Zwaan & Skjoldal 1979, Zebe 1982, Gade
1984, Albert & Ellington 1985, Hagerman & Szani-
awska 1990, Hervant et al. 1995) this was not the case
here at least with regard to the organic acids (but not
alanine) detectable by the system we used. The an-
aerobic capacity that does exist is usually not very well
developed as many crustaceans (natant decapods in
particular) show an anoxic tolerance ranging from a
few hours (Packard 1905, Levin 1933, Tinson & Lay-
bourn-Parry 1985, Agnew & Jones 1986, Hagerman &
Szaniawska 1986, Taylor & Spicer 1987, Stickle et al.
1989, Hagerman & Vismann 1995) to, more exception-
ally, a few days (de Zwaan & Skjoldal 1979, Zebe 1982,
Hagerman & Szaniawska 1990, Anderson et al. 1994,
Hervant et al. 1995). The fact that M. norvegica did not
survive more than an hour in anoxia makes it possibly
the most anoxia sensitive crustacean species examined
to date, even more than the natant decapods. Assum-
ing that the rate of L-lactate accumulation in the
haemolymph can be used as a measure of the rate of
anaerobic metabolism (cf. Hill et al. 1991a), M.
norvegica possesses a considerably greater rate of
anaerobic metabolism than other crustaceans for
which there are comparable data, e.g. Carcinus mae-
nas (Hill et al. 1991a} and Palaemon elegans (Taylor &
Spicer 1987). If this were true, anoxia survival may be
a function of both metabolic rate (during anoxia) and
glycogen reserves available as an energy substrate (as
found in other studies, e.g. Teal & Carey 1967b, Taylor

& Spicer 1987, Hill et al. 1991a, Anderson et al. 1994).
Unfortunately, we were not able to measure whole
body glycogen in this present study, although we pre-
dict that concentrations would be low.

Under conditions of acutely declining pOys,
[lactate]y. in Meganyctiphanes norvegica did not
change until a critical pO, had been reached, ca 4 to
5 kPa. After this point L-lactate accumulation was both
rapid and pronounced. However, during prolonged ex-
posure (15 h) to a pO, = 6 kPa in the laboratory, M.
norvegica showed some accumulation of L-lactate in
the haemolymph, although the rate was considerably
lower than found under conditions of anoxia. Conse-
quently, the critical pO, at 8°C in this species probably
lies between 4 and just above 6 kPa, the actual value
dependent on the rate of O, decline in the environ-
ment, the physiological condition of the individual and
the duration of exposure and temperature. This critical
pO, agrees well with van den Thillart et al. {1999), who
found that M. norvegica could regulate its rate of O,
uptake down to 30% of oxygen saturation (pO, =
6.3 kPa) in laboratory experiments. They also noted
that substantial mortality occurred below this tension.
This is interesting as Childress & Seibel (1998) suggest
that in planktonic animals, values for critical pO;s <
4 kPa are characteristic of specific adaptations to the
reduced pO,s encountered in the O, minimum layer,
while critical pO;s 2 4 kPa are typical of midwater
species living at high environmental O, levels. Such a
classification would place M. norvegica as a midwater
species, with a respiratory physiology not as well de-
veloped for maintaining O, uptake under hypoxia as
that found in many inhabitants of the O, minimum
layer. This species also possesses a poorly developed
anaerobic capacity and tolerance when its powers of
regulation are exceeded. And yet, as we have seen, M.
norvegica does migrate down into areas of pronounced
hypoxia during the daytime (approximately 8 to 9 h at
this time of year}. Individuals trawled from a depth of
60 to 70 m had greatly elevated [lactate]y;, when com-
pared with control individuals in the laboratory or even
krill caged at a depth of 40 m in the field. The possibil-
ity that such an elevated concentration is a result of
functional anaerobiosis (i.e. swimming to escape the
trawl and the subsequent stress of being in the net, re-
moved and then sampled) cannot be totally discounted
but it is unlikely as handling stress in the laboratory
(particularly that encountered in the control group in
the anoxia experiment) only resulted in slightly ele-
vated levels. It is also unlikely that L-lactate accumula-
tion in trawled individuals resulted from hypoxic expo-
sure at a depth of 60 m. Here the pO, = 10.5 kPa, which
is in excess of the critical pO; for this species. How-
ever, it should be noted that at 70 m depth the pO, had
declined to 6 kPa, a level which, in the laboratory, re-
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sulted in krill resorting to anaerobic metabolism. So
the most likely explanation for elevated [lactate]y is
that these krill were returning from much deeper, and
hence more hypoxic, depths. At the time of trawling,
krill were located at depths down to 85 m, where the
pO, =2.51t04.0 kPa, i.e. values below the critical pO,
of individuals of this population. Certainly krill could
not survive prolonged exposure (albeit caged) at 70 m
depth {pO, = 6.1 kPa) and those that survived longest
sustained a quite considerable O, debt, in the form of
accumulated L-lactate. Therefore we may conclude
that krill can incur a significant O, debt as a result of
migrating, during the day, into hypoxic waters.

In conclusion, although Nordic krill Meganyc-
tiphanes norvegica are not specifically adapted, either
in terms of maintaining O, uptake or their capacity for
anaerobic metabolism, for inhabiting or invading
hypoxic water masses, this does not seem to prevent
them doing so. In the Gullmarsfjord, when lack ot
exchange of bottom water results in pronounced
hypoxia in deep waters, M. norvegica still persist with
their extensive diurnal migration, although this behav-
iour takes them into an environment for which, in
terms of their respiratory physiology, they are not
suited. Indeed it is very likely that they are near the
limits of survival during the day. If this is so, the migra-
tion rhythm must be very strong and cannot be over-
ridden by hypoxia, although there is some evidence
that in some populations of M. norvegica the rhythm
does cease under some circumstances (Bigelow 1926,
Einarsson 1945, Cox 1975, Nicol 1984, 1986, Kaartvedt
pers. comm.). What is clear is that the impetus to enter
such hypoxic, and potentially lethal, environments
during the day, e.g. to avoid predators, must be consid-
erable.

More generally, although crustaceans as a group are
not particularly good at coping with hypoxia, species
that encounter hypoxia in their natural environment,
e.g. species inhabiting intertidal rock pools (Palaemon
elegans; Taylor & Spicer 1987) or that create and in-
habit burrows (thalassinids; Pritchard & Eddy 1979,
Anderson et al. 1994), seem to show some adaptation.
The presently known geographical distribution of
Meganyctiphanes norvegica (Mauchline 1980) in-
dicates that this species rarely encounters hypoxia. In
the North Atlantic, O, minimum layers are infrequent
and it is only in particular situations, such as fjords with
poor bottom water exchange (e.g. Gullmarsfjord and
Oslofjord) or in similar situations in more open waters
(e.g. the Kattegat), that the Nordic krill are forced into
semi-permanent hypoxic situations. Consequently it
would be interesting to know if the respiratory physiol-
ogy of M. norvegica in the Gullmarsfjord differs from
that of individuals found in more oceanic environments
and, if it does, the nature and source of the differences.
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