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Preliminary description of two new species
of Cephalopods (Cephalopoda: Brachioteuthidae)
from South Atlantic and Antarctic waters

Marek R. Lipinski
Marine and Coastal Management, Private Bag X2, Roggebaai 8012, Cape Town, South Africa

Abstract. Two species of cephalopods belonging to the squid family Brachioteuthidae are de-
scribed for the first time. Brachioteuthis linkovskyi sp. nov. is a large brachioteuthid (120 mm
mantle length [ML], mature male) collected at night in 720 m water depth using a krill trawl about
600 miles south-east of Montevideo (South Atlantic). Characters differentiating it from other
brachioteuthids include: a fibrous net covering the head and arms (at least in mature males), sucker
dentition on arms and tentacular clubs, and tentacular club and stalk morphology. Slosarczykovia
circumantarctica gen. et sp. nov. is a large brachioteuthid (150 mm ML, but 170 mm has been
reported in the literature), which has often puzzled teuthologists and has been reported previously
from the Antarctic waters. Characters of the new genus include subequal suckers on the tentacular
clubs and a delicate net of fibrous tissue covering the entire bodies of both sexes for individuals of
about 60 mm and longer. The holotype for the new genus and species was collected by a krill trawl
in the waters adjacent to the Wilkes Land (Antarctica) in January 1978. Slosarczykovia
circumantarctica is one of the most common squids in the Antarctic waters and occurs around the
Antarctic.

Key words: Systematics, squids, new genus, two new species, SW Atlantic, Antarctic waters

INTRODUCTION

Chaos in the systematics of the family Brachioteuthidae and Architeuthidae (giant squids) is
probably greater than in any other squid family. Although giant squids are huge, they break up
easily resulting in missing body parts, and they are relatively scarce in the collections.
Brachioteuthidae are relatively small and easy to work with, and are relatively common
worldwide. Unfortunately, first new species within this family were described from juveniles
(Tracheloteuthis riisei Steenstrup, 1882 and 7. behni Steenstrup, 1882) or from damaged
specimens (Brachioteuthis beani Verrill, 1881). Of the later additions, only B. picta Chun,
1910 was well described and illustrated. Russel’s type (Brachioteuthis bowmani Russel, 1909)
went missing and cannot be traced in either English or Scottish museums (C.F.E. Roper, pers.
comm.; M.R. Lipinski, in correspondence). Early descriptions, with the notable exception of
Chun 1910, have concentrated on poor and/or variable characters. Consequently, all subsequent
authors were reluctant to redescribe existing species or describe new ones, (e.g. Nesis 1987,
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p- 222-223). This reluctance was understandable, because descriptions of new species without
clarifying their relations to those already described would have added to the existing confusion.

The present author has been working intermittently on the family Brachioteuthidae since
1979, planning first to publish redescriptions of good species (Brachioteuthis riisei (Steenstrup,
1882) and B. picta Chun, 1910), while simultaneously determining the validity of doubtful
species and compiling the synonymy. Descriptions of new species were to be published later,
because of the possible change of the generic name (from Brachioteuthis Verrill, 1881 to
Tracheloteuthis Steenstrup, 1882). Unfortunately, the author has learnt about the possible pub-
lication of a new species of Brachioteuthis by two students of cephalopod systematics: Dr A.
Salcedo-Vargas and Dr J. Guerrero. This species may be identical with Slosarczykovia
circumantarctica. However, they are intending to publish their findings under the genus
Lepidoteuthis. The discussion with them concerning these difficult matters was fruitless. There-
fore, it was decided to publish the results somewhat hastily in order to pre-empt further confu-
sion (even if the systematic priority cannot be assured).

MATERIALS AND METHODS

A single individual of Brachioteuthis linkovskyi was collected at night on board the R/V
PrOFESSOR SIEDLECKT in May 1978 using a krill trawl (WP-6) fished in a depth range 720-0 m,
some 600 miles south-east of Montevideo (Fig. 1).

Materials for describing Slosarczykovia circumantarctica were collected mainly by the
late Dr Wiestaw Slosarczyk on board the R/V ProFEssor SIEDLECKI and the R/V PROFESSOR
Bocucki during the period of 1978-1984. Some material was collected on board the M/T Tazar
by Dr Z. Witek. Detailed lists of materials (with accurate distribution of samples) will be given
in a subsequent publication. Only a small part of the existing collections is used here. The
holotype was found opposite of Wilkes Land (Fig. 1) in January 1978 (Station 171 of R/V

A B
ANTARCTICA
SOUTH AMERICA
¢ °
QS 5 Fig. 1. Origin of holotypes of:
- (A) Brachioteuthis linkovskysp. nov. and

(B) Slosarczykovia circumantarctiggenet sp. nov.
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Proressor Bocucki). Paratypes were collected as follows: Sta. 171 (same as the holotype):
females 135, 95 and 88 mm ML; Sta. 47 and 48: female 133 mm ML, two males 111 and
114 mm ML; Sta. 175: female 118 mm ML and two males 81 and 82 mm ML; Sta. 168: female
110 mm ML; Sta. 119/08: male 88 mm ML, ?male 75 mm ML and 57 mm ML (sex undeter-
mined). All this material was collected on board the R/V Proressor Bocucki. Additional
paratypes (all from the FIBEX Expedition January — April 1981): Sta 7/2 (17 Feb. 1981): male
100 mm ML; Sta. 7/2 (15 Feb. 1981): female 145 mm ML, male 103 mm ML, two juveniles 58
and 64 mm ML; Sta. 157/8 (21 March 1981, Admiralty Bay): two females 147 and 150 mm ML.

The new species was described and abbreviations and definitions used were according to
Roper and Voss (1983).

DESCRIPTIONS

Familial characteristics

Small squids (up to 20 cm mantle length [ML]) with firm (not gelatinous) body, often muscular.
Tentacles, simple funnel locking cartilage, biserial suckers on arms I-IV, DDVV buccal
attachments present. Club bears many suckers, at least 50 of them in the proximal part of mano-
carpal area. Parts of the club are not clearly differentiated. Liver is drawn out ventrally, with
relatively sharp anterior apex. Gladius with narrow straight rhachis and relatively wide conus,
which forms roughly one-third of the gladius length.

Generic diagnosis

Brachioteuthis Verrill, 1881: skin smooth; reticulate structure and/or warts may occur in mature
males (or at least in those approaching maturity). Tentacular club with sharply differentiated
suckers; largest from the proximal manus are at least one-half smaller than those from the
proximal dactylus. Fixing apparatus usually present (not all species were checked in detail
concerning this character).

Slosarczykovia gen nov.: skin in both sexes (from about 60 mm ML) forms a fibrous, delicate
net, which covers the whole body (fins, mantle, head and arms). Tentacular club with weakly
differentiated suckers; largest from the proximal manus are about one-third or larger than those
from the proximal dactylus. Fixing apparatus absent.

Brachioteuthis linkovskyi sp. nov.

Large muscular brachioteuthids (single mature male 120 mm ML after 23 years of preservation,
first in formalin and then in ethyl alcohol). Mantle covered by reticulate skin with warts (Fig. 2,
9 and 10). The reticulate skin without warts covers fins, head and arms, but skin on the fins is
damaged. Mantle long and slender (MW 1120, MW2I 18, MW3I 11). Fins drawn into the tail,
the reminder to Todarodes angolensis Adam, 1962 (FLI 42, FWI 42). Nuchal folds were not
found. Olfactory papillae long and prominent. Characteristic but faint V-folds (or ridges) dorsally
on the neck and head (from nuchal cartilage to the bases of arms I). Arms relatively short (A1l
45, A2 61, A31 56, A4l 50). Arms formula I[I>III>IV>I. Arm suckers globular and fleshy,
stalks short. Sucker rings strong. The largest suckers on the arms have 9-12 teeth (Fig. 3),
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A

fibrous tissue

holes —

fibrous tissue

Fig. 2. Holotype oBrachioteuthis linkovskysp. nov: (A) dorsal view and (B) ventral view.

which may be low and flat, or long and pointed (on arms I'V). No apparent sucker enlargement
and modification (hectocotylus). Protective membranes on arms damaged, but remnants indicate
that they are well developed on the ventral side, with long filiform trabeculae that originate
from the bases of the stalks. Each arm has a medial groove instead of a keel. Buccal membrane
8-membered, smooth and without papillae. Lappets attachment DDVV. Tentacles long (TLI
142) and club long (CLI 37). Parts of the club not clearly differentiated (Fig. 4 and 11). Protective
membranes strongly developed, with long trabeculae; swimming membranes well developed.
Fixing apparatus present, but it could not be adequately described because of the damage to the
stalks. About 15 of densely packed rows of minute suckers on manus. Characteristic sucker pad
on the tip of the club (Fig. 4). Suckers on a proximal dactylus much larger, x2.5-4 than largest
suckers on proximal manus. Largest sucker ring has 14 sharp, long, fairly uniformly spaced
teeth (Fig. 3). Thick luminous tissue on the ventral side of the eyeball (Fig. 5). Eye sinus
present. Funnel organ with very large ventral pads and relatively short papilla on the dorsal
component. Anal papilla attached between and around mid-length of the dorsal pads (Fig. 6).
Liver relatively flat, covered ventrally (Fig. 5).

Beaks, gladius and spermatophores will be described in the subsequent paper. Basic mea-
surements are provided in Table 1.

Slosarczykovia circumantarctica gen. et sp. nov.

Large muscular brachioteuthids (largest measure female 150 mm ML, largest measured male
95 mm ML after 20-23 years of preservation, first in formalin and then in ethyl alcohol). Fins,
mantles, heads and arms in both sexes (excluding juveniles smaller than 60 mm ML) covered
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A
1.7 mm
C
0.4 mm
E F
1 mm 0.5 mm 0.7 mm

Fig. 3. Suckers dBrachioteuthis linkovskysp. nov. (A-D)andSlosarczykovia circumantarcticgen.etsp. nov. (E-G):

(A) 14" sucker from A2; (B) 12 sucker from A4; (C) sucker from the middle of the proximal manus on tentacular
club; (D) largest sucker from the proximal dactylus on tentacular club; (Eyudker from A2 (female); (F) 10O

sucker from A4 (male); (G) largest sucker on the proximal dactylus on tentacular club. All suckers taken from the
left arms/tentacular clubs.

by the reticulate skin, looking like delicate fish-net (Fig. 7, 9 and 10). No warts on mantles of
maturing males (III-IV according to scale by Lipinski and Underhill 1995). Mantle long and
relatively slender (MW1 19, MW2I 21, MW3I 19). Fins romboid (FLI 40, FWI 55). Olfactory
organ in the form of small and flat protuberance. Nuchal folds straight and inconspicuous.
Characteristic and strong V-folds (ridges) dorsally on the neck and head, from nuchal cartilage
to the bases of arms I. Arms short (females: A1134, A2146, A3142 A4136; males: A1135, A21
47, A3142, A41 40.). Arm formula I[I>TII>TV>I. In females, sucker rings of arms I-IV smooth
(Fig. 3). In males, 1-4 low, inconspicuous teeth may be present. Suckers on arms globular and
fleshy. Sucker rings strongly developed. Stalks short. No sucker enlargement and/or modification
(no hectocotylus). Protective membranes low dorsally and well developed ventrally, with long
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Fig. 4. Left tentacular club d@rachioteuthis linkovskysp. nov.

Fig. 5. (A) Liver ofBrachioteuthis linkovskyp. nov.;

(B) Liver of Slosarczykovia circumantarctiggen.et sp. nov.;
(C) Gladius ofSlosarczykovia circumantarctica

(D) Eyeball ofB. linkovskyi
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liver covered liver
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Fig. 6. Funnel organs of:
(A) Brachioteuthis linkovskysp. nov. and (Bplosarczykovia circumantarctiagen.et sp. nov.

delicate

B
—A %
20 mm

Fig. 7. Slosarczykovia circumantarctiagen.et sp. nov.:
(A) dorsal view and (B) ventral view of a female and a male



Table 1. Basic measurements [in mm] of the holotypes and paratypes of the Brachopteuthis linkovskyi sp. nov. and Slosarczykovia circumentartica gen. et sp. nov.
Maturity II-III (Lipinski and Underhill 1995).

B. linkovsky] S. circ.|FIBEX|FIBEX|Sta. 171B Sta. 17ﬂB Sta. 168B FIBEX Sta. 119:8 Sta. 119:8 Sta] 119:8 HRIBEX HIBEX Stp. 175B Sta. 175B Sta. 4758 Sta. 47:48 Sta. 47:48
holotype | holotype Sta.7;2 Sta.[7:2 Sta. [:2 B B Sta. 157:8 Sta| 157:8 B B B
Sta. 171B female male female female female male male male?? juv. female emale  [female male male female male male
ML 120 128 147 101 134 90 110 97 88 74 58 150 147 117 80 79 133 113 115
Mw1 24 n. meas 28 21 n. meas. n.Mmeas. n.meas. 21 18 16 10 30 30 26 16 19 27 23 n. meas.
MwW2 22 n. meas 29 23 n. meas. 17 n. meas. 21 18 15 10 34 32 32 17 16 34 23 n. meas.
MW3 13 n. meas 25 18 n. meas. 15 n. meas. 16 17 13 8 26 26 23 12 13 27 19 n. meas.
FL 50 52 65 45 60 38 43 46 43 37 29 66 60 5 36 38 55 50 51
Fw 50 76 80 55 80 56 60 52 49 46 35 85 73 7 48 51 75 2 60
Al 54 46 48 34 43 36 30 34 35 22 15 50 50 42 28 25 44 6 38
A2 73 55 63 49 58 47 48 45 39 33 28 64 64 57 38 34 57 49 16
A3 67 51 60 46 55 45 43 42 37 31 27 57| 58 56 35 34 54 44 412
Al 60 48 48 43 47 38 37 39 33 28 20 54 52 4 31 30 46 8 410
TL pt missing 90 90 | missing missing missing missing missing  missing 55 55 missing missing missing missing |missing | missing | missing
TR 120 80 90 | missing missing missing missing missing missing  missing 58 missing missing rpissing |missing | missing | damaged nmEsBigg
CL 45 42 50 | missing missing missing missing missing  missing 27 25 missing missing missing missing |missing |damaged| missnggy| missi
Ccw 7 7 5 | missing missing missing missing missing missing 4\5 3 missing missing nfissing missing missing damaged | missing| missing
HL 23 n. meas 27 24 25 23 22 19 19 17| 13 25 21 25 19 17 damaged 20 22
HW 25 n. meas 24 21 20 15 22 20 20 16 13 24 22 25 16 12 damaged 18 22
S2 1,7 1 n.meas. n.meas n.meas n.meas N.neas n.meas. N.Mmeas. |[n.Mmeas | N.Mmeas| n.Mmeas. Nn.MeRs. n.Mmeas. n.Measeas. measieag. n.meas.
ST 1 0,7 n.meas n.meas n.meas n.meas n.meas n.meas. In.Mmeas. |N.Mmeas | n.meas, Nn.Mmeas. Nn.Mmeas. Nn.Mmeas. Nn.Meamean. meameay. Nn.Mmeas.
STM 0,4 0,5 n.meas n.meas n.meas n.meas n.peas n.meas. .meas. |n.meas | n.meas| n.Mmeas. n.Mmeas. n.meas. n.Measneas.measeas. nN. meas.
GL n. meas. n.meag. n.meas n.meas n.meas  n.meas 120 n.meas. |n.meas. | n.meas| n.Mmeas. nN.Mmeas. N.Mmgas. N.meas.eas. measneas. mn. megs. n. meas.
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Fig. 8. Left tentacular club o%losarczykovia
circumantarcticagen.et sp. nov.

filiform trabeculae that originate from the bases
of the stalks. Each arm has a median groove
instead of a keel. Buccal membrane fleshy, with
many papillae in females, or smooth in males.
This may indicate that spermatophores are
attached there. Buccal lappets attachment
DDVV. Buccal membrane 8-membered.
Tentacles short (TLI 75) and club long (CLI
33). Parts of the club not clearly differentiated
(Fig. 8 and 11). No apparent fixing apparatus.
Seven small suckers at the base of the club (on
the stalk). Approximately 10 loose rows of
suckers on manus (not crowded, but rather
sparsely distributed). Diameter of the largest
sucker on the proximal dactylus only about one-
third larger than the largest sucker on manus.
Overall, suckers on the club appear subequal,
except on marginal row dorsally and on the
stalk, where suckers are minute. There are 11-
13 sharp, long teeth on the rings of largest
suckers on the club (Fig. 3). Thin luminous
tissue around the lens, but not on the ventral
side of the eyeball. Eye sinus prominent. Funnel
organ very distinct, with relatively small ventral
pads and very long papilla on the dorsal
component (Fig. 6). Anal papilla far away from
the funnel organ. Gladius with long, narrow,
straight rhachis and well developed conus (33%
of the GL) (Fig. 5). Liver globular, partially
open ventrally (Fig. 6). Basic measurements are
provided in Table 1.

Etymology

Following a long tradition, Brachioteuthis linkovskyi is named after Dr T. B. Linkowski (Sea
Fisheries Institute, Gdynia), who found the specimen from collections taken on board the R/V
ProrFEssor. SiepLECKI during the Open Ocean Expedition in 1978. The generic name
Slosarczykovia was derived from the surname of the late Dr Wiestaw Slosarczyk, who collected
almost all the material, and the specific name circumantarctica denotes the circumantarctic

distribution of the species.
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Fig. 9. Photographs of: (ABrachioteuthis linkovskysp. nov., ventral view; (Bylosarczykovia circumantarctica
gen.et sp. nov., female, ventral view; (SJosarczykovia circumantarcticéemale, dorsal view.

Deposition

Both holotypes and paratypes of Slosarczykovia circumantarctica are deposited in the South
African Museum, P.O. Box 61, Cape Town 8000, South Africa. The collection register numbers
are as follows: Brachioteuthis linkovskyi: S-3948; Slosarczykovia circumantarctica: S-3949
(holotype) and S-3950 (paratypes).



Preliminary description of two new species ... 13
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Fig. 10. Photographs of: (Arachioteuthis linkovskysp. nov., anterior mantle, head and arms dorsally, showing
warts on the mantle and the reticulate structure on the hea&jd&jrczykovia circumantarctiaggen.et sp. nov.,
mantle ventrally, showing the reticulate skin; @®psarczykovia circumantarcticgladius.

Fig. 11. Tentacular clubs of: (Brachioteuthis linkovskyp. nov.; (B)Slosarczykovia circumantarctiggen.et sp. nov.
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DISCUSSION

The revision of the family Brachioteuthidae presents interesting challenges. There are some
surprising results, such as the fact that it is not the family of “circumglobal” species as generally
believed. Most species seem to be rather localized. Also, it is not a family without characters of
systematic significance as is often thought. In this paper, attention is drawn to the following:
body cover; tentacles and tentacular club (probably the single most important diagnostic character
in the family); sucker dentition; funnel organ; and internal anatomy (e.g. liver). There are some
other characters, such as the hectocotylus (well-developed in Brachioteuthis riisei), the gladius
(see the excellent gladius drawing of Brachioteuthis riisei in Bizikov, 1996 p. 55, which is
markedly different from the gladius of Lepidoteuthis that is illustrated on the same page) and
anatomy of the reproductive organs, among others.

To the author’s knowledge, there are no previous records of Brachioteuthis linkovskyi in
the literature. There are, however, numerous references to Slosarczykovia circumantarctica.
The earliest was probably in Roper, (1969, p. 193-194) under Brachioteuthis picta Chun, 1910.
Filippova (1972) and Nesis (1987) clearly identified Slosarczykovia circumantarctica as anew
species. Rodhouse (1989) also recorded it under Brachioteuthis ? picta, with the short discus-
sion pointing out its common occurrence around the Antarctic Peninsula.

Acknowledgements. Many people contributed to this work over the years, but I would
like to particularly acknowledge the great input of the late W. Slésarczyk who collected
many specimens for this work, most of them from the Antarctic. C. Boucher, J.H.M.
David and S. Pillar helped with manuscript preparation.

REFERENCES

Bizikov, V.A. 1996. Atlas of Morphology and Anatomy of the Gladius of Squids. Izd. VNIRO, Moskva
[In Russian].

Chun, C. 1910. Die Cephalopoden, 1. Oegopsida. [In:] Wissenschaftliche Ergebnisse der Deutschen
Tiefsee-Expedition auf dem Dampfer Valdivia 1898-1899, 18: 1-401.

Filippova, J.A. 1972. New data on the squids (Cephalopoda: Oegopsida) from the Scotia Sea (Antarctic).
Malacol. 11: 391-406.

Lipinski, M.R. and L.G. Underhill 1995. Sexual maturation in squid: quantum or continuum? S. Afr. J.
Mar. Sci. 15: 207-223.

Nesis, K.N. 1987. Cephalopods of the World: Squids, Cuttlefishes, Octopuses and Allies. Tropical Fish
Hobbyist Publications, Inc., Neptune City, New Jersey, U.S.A.

Rodhouse, P.G. 1989. Pelagic cephalopods caught by nets during the Antarctic research cruises of the
“Polarstern” and “Walther Herwig”, 1985-1987. Arch. Fisch Wiss. 39(1): 111-121.

Roper, C.F.E. 1969. Systematics and zoogeography of the worldwide bathypelagic squid Bathyteuthis
(Cephalopoda: Oegopsida). Bull. U.S. Natl. Mus. 291.

Roper, C.F.E. and G.L. Voss 1983. Guidelines for taxonomic descriptions of cephalopod species. Mem.
Natl. Mus.Victoria, Melbourne, Australia, 44: 49-63.



BULLETIN OF THE SEA FISHERIES INSTITUTE w
1 (152), 10 June 2001

Status of arrow worms (Chaetognatha)
in the southern Baltic Sea

Krystyna Maciejewska, Piotr Margonski
Sea Fisheries Institute, Koltataja 1, 81-332 Gdynia, Poland

Abstract. The occurrence of chaetognaths (Sagitta elegans and Sagitta setosa) was analyzed in
three regions of the southern Baltic Sea: the Bornholm Deep, the Stupsk Furrow and the Gdansk
Deep. It was confirmed that chaetognaths are brought into the Baltic with inflows of saline waters
from Kattegat. From the moment of inflow chaetognaths do not feed, or do so sporadically, and
neither their size structure nor their gonadal development stage change. Based on this information,
it can be stated that chaetognaths in the Baltic are allochthonous and that they constitute a pseudo-
population which is renewed with saline water inflows from Kattegat.

Key words: Chaetognatha, Sagitta elegans, Sagitta setosa, southern Baltic Sea.

INTRODUCTION

Despite the fact that investigations of Baltic fauna date back over a hundred years (Moebius
1887, Aurivillius 1896, Brandt 1897), the status of certain Baltic species has still not been
completely described. The best example of this is the Baltic Sea chaetognaths (genus Sagitta).

There are two species of this planktonic predator in the Baltic Sea: Sagitta elegans Verril
and Sagitta setosa J. Mueller (Mankowski 1950, Rézanska 1978, Maciejewska 1992).

In general, chaetognaths are oceanic animals which most often inhabit the epipelagic
zone (Sameoto 1966, Kuhlmann 1977, Terazaki et al. 1995). Due to the low salinity of its
surface waters (5-7 PSU), the Baltic Sea lies at the periphery of waters in which chaetognaths
occur. In the southern Baltic Sea they can be found in the more saline near-bottom waters that
flow into the Baltic Sea through the Danish Straits from Kattegat (Rozanska 1971, 1978,
Mankowski 1978). Baltic Sea chaetognaths differ from the same species which inhabits the
North Sea. Two Baltic subspecies have even been identified: Sagitta elegans elegans and
Sagitta elegans baltica (Ritter-Zahony 1911, Mankowski 1950, 1959, Rozanska 1978,
Maciejewska 1992). Their distribution in the water column also differs from that of chaetog-
naths in highly saline waters (Maciejewska 1992).

Features such as morphological changes, atypical gonad development, the absence of the
youngest age groups and breeding specimens and the lack of food in the digestive track (R6zanska
1971, 1978, Maciejewska 1992) may indicate that Baltic Sea chaetognaths neither form local
populations or local subspecies nor are they endemic to the Baltic Sea. Rather, they are an
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allochthonus element brought in from the North Sea to the Baltic Sea where they form short-
term pseudo-populations.

The aim of this work was to verify the hypothesis that chaetognaths (Sagitta elegans
and Sagitta setosa) are not an autochthonous element of the Baltic fauna. They are brought into
the Baltic with inflows of saline waters from Kattegat and that they are non-reproductive pseudo-
populations.

MATERIALS AND METHODS

Chaetognath specimens were collected during six cruises of the R/V Barrtica in July 1993,
August and September 1994, June and September 1995 and September 1996. The material was
collected in regions of potential chaetognaths occurrence, i.e. the Bornholm Deep, the Stupsk
Furrow and the Gdansk Deep (Fig. 1).

Bongo nets with 333 and 500 pm mesh sizes were used. Oblique hauls were applied
which sampled the waters from the surface to a depth of about 5 meters above the sea bottom.
Other types of fishing gear used included 2-meter diameter MIK with 2 mm mesh-size net

ind. * 1000 m*
56.0°
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55.0°
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80
54.0°
70
60
50
56.0°—
140
130
55.0°
—120
—110
54.0° Lo
= I I == I I
14.0° 16.0° 18.0° 20.0°14.0° 16.0° 18.0° 20.0°

Fig. 1. Occurrence of chaetognaths in the southern Baltic Sea (Bongo 333 um) and their abundance
(ind. - 1,000 ) in 1993-1996. Crosses denote catch sites.
A — July/August 1993; B — August 1994; C — September 1994, D — June 1995.
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(500 um in the cod-end) and a Multinet net with a 0.25 m? opening and 300 pm mesh nets. The
latter was used to collect stratified samples in ten meter water layers to a depth of 80 m. The
volume of filtered water was measured using a flowmeter.

The plankton material collected was preserved in 4% formaldehyde and the chaetognaths
were separated out and, based on their numbers in the sample and the volume of filtered water,
the animal abundance was determined (ind. - 1,000 m™).

The length and maturity of the animals were determined. The four-degree scale applied
by Russel (1932), Rozanska (1971) and Maciejewska (1992) was used to determine the stage
of gonadal development. On this scale, 0 denotes larvae, 1 specimens without visible gonads,
2 specimens with small oocytes and 3 animals with mature oocytes. Since the ovaries of Baltic
Sea chaetognaths can be anomalous (Maciejewska 1992), the third stage for Sagitta elegans
was divided into groups 3a and 3b, where only the latter denotes sexually mature specimens.

The level of digestive tract fullness was determined through microscope observations.

Data regarding saline water inflows from Kattegat into the southern Baltic Sea, their
ranges and duration, as well as the hydrological conditions in the areas of their impact were
taken from the paper of Wojewaddzki (1996).

RESULTS

Area of chaetognath occurrence

A total of 921 plankton samples collected in the 1993-1996 period in areas of potential
chaetognath occurrence were analyzed. The regions were the Bornholm Basin, the Stupsk Furrow
and the Gdansk Deep (Fig. 1).

A total of 1,709 specimens of S. elegans were collected in the 1993-1996 period. This
species occurred in the Bornholm Deep throughout the investigation period and in 1994 and
1995 it occurred in the Gdansk Deep, although only single specimens were noted each time.
This species was observed in the Stupsk Furrow in June 1995. The mean abundance of
S. elegans observed in the Bornholm Deep dropped from 33.1 ind. - 1,000 m™ in August 1994
to 0.1 ind. - 1,000 m™ in August 1996 (Table 1).

Sagitta setosa occurred less frequently than S. elegans. A total of 116 specimens of this
species were caught in the 1993-1996 period. Its occurrence was confirmed only in 1993-1995
and mostly in the Bornholm Deep. Its mean abundance ranged between 0.2 to 0.5 ind.- 1,000 m™
(Table 1).

Vertical distribution of chaetognaths in the water column

The Multinet facilitated collecting plankton samples from discrete water layers. Single specimens
of Sagitta elegans were noted in the 40-50 m layer. Their mean abundance increases with depth
from 0.4 to 124.4 specimens in 1,000 m? (Table 2) with the maximum in the near bottom layers
at 70-80 m.

The analysis of environmental conditions in water layers in which S. elegans occurred
indicates that this species was found in low temperatures (8-3.8°C) and high salinity (15-17
PSU), although it may occur in waters with a salinity of 11-12 PSU. Only single specimens are
noted at lower salinity levels (9.1 PSU in the 40-50 m layer) (Table 2).



Table 1. Number of plankton samples taken (Bongo 333 pm) in the Bornholm Deep, the Stupsk Furrow and the Gdafisk Deep in the 1993-1996 period,

percentage of samples with no chaetognaths and their average abundance

Sagitta elegans Sagitta setosa
Number of Percentage of Average Percentage of Average
Sampling area Sampling period stations samples with no abundance SD samples with ng abundance SD
cheatognaths | (n- 1,000 n¥) cheatognaths | (n- 1,000 n)

1993 July-August 53 69.8 1.9 5.7 100 0
1994 August 15 13.3 33.1 35.6 100 0
1994 September 11 63.6 9.7 16.1 90.9 0.5 1.6

Bornholm Basin
1995 June 23 56.5 2.5 4.5 95.7 0.2 0.9
1995 September 24 12.5 0.2 0.6 100 0
1996 August 36 91.7 0.1 0.5 100 0
1993 July 5 100 0 100 0
1994 August 4 100 0 100 0

Stupsk Furrow 1995 June 5 80.0 0.6 1.6 100 0
1995 September 1 100 0 100 0
1996 August 11 100 0 100 0
1993 July 5 100 0 100 0
1994 August 7 85.7 0.2 0.4 100 0

Gdansk Deep
1995 June 4 75.0 0.3 0.6 75.0 0.3 0.6]
1996 August 8 100 0 100 0

81
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Table 2. Average abundanceSugitta elegangnd. - 1,000 i) and hydrological parameters
at various depth strata in the Bornholm Deep

Depth Parameter 1993 1994 1994 1995 1996
(m) July August September June August
T (°C) 12.3 12.6 13.0 9.0 11.1
Sal (PSU) 7.5 7.4 7.4 7.6 7.2
0-40 O, (ml- M 6.8 6.2 6.1 7.8 7.0
Abundance 0 0 0 0 0
SD
T(°C) 5.6 5.0 5.2 5.7 5.1
Sal (PSU) 7.5 9.1 9.0 8.1 9.0
40-50 O, (ml- M 5.2 4.4 4.1 7.3 6.1
Abundance 0 0.4 0 0 0
SD 1.0
T(°C) 8.0 6.4 6.9 5.0 5.1
Sal (PSU) 12.0 12.7 12.4 9.6 11.9
50-60 Oz (ml- M 3.5 3.6 2.8 5.4 5.0
Abundance 0.1 2.2 8.2 2.3 0.4
SD 0.6 1.6 6.9 2.0 0.8
T (°C) 5.2 4.2 5.5 5.0 3.8
Sal (PSU) 14.8 15.2 15.4 13.8 14.1
60-70 O, (ml- M 35 2.4 1.9 1.7 25
Abundance 5.6 23.6 71.8 18.4 0
SD 4.4 13.0 52.7 15.8
T(°C) 4.4 4.4 3.9 5.6 4.9
Sal (PSU) 17.2 16.4 17.2 16.3 15.7
70-80 O, (ml- M 3.1 1.2 1.6 0.7 0.4
Abundance 27.6 56.4 124.4 41.1 0.4
SD 30.2 24.5 17.6 47.8 0.9

It appears that low oxygen levels in the water are well tolerated by S. elegans; the highest
abundance was confirmed in the near bottom layer where oxygen levels even dropped below
1 ml - I''. The numbers of S. elegans were much lower (from 0 to 71.8 specimens in 1,000 m?
— Table 2) in the 60-70 m layer at higher oxygen levels (1.7-3.5 ml - 1'!) and comparable
temperatures (3.8-5.5°C) and salinity levels (13.8-15.4 PSU).

Sagitta setosa occurred in the upper layers of the water column and was found even in the
10-20 m layer where the temperature reached 15.2°C, the salinity was 7.4 PSU and the oxygen
level was 6.6 ml - 1'! (Table 3). The highest abundance of this species (10.7 ind. - 1,000 m~)
was found in the 40-50 m layer.

Analysis of the environmental conditions in which S. sefosa occurs indicates that this
species prefers temperatures in the 5-12° C range, salinity of 7-13 PSU and oxygen levels over
4mg-I'" (Table 3).

Since S. setosa was noted in the samples sporadically, the observations above refer to
three series of samples (July 1993, August and September 1994) which may be affected by
inter-seasonal influence.

The comparison of the occurrence of Sagitta elegans and Sagitta setosa in particular
layers in the water column in the Bornholm Deep indicates that these species do not occur
together. S. setosa occurs in the upper layers (10-60 m), while S. elegans occurs in the lower
layers (40-80 m) of the water column (Table 4). Only in the 50-60 m layer were both species
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Table 3. Average abundanae-( 1,000 n¥) of Sagitta setosand hydrological parameters
at various depth strata in the Bornholm Deep

Depth (m) Parameter 1993 July 1994 August 1994 September
T (°C) 15.8 18.1 16.5
Sal (PSU) 7.3 7.3 7.3
0-10 O, (ml- M 6.9 6.5 6.5
Abundance 0 0 0
SD
T(°C) 15.2 17.2 16.6
Sal (PSU) 7.4 7.3 7.3
10-20 O, (mlfl) 6.6 6.1 6.1
Abundance 0.5 0 0
SD 21
T(°C) 11.7 105 121
Sal (PSU) 7.5 7.3 7.3
20-30 O, (ml- 6.7 5.8 6.0
Abundance 0 0 4.6
SD 10.2
T (°C) 5.9 6.6 6.5
Sal (PSU) 7.8 7.5 7.5
30-40 O (ml- 1) 6.8 5.9 5.7
Abundance 4.5 4.1 0
SD 10.5 10.0
T (°C) 5.6 4.9 5.2
Sal (PSU) 8.8 8.5 9.0
40-50 O (ml- %) 52 4.4 41
Abundance 0 0 10.7
SD 10.0
T(°C) 8.0 6.4 6.9
Sal (PSU) 7.9 121 12.4
50-60 Ox(ml - Y 35 3.6 2.8
Abundance 0 0 5.7
SD 12.8
T(°C) 5.2 4.6 5.5
Sal (PSU) 14.8 147 154
60-70 Oz (ml - Y 35 24 1.9
Abundance 0 0 0
SD
T(°C) 4.4 3.8 3.9
Sal (PSU) 17.2 17.0 17.2
70-80 O (ml - %) 3.1 1.2 1.6
Abundance 0 0 0
SD

observed in September 1994. It seems that this was the result of the high salinity (12.4 PSU) in
this layer which is tolerated by S. sefosa and required by S. elegans. In 21 other cases of

chaetognath occurrence in particular water layers, the presence of one species excluded that of
the other (Table 4).
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Table 4. Co-occurrence 8fagitta eleganéS.e.) andSagitta setos4S.s) in the Bornholm Deep

Depth 1993 1994 1994 1995 1995 1996
July August September June September August

0-10

10-20 S.g

20-30 S.3

30-40 S.g S5 S|s

40-50 S.e S.5

50-60 S.e S.e S.e 5.s S.e S.e

60-70 S.e S.e S.e S.e

70-80 S.e S.e. S.e S.e S.e

Length distribution of the chaetognath population
Length distribution analysis could only be carried out for Sagitta elegans based on the series
of samples collected in July 1993, August and September 1994 and in June 1995. The very
small number of animals caught in September 1995 (4 specimens) and in August 1996
(7 specimens) did not permit this kind of analysis (Fig. 2).

The smallest specimens of S. elegans caught were 6 mm long (September 1994,
3 specimens). Only 56 specimens shorter than 10 mm were caught in the 1993-1996 period.
The largest number of animals were specimens 10-20 mm in length, while only 32 specimens
caught were longer than 20 mm (21-22 mm). The 17-18 mm size classes were the most abun-
dant ones —25% in July 1993 and 32% in September 1994 (Fig. 2).

The length distibution of the S. elegans population were very similar in 1993 and 1994.
However, the 18 mm class more clearly dominated in 1995 when 31% of the specimens be-
longed to it and 70% of the specimens were in the 17-19 mm classes (Fig. 2).

Sagitta setosa specimens ranged in length from 8 to 14-15 mm. Due to the small
number of specimens caught, it is difficult to discuss the size structure of the population, how-
ever, in July 1993 and in September 1994 two abundance peaks are distinguishable in the
10 mm and 13 mm length classes (Fig. 3). The dearth of material does not allow for the
formulation of any conclusions regarding the occurrence of two cohorts of this species.

Sexual maturity
Chaetognath gonadal development was determined using a four-degree scale. The presence of
the youngest specimens of Sagitta elegans (gonadal development = 0) was noted only
in 1993-1994 (48 specimens or 12.4% of all animals analyzed). Specimens in the second stage
of gonad development dominated comprising from 49 to 67% of all the specimens. Only 3-4%
of the population were mature specimens which were ready to spawn (Table 5). In 1995-1996
larvae and specimens which were ready to spawn did not occur at all.

Analysis of the maturity of Sagitta setosa is impossible due to the very small number
of animals caught. S. setosa appeared only in 1993-1994 and animals in the second degree of
gonad development dominated (Table 6). Sexually mature animals did not appear at all.
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Fig. 3. Length distribution oBagitta setosén the Bornholm Deep in the 1993-1996 period
(Bongo 333 pm)

Table 5. Stage of gonadal developmerBagitta elegang the 1993-1996 period in the Bornholm Deep
(based on Bongo, MPS and MIK net catches). Absolute number of specimens caught.

Year/month Number of animals Gonadal development stage (%)
analyzed 0 1 2 3a 3b
1993/July 362 8.6 33.9 48.6 6.1 2.8
1994/August 735 0.8 17.6 60.8 16.6 4.2
1994/September 364 3.0 34.3 49.5 121 3.6
1995/June 63 0 30 60.3 9.5
1996/August 3 0 333 66.7 0
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Table 6. Stage of gonadal developmerBagitta setos@opulations in the 1993-1996 period
in the Bornholm Deep (based on Bongo, MPS and MIK net catches)

Year/month Numgﬁ;11 onfzzgimals o Gcinadal development stage (%)3a
1993/July 37 8.1 78.4 135 0 0
1994/August 14 28.6 42.9 28.6 0 0
1994/September 10 0 10.0 60.0 30.0 0

Table 7. Number of chaetognaths with full digestive tracts caught in the 1993-1996 period
(based on Bongo, MPS and MIK net catches).

3b

Sagitta elegans Sagitta setosa
Year/month Number of animals Number of animals Number of animals Number of animals
with full digestive with full digestive
analyzed analyzed

tracts tracts
1993/July 362 0 37 0
1994/August 735 8 14 0
1994/September 364 5 10 0
1995/June 237 0 0 0
1996/August 7 0 0 0

Feeding patterns

Of the 1,705 specimens of S. elegans which were analyzed only 13 (3.5%) had food in their
guts, while none of the 61 specimens of S. sefosa which were analyzed did (Table 7).

DISCUSSION

The aim of this work was to determine the ecological status of chaetognaths in the Baltic Sea.
The most important information was data on the places and time of chaetognath mass occurrence,
regardless of the type of fishing gear used. Different kinds of fishing gears have, of course,
different possibilities to catch animals, but this study focused only on the mass occurrence of
chaetognaths in a defined time, and not on the effect of the gear used.

Two chaetognath species were identified: Sagitta elegans and Sagitta setosa. Sagitta
elegans baltica were not identified (they are regarded as endemic to the Baltic Sea) (Mankowski
1951, Mankowski et al. 1959, Demel and Mulicki 1959, Siudzinski 1965). More and more
often it is not regarded as a separate species, but rather S. elegans specimens which have
undergone morphological changes due to the influence of the low salinity of the Baltic Sea
waters. This opinion is held by David V. P. Convay from the Plymouth Marine Laboratory
(personal communication).

In the 1993-1996 period inflows of saline waters from Kattegat to the southern Baltic
were confirmed in January 1993, March and December 1994 and in May 1996. The inflow
waters reached the Gdansk Deep through the Bornholm Deep and the Stupsk Furrow within
75-90 days (Wojewodzki 1996, Lass and Matthaus 1994, Wojewodzki and Grelowski 1995,
Grelowski and Wojewodzki 1993). Since the plankton samples in the Bornholm Deep and the
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Stupsk Furrow were collected from 3 to 6 months after the saline waters reached the sampling
area and from 1 to 4 months after their detection in the Gdansk Deep (Table 8), it may be
assumed that the sampling took place in the location and at the time of the saline water occur-
rence. Only in September 1995, 9 months after the last inflow of December 1994, while sam-
pling zooplankton in the Gdansk Deep, was the total extinction of the inflow effect confirmed
by hydrochemical methods (Wojewddzki 1996), although the effect had still been detectable in
May 1994. A slightly different situation occurred in August 1996 when the observed inflow
from the Stupsk Furrow was advective (Wojewaddzki 1996), and, thus, could not bring in water
masses or fauna from Kattegat.

In 1993, zooplankton samples were collected 3 months after the saline waters reached the
sampling area. The oxygen levels in the Gdansk Deep decreased to 0.62 ml - I!, (Wojewodzki
1996) which is below the values tolerated by chaetognaths and they were not observed in this
basin, although they were present in the Bornholm Deep (Table 8).

In 1994, samples were collected 3 and 4 months after the saline waters reached the sam-
pling area (Table 8). The oxygen level in the Gdafsk Deep in August was about 0.89 ml - 1!,
and a small number of chaetognaths were noted. In September, when the oxygen level dropped
to about 0.1 ml - I"!, chaetognaths were not present.

Samples were collected in June 1995 during the final period of the December 1994 in-
flow effect. The oxygen level in the Gdafisk Deep was 0.79 ml - I'! and very small numbers of
chaetognaths were observed (Table 8). Additionally, some chaetognaths were observed in the
Stupsk Furrow and this could indicate the way in which these animals are introduced to the
Gdansk Deep. However, in September 1995, 4 months after the detection of the inflow its
influence became completely extinct and the oxygen level in the Gdansk Deep decreased
to 0.26 ml - I'! and sulphuretted hydrogen appeared locally. No chaetognaths were ob-
served.

In 1996, the inflow from Kattegat did not reach the Gdansk Deep and, despite the fact
that the oxygen conditions in this basin were very good (2.18 ml - 1), chaetognaths were not
present in this basin.

Table 8. Inflow periods and appearance of Chaetognatha in the Gdansk Deep in the 1993-1996 period.
Inflow periods and their observation in the Gdansk Deep, Wojewodzki (1996)

: Conditions in the
Inflow - Period from | - bottom water§ Chaetognath
Inflow period observation Sampling detection of £ the Gdarisk D occurrence
period in the period inflowto | ©f the bdansk Leep
(year/month) X .
Gdansk Deep sampling Sal T 0
ear/month in months
3 ) ( )| (Psu) tc) (mimy| BD SF GD
1993/January 1993/April 1993/July 3 12 3) 0,62 + -
1994/March 1994/May 1994/August 3 13 4 0,89 + -
1994/Septembe 4 13 4 0,10 + = -
1994/Decemb|  1995/May 1995/June 1 13 5 079 1 S
1995/Septembe 4 12 g 0,26 + = -
1996/May * 1996/August - 12 3 218 4 + -

BD — Bornholm Deep, SF Stupsk Furrow, GD — Gdansk Deep;
+ Chaetognatha occurrence confirmed,
— Chaetognatha occurrence not confirmed,
* advective inflow from the Stupsk Furrow.
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Based on the comparison of the dates of saline water inflows from Kattegat into the
southern Baltic Sea and the occurrence of chaetognaths in this basin, it can be stated that
chaetognaths are brought in to the Baltic with the inflow of waters. Their abundance decreases
as the distance from the inflow source increases; the highest abundance figures are from the
Bornholm Deep while the lowest are from the Gdansk Deep. This hypothesis is also supported
by the fact that within the months after the inflow in June 1995 chaetognaths appeared in
throughout the stream of the inflow water, from the Bornholm Deep, through the Stupsk Fur-
row to the Gdansk Deep, while three months later, in September 1995, when the inflow waters
had degraded (decreased salinity and oxygen level — Wojewodzki 1996, Wojewodzki and
Grelowski 1995, Table 8), chaetognaths became extinct. A similar situation was observed in
August 1996; the inflow from May 1996 did not reach the Gdansk Deep, and despite optimum
environmental conditions for chaetognaths (temperature 3°C, salinity 12 PSU, oxygen
2.18 ml - I'' — Wojewodzki 1996 (Table 8), their occurrence was not noted.

Chaetognaths are planktonic animals and they occur in the surface water layers. In the
southern Baltic Sea they appear at significant depths beginning at 20-30 m. However, their
maximum concentrations occur right above the sea bottom at depths of 60-80 m in the place
where the saline inflow waters are located. A gradual degradation of the inflow waters (de-
creasing salinity, decreasing oxygen level), separation from the productive euphotic layer which
results in the lack of food input (only 2.5% of the animals analyzed had food in their guts)
probably result in the extinction of the advected pseudo-population of chaetognaths which can
only survive in inflow waters.

The size structure of the Sagitta elegans population in the Baltic Sea indicates the occur-
rence of only one cohort with one clear abundance peak in the 17-18 mm class. In open sea
populations of Sagitta elegans 3 to 4 cohorts (sub-populations) occur (Sameoto 1971) which
are characterized by clear abundance maximums in the 8, 10 and 22 mm classes.

The age structure of S. elegans observed in July and August in the Baltic Sea is very
similar to the age structure described by Sameoto (1971) for January and March, thus during
the inflows of saline waters from Kattegat to the Baltic Sea. This can lead to the conclusion that
chaetognaths which are brought into the Baltic Sea with the inflow waters neither reproduce
nor grow and because of the adverse environmental conditions (oxygen, salinity, food) their
population structure becomes preserved in its state at the moment of inflow.

The lack of change in size structure during the 6 to 7 months between inflow and catch
confirms that, in the case of S. elegans, theirs is not a true population but an advected pseudo-
population composed of a group of non-growing, non-reproducing individuals.

In the Baltic population of Sagitta elegans in July 1993 and August and September 1994
sexually mature specimens comprised about 3 to 4%. According to data in the literature (Sameoto
1971), during these months the percentage of the sexually mature animals should have been
13%, 3% and 11% of all specimens, respectively. A small percentage of specimens in the third
degree of maturity, 1-3%, was noted among the open sea population of S. elegans in January -
March (Table 9).

The data presented in Table 9 reveal that the maturity structure of the open sea cha-
etognath population, which was introduced into the Baltic Sea with the inflows in January 1993
and March 1994, was preserved until late summer (July - September) when it was still similar
to that of the inflow population (winter —January, March) and not to the structure characteristic
for the summer-time open sea population.

A similar situation was observed in June 1995 (after the inflow from December 1994).
The sexual maturity structure of S. elegans (especially the lack of sexually mature specimens)



Status of the arrow worms (Chaetognatha) ... 27

Table 9. Gonadal development stageSagitta elegani various periods of the year (data from the literature)

. . Stage | Stage |l Stage llI
Sampling period %) %) %) References
July-September 1993-1994
(after inflows in January and March) 28,6 64,6 35 present work
July-September 43,7 47,0 9,0 Sameoto (19[71)
January-March 14,7 83,3 2,6 Sameoto (1971)
June 1994
(after the inflow in December) 30,0 69,5 0 present work
June 29 21 50 Sameoto (1971)
December 51 49 0 Sameoto (19711)

in that period was more similar to that for the open sea population in December (during the
inflow), than in June (Table 9).

This leads to the conclusion that the development (maturity) of specimens which reach
the Baltic Sea is halted and the specimens physiology is frozen in the state that it is in at the
moment of the inflow. Therefore, they constitute a non-reproductive, pseudo-population which
becomes extinct.

The lack of food in the digestive tracts of Baltic chaectognaths may originate from either
the fact that the animals expel food from their systems when caught or that they do not feed.

The first of these hypothesis can be verified easily. Rakusa-Suszczewski (1967, 1969),
Rézanska (1971), Kuhlmann (1977), Maciejewska (1992) all detected food in the guts of
chaetognaths in net hauls. Thus, only the second hypothesis can be valid. Sporadic feeding or
the lack thereof for 3 to 9 months, from the time of inflow to the moment the animal is caught,
may result from their occurrence in an atypical water layer. Chaetognaths are epipelagic ani-
mals, but in the Baltic they occur in inflow waters which are near the bottom waters where
illumination and feeding conditions are different. The gradual decrease in the amount of natu-
ral food brought in with the inflow waters or its lack may lead to chaetognath starvation. The
often-described morphological changes in the animals (Rézanska 1971, Maciejewska 1992,
Conway personal communication) may also indicate pathological changes among Baltic cha-
etognaths due to starvation.

Based on the analyses of chaetognaths occurrence and the range of saline water in-
flows from Kattegat and the vertical distribution, size and age structures of the population as
well as feeding patterns of Sagitta elegans and Sagitta setosa in the Baltic Sea the following
scenario is plausible:

Plankton, including chaetognaths, is brought into the Baltic with winter and spring in-
flows of saline waters. The more saline surface waters from Kattegat submerge under the less
saline warmer Baltic waters. The inflow waters which bring in the fauna reach the Gdansk
Deep through the Bornholm Deep and the Stupsk Furrow.

As the inflow water masses move along the Baltic bottom, the environmental (oxygen,
salinity and temperature) and trophic conditions (food) gradually worsen. The allochthonous
chaetognaths do not develop normally due to adverse environmental and trophic conditions:
growth and maturation are halted at the moment of the animal’s advection from their natural
environment into the Baltic Sea. Since the animals do not feed, grow, mature or reproduce they
comprise a pseudo-population in the Baltic Sea with altered body morphology. This pseudo-
population becomes extinct, but the subsequent inflow supplements the chaetognaths fauna
and thus they are regarded as a stable, and even endemic, element of Baltic fauna.
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Abstract. Malic enzyme (EC 1.1.1.40) was purified about 1800-fold from the abdomen muscle of
Euphausia superba to a specific activity of 20.3 pmol - min™! per mg protein. The molecular weight
of the native malic enzyme was determined to be 270,000. The K values determined at pH 7.2 for
decarboxylation reaction for malate and NADP* were 0.229 mM and 10.6 pM, respectively. The
K, values for carboxylation reaction for pyruvate, NADPH and bicarbonate were 5 mM, 25.8 uM
and 12 mM, respectively. The effect of temperature on apparent K for malate was studied. The
minimum K appeared at 0°C, the ambient temperature of the species. The optimum pH for the
decarboxylation reaction was between 7.0 and 8.0 and varied with the malate concentration. The
enzyme showed substrate inhibition at a high malate concentration for the oxidative decarboxyla-
tion reaction at pH 7.0. The optimum pH for the carboxylation reaction was between 6.5 and 7.0
and varied with the pyruvate concentration. The heat stability of the purified malic enzyme of
Antarctic krill E. superba was determined and compared with heat stability of the purified malic
enzyme from the Baltic shrimp Crangon crangon abdomen muscle. The enzymes lost their activi-
ties at about 34°C and 65°C, respectively.

Key words: malic enzyme, kinetic properties, thermostability, abdomen muscles, Euphausia
superba

INTRODUCTION

Malic enzymes have been investigated in several animals, microorganisms and plants (for a
review, see Frenkel 1975). Malic enzyme [L-Malate: NADP oxidoreductase (decarboxylating)
EC 1.1.1.40] catalyzes the reversible decarboxylation of malate to pyruvate in the presence of
the coenzyme and a divalent cation (Mn?* or Mg?*). Malate is the central compound of
intermediary metabolism participating in the bioenergetics of aquatic organisms; malic enzyme
occurs in cells of more metabolically active tissues and may be present as three different
molecular forms: two in the mitochondria and one in the cytosol (Skorkowski 1988a). In the
mussel Mytilus edulis, an equal distribution of malic enzyme activity was found in the cytosol
and mitochondrial compartment of the adductor muscle. Only the cytosolic enzyme was observed
in the mantle and hepatopancreas (de Zwaan and van Marrewijk 1973). It was shown that the
cytosolic and mitochondrial forms of malic enzyme in abdominal muscle of the shrimp Crangon
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crangon (Biegniewska and Skorkowski 1983) and the crayfish Orconectes limosus (Swierczynski
et al. 1980a) differed in their kinetic properties. In crustacean and bivalves, malic enzyme may
play an important role in pyruvate and Krebs cycle intermediate metabolism (Skorkowski 1988b).
It is suggested that extramitochondrial malic enzyme in crustacean abdomen muscle might be
one of the enzymes involved in the anaplerotic supply of Krebs cycle intermediates in skeletal
muscle (Biegniewska and Skorkowski 1983).

Studies on enzymes from polar organisms can provide indications on the physiology and
biochemistry of the organism, on the molecular mechanisms of cold adaptation or on the tem-
perature effects on metabolism. Stenothermal Euphausia superba, living constantly at tem-
peratures close to 0°C, is characterized by high enzyme activities, e.g. proteases and lipases
(Osnes and Mohr 1985).

The present paper reports the purification and some properties of Antarctic krill Euphausia
superba abdomen muscle cytosolic NADP-dependent malic enzyme. We have also attempted
to compare the heat stability properties of purified malic enzyme obtained from E. superba and
the Southern Baltic shrimp Crangon crangon, two crustaceans that live in different marine
ecosystems.

MATERIALS AND METHODS

Animals

The krill E. superba (Dana, 1852) was collected from Admiralty Bay, South Shetland Islands.
The shrimp C. crangon (Linnaeus, 1758) were caught in summer in the Gdansk Bay. The
abdomen muscles of the both species were immediately dissected free of the cuticule and frozen
at —70°C until the analyses were carried out. The studies were conducted in 1997 and 1998.

Preparation of tissue homogenates

The abdomen muscles were washed in cold 0.15 M KCl and homogenized at 4°C for 30 s with
3 vols of 10 mM Tris-HCl+2 mM EDTA, pH 7.8 (Buffer A). The homogenate was centrifuged
at 5000 g at 4°C for 30 minutes. Surface lipids were then removed by filtering the supernatant
through cotton gauze. The final supernatant was used for further purification of the NADP-
dependent malic enzyme.

Purification of malic enzyme

All the purification steps were conducted in the cold (4°C). In each case, the chromatographic
column materials were pre-equilibrated and washed with buffer A.

(NH,),SO, fractionation: The supernatant was adjusted to 40% saturation of (NH,),SO, by
the gradual addition of solid (NH,),SO,. After stirring for 60 minutes, the suspension was
centrifuged at 5000 g for 30 minutes. The resulting supernatant was brought to 70% saturation
of (NH,),SO, by the gradual addition of solid (NH,),SO,. After stirring for 60 minutes, the
suspension was centrifuged at 5000 g for 30 minutes. The precipitate was dissolved in a minimum
volume of buffer A and dialyzed against 100 vols of the same buffer for 18 h with two changes
of buffer. Insoluble material was removed by centrifugation at 20 000 g for 20 minutes.
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DEAE-Sepharose chromatography: The dialyzed enzyme solution was applied to a column
(2.5 x 35 cm) packed with DEAE Sepharose. After the application, the column was washed
with about 2 vols of buffer A. The flow rate was 30 ml/hr and 7.5 ml fractions were collected.
Malic enzyme activity was eluted as a single symmetrical peak by a linear gradient of KCI
concentration prepared by mixing 250 ml of buffer A with 250 m1 0.5 M KCl in buffer A. The
active fractions were pooled and made up to 2 mM malate and 2 mM manganese sulfate by
additions from concentrated stock solutions.

2’5’ ADP-Sepharose 4B chromatography: Fractions from the DEAE- Sepharose containing
2 mM malate and 2 mM MnSO, were applied to a 2°,5’-ADP-Sepharose 4B column (1.5x 5
cm) previously equilibrated with buffer A containing 2 mM malate and 2 mM manganese
sulphate (Skorkowski and Storey 1987). After the protein had entered the column, washing was
continued with buffer A + 2 mM malate and 2 mM MnSO, to remove any weakly adsorbed
protein. The flow rate was 8 ml/hr and 4 ml fractions were collected. Malic enzyme was then
eluted by a pulse of buffer A without any additions. The active fractions were pooled and
concentrated with a Centriprep-30 concentrator (Amicon, USA).

Sepharose 6B gel filtration and molecular weight determination: Concentrated malic enzyme
from ADP-Sepharose was applied to a column of Sepharose 6B (3 x 40 cm). Elution was
performed with buffer A at a rate of 12 ml/hr. Three ml fractions were collected. Fractions
containing NADP-dependent malic enzyme were pooled and concentrated with a collodion
bag apparatus (Shleicher and Schull GmbH, FRG) and then in 40% glycerol in buffer A and
stored at —20°C. The estimation of molecular weight by gel filtration was carried out according
to the instruction by Pharmacia Fine Chemicals.

Enzyme and protein assays

Malic enzyme activity at all purification steps was followed spectrophotometrically with a UV-
1601 UV-Visible spectrophotometer (Shimadzu Europe GMBH) by observing the appearance
of NADPH (decarboxylation) or disappearance of NADPH (carboxylation) at 340 nm and
30°C. The standard reaction mixture contained: 50 mM Tris-HCI, pH 7.5, 0.5 mM NADP, 10
mM L-malate and 1 mM MnSO,,. Enzyme activities were calculated using E_,, -,, = 6.22 for
NADPH in 1 cm light path quartz cell. Protein concentration was determined using the

Coomassie Blue method (Spector 1978).

Polyacrylamide gel electrophoresis

Polyacrylamide gels [5% (w/v) total acrylamide, 3.2% of which was bisacrylamide] were used
to monitor malic enzyme activity by native electrophoresis. The sample of the final purified
enzyme (25 pg) was applied on polyacrylamide gel prepared in a buffer containing 0.1 M
Tris-HCI (pH 8.5). Electrophoresis was carried out in glass tubes (0.5 x 8 cm) at 2.5 mA per
tube for 90 min in the cold (2°C). 0.1 M Tris glycine (pH 8.5) was used as the electrode buffer.
Malic enzyme activity was monitored by incubating gels in the dark at 37°C in a medium
consisting of 50 mM Tris-HCI, 10 mM L-malate, 0.5 mM NADP, 2 mM MnSO,, 0.1 mg/ml



34 Dorota NAPIERSKA AND EDWARD F. SKORKOWSKI

phenazine-methosulphate and 0.1 mg/ml nitro blue tetrazolium, at the final pH 7.5. Formation
of the formazan precipitate corresponding to the location of the enzyme in the gel occurred
within 30 minutes. Yellow gels were distained in distilled water and stored in 7% (v/v) acetic
acid.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
after all the purification steps according to the procedure of Laemmli (1970) using 10% gels.
The following molecular weight protein standards were used: Phosphorylase b- 94 kDa, Albu-
min- 67 kDa, Ovalbumin- 43 kDa, Carbonic anhydrase- 30 kDa, Tripsin inhibitor- 20 kDa and
o-Lactalbumin- 14.4 kDa.

Kinetic constants (K) determination

Reaction rates for decarboxylation were measured at pH 7.2 at 30°C in a medium containing:
50 mM Tris-HCI, 20 mM imidazole-HCI, 10 mM L-malate, 0.5 mM NADP", ImM MnSO o
1.5 pg enzyme. The rates of reductive carboxylation were measured at pH 7.2 at 30°C in a
medium containing: 50 mM Tris-HCI, 20 mM imidazole-HCI, 50 mM NaHCO,, 20 mM
pyruvate, 0.2 mM NADPH, 1 mM MnSO,, 1.5 Jg enzyme. For estimation of the K, all
components required were present at the concentrations mentioned above, with a varied
concentration of the component tested.

Reversibility of the reaction catalyzed by malic enzyme
from the abdomen muscle &. superba

The rate of oxidative decarboxylation and reductive carboxylation was measured at 30° C.
The medium (final volume 1 ml) for decarboxylation contained : 10 mM L-malate, 0.5 mM
NADP', 1 mM MnSO, and 1.5 pg malic enzyme in 50 mM Tris-HCI + 20 mM imidazole-HCl,
pH 6.0-8.0. The rate of reductive carboxylation was measured in the medium (final volume
Iml) containing: 20 mM pyruvate, 0.2 mM NADPH, ImM MnSO,, 1.5 pg enzyme, 50 mM
Tris-HCI + 20 mM imidazole-HCI + 50 mM NaHCO,, pH 6.0-8.0.

Heat stability

Heat stability was determined using the method of Sensabaugh and Kaplan (1972), modified as
follows. Pure enzyme diluted in buffer A was added to the standard reaction mixture in amounts
that resulted in an increase of absorbency within the range 0.1-0.2 per minute. The enzyme
dilution was divided into two parts. Samples of the first part were heated for 20 minutes at
various temperatures, rapidly cooled in an ice bath and assayed for malic enzyme activity.
Bovine albumin was then added to the samples of the second part to a final concentration of
0.1%, and the enzyme dilutions were treated as above.

Chemicals

DEAE-Sepharose, 2°,5’-ADP-Sepharose 4B, Sepharose 6B and protein standards were obtained
from Pharmacia Fine Chemicals; L-malate, NADP, MnSO, and Brilliant Blue G were from
Sigma Chemicals Co.; Tris was from Ubichem and imidazol was from Fluka AG, Buchs SG.
All other chemicals were of the highest purity commercially available.
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RESULTS

Enzyme purification

Table 1 summarizes the results of a typical purification of extramitochondrial malic enzyme
from krill abdomen muscle carried out as described under Materials and Methods. Estimation
of the malic enzyme activity before (NH,),SO,, fractionation was difficult due to interference
from some proteins present in the abdomen muscle extract. The purification procedure involved
ion-exchange chromatography on DEAE-Sepharose (Fig. 1a), affinity chromatography on 2°,5’-
ADP-Sepharose 4B (Fig. 1b) and gel filtration on Sepharose 6B (Fig. 1¢). The NADP-dependent
malic enzyme from krill abdomen muscle was purified about 1835-fold with a recovery rate of
33%. The specific activity of purified enzyme measured in the decarboxylation direction was
20.3 pmoles min™' - mg™! protein.

Homogeneity and molecular weight

Asseen in Fig. 1a, krill malic enzyme activity was eluted from DEAE-Sepharose at a continuous
KCI gradient concentration as a single symmetrical peak activity. The enzyme did bind
to 2’, 5’ ADP-Sepharose 4B and chromatography on this column (Fig. 1b) plus gel filtration
on Sepharose 6B (Fig. 1¢) removed residual proteins. The pooled and concentrated active
fractions from Sepharose 6B column were used in all the studies of krill malic enzyme reported
here.

The homogeneity of purified malic enzyme from abdomen muscle of E. superba was
demonstrated by polyacrylamide gel electrophoresis. As can be seen in Fig. 2, the purified
native enzyme migrated as a distinct single band when stained for malic enzyme activity
(Fig. 2, line 7). When electrophoresis was performed in the presence of SDS, only one protein
band was obtained after several purification steps (Fig. 2, line 5).

The molecular weight of the native malic enzyme from the abdomen muscle of E. superba
estimated by gel filtration through a calibrated Sepharose 6B column was about 270,000 (rang-
ing between 260,000-280,000 in three experiments). Aldolase, catalase, ferritin and thyroglo-
bulin were used as marker proteins. The molecular weight of the SDS-treated malic enzyme of
E. superba was estimated to be about 65,000 (Fig. 2, line 5).

Table 1. Purification of NADP-dependent malic enzyme from krill abdomen muscle

Total protein | Specific activity | Total activity | Yield Purification
Step (mg) (nmol/min/mg) | (ymol/min) (%) (fold)
Cytosol 5,069 11.1 56.2 100 1
(NH4);SQ, fractionation
(40-70%) 2,352 36.5 81.6 145 3.3
DEAE-Sepharose
chromatography 248 3314 80.8 144 29.9
2'5'ADP-Sepharose
chromatography 1.8 17,778 32 57 1,605
Sepharose 6B gel filtration 0.9 20,333 18.3 33 1,835

Enzyme was isolated from 275 g abdomen muscle. The enzyme activity was measured as described
under Materials and Methods.
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Fig. 1. Purification of malic enzyme (ME) from krill abdomen muscle involving chromatography on
a) DEAE-Sepharose, b) 2’5’ADP-Sepharose 4B, c) Sepharose 6B. The protein concestration () was monitored by
measuring the absorption at 280 nm. The enzyme activity was measured as described under Materials and Methods
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Fig. 2.Polyacrylamide gel electrophoresis of SDS-treated (lines 1-6) and native krill abdomen muscle malic enzyme
(line 7). 1 — muscle extract; 2 — after (W80, fractionation; 3 — after DEAE-Sepharose chromatography; 4 — after
2'5'ADP-Sepharose 4B chromatography; 5 — after Sepharose 6B gel filtration; 6 — molecular weight protein standards;
1-6 — stained for protein with Coomassie blue. 7 — stained for enzyme activity with tetrazolium blue.

The dependence of activity on pH

The effect of pH variation on the malate decarboxylase activity (Fig. 3) and pyruvate carboxylase
activity (Fig. 4) of krill abdomen muscle malic enzyme was examined. The sensitivity of the
krill malic enzyme activity to changes of pH in the case of decarboxylation direction varied
with the L-malate concentration (Fig. 3). With a malate concentration of 0.1, 1 and 10 mM the
respective optima were about pH 7, 7.5 and 8. The optimum pH for the carboxylation reaction
was 6.5 in the presence of 2.5 mM and 5 mM pyruvate, and 7.0 in the presence of 10 mM and
20 mM pyruvate (Fig. 4).

Kinetic parameters
Table 2 summarizes apparent K values for different substrates in the decarboxylation and
carboxylation reaction. The effect of temperature on apparent K for malate was also studied.

As shown in Fig. 5, the K  for malate of malic enzyme from krill muscle reaches its minimum
at 0° C.

Reversibility of the reaction catalyzed by extramitochondrial malic enzyme
from the abdomen muscle Bf superba

The results of experiments designed to show the rate of decarboxylation and carboxylation
reaction catalyzed by the krill abdomen muscle malic enzyme at different pH are shown in
Table 3. It is evident that the enzyme readily catalyzed carboxylation of pyruvate. The reverse
reaction was found to proceed at about two and a half times the velocity of the forward rate at
pH 6.5 (Table 3). The rate of pyruvate carboxylation at pH 7.0 was about the same as that of the
forward reaction.
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decarboxylation of malate catalyzed
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Fig. 4. The effect of pH on reductive carboxylation of pyruvate catalyzed by krill malic
enzyme. Reaction was carried out &Gt the medium containing: 50 mM Tris-HCI,

20 mM imidazole-HCI, 50 mM NaHCQ0.2 mM NADPH, 1 mM MnSQ

2.5 mM pyruvate @), 5 mM pyruvate ¢ ), 10 mM pyruvate (0), 20 mM pyruvate

Table 2. Kinetic constants for the malic enzyme from Antarctic krill abdomen muscle

Decarboxylation Carboxylation
Kn (malate) 0.228 mM Kn (pyruvate) 5.01 mM
Kn (NADP*) 10.6M. Kn (NADPH) 25.7gM
Kn (NaHCQ) 12.01 mM

For experiment conditions see Materials and Methods.
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Fig. 5. The effect of the
temperature assay on apparent
for malate of malic enzyme from
krill abdomen muscle. Reaction
rates for decarboxylation were
measured at pH 7.2 in a mediunm
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Table 3. Reversibility of the reaction catalyzed by krill
abdomen muscle malic enzyme

Decarboxylation Carboxylation % of forward
pH pmol/min/mg) reaction
6.0 0.41 341 831
6.5 1.83 4.71 257
7.0 7.66 6.68 87
7.5 17.98 6.43 35
8.0 21.68 2.25 10

For experiment conditions see Materials and Methods.

Heat stability

The heat inactivation profile of NADP-dependent malic enzyme from krill abdomen muscle is
shown in Fig. 6. The pure malic enzyme was stable up to about 20°C and then the activity
systematically decreased, both without the bovine albumin and in the presence of 0.1% bovine
albumin. At a temperature of 34°C the krill malic enzyme lost its activity. The heat stability of
the pure shrimp C. crangon abdomen muscle malic enzyme was also determined (Fig. 6). It
was observed that extramitochondrial malic enzyme of C. crangon was stable up to about 40°C
and the activity slowly decreased to about 60°C. At a temperature of 65°C the enzyme reaction
did not appear, both without the bovine albumin and in the presence of 0.1% bovine albumin.

DISCUSSION

The malic enzymes isolated from crustaceans are relatively little known. Keller (1965) showed
the presence of this enzyme in selected tissues of the crayfish Cambarus affinis. Only the
extramitochondrial NADP-dependent malic enzyme was observed in the shrimp Crangon
crangon abdomen muscle (Biegniewska and Skorkowski 1983). It was shown that NADP-
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Fig. 6. Heat inactivation profiles of krill malic enzyme and shrimp malic enzyme.

(O), pure krill malic enzyme, x), the enzyme plus the bovine albumin (final concentration 0.1%);
(0), pure shrimp malic enzymen ), the enzyme plus the bovine albumin (final concentration 0.1%).
Experimental conditions as described under Materials and Methods.

dependent mitochondrial form from the abdomen muscle of crayfish Orconectes limosus is the
only molecular form of malic enzyme present in this tissue (Skorkowski ez al. 1977; Swierczynski
et al. 1980a). Rouleau et al. (1991) isolated and studied some properties of NADP-dependent
malic enzyme from the abdomen muscle of the shrimp Pandalus borealis.

During these studies, the malic enzyme was isolated from the abdominal muscle of Ant-
arctic krill Euphausia superba (Crustacea, Euphausiacea). The specific activity of purified
enzyme was about 20 Umoles min! - mg! protein. It was higher than the specific activity for
partly purified NADP-dependent malic enzyme from the shrimp C. crangon abdomen muscle
(Biegniewska and Skorkowski 1983) and was very close to the specific activity reported by
Swierczynski (1980) for extramitochondrial malic enzyme from rat skeletal muscle.

The homogeneity of purified malic enzyme from abdomen muscle of E. superba was
demonstrated by polyacrylamide gel electrophoresis — one band stained for enzyme activity
was obtained. These electrophoretic data correspond well with genetic studies of E. superba
which found that malic enzyme locus is monomorphic (Kiihl and Schneppenheim 1986). The
molecular weight of the native malic enzyme from the abdomen muscle of krill was estimated
to be about 270,000. The molecular weight of the krill malic enzyme was similar to the re-
ported values of molecular weights of malic enzyme derived from other sources, e.g. shrimp
C. crangon abdomen muscle 260,000 (Biegniewska and Skorkowski 1983), extramitochon-
drial rat skeletal muscle 264,000 (Swierczynski 1980) and Drosophila 266,000 (Geer et al.
1980). The molecular weight of SDS-treated malic enzyme of E. superba was estimated to be
about 65,000. These results demonstrated that the native malic enzyme, similarly to enzyme
isolated from pigeon liver (Hsu and Lardy 1967), was a tetramer composed of identical mo-
lecular weight subunits.

Variation of pH has a great influence on malate decarboxylase and pyruvate carboxylase
activity. The optimum pH for the carboxylation reaction was 7.0 in the presence of 10 mM and
20 mM pyruvate, and 6.5 in the presence of 2.5 mM and 5 mM pyruvate (more “physiological”
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concentrations). It was reported that the activity of extramitochondrial malic enzyme from the
shrimp C. crangon abdomen muscle (Biegniewska and Skorkowski 1983) and rat skeletal muscle
(Swierczynski 1980) did not vary with the pyruvate concentration. The sensitivity of the krill
malic enzyme activity to the changes of pH in the case of decarboxylation direction varied with
the L-malate concentration. With malate concentration of 0.1, 1 and 10 mM the respective
optima were about pH 7, 7.5 and 8. It was observed that the pH optimum of the malate decar-
boxylase activity of shrimp abdomen muscle malic enzyme varied with the concentration of L-
malate (Biegniewska and Skorkowski 1983). Upon changing the L-malate concentration from
0.1 to 10 mM, the pH optimum of the shrimp muscle malic enzyme activity shifted from 7.0 to
8.5 (Biegniewska and Skorkowski 1983). The results obtained for the malate decarboxylase
activity of krill muscle malic enzyme were close to that presented for the extramitochondrial
malic enzyme from rat skeletal muscle (Swierczynski 1980).

As shown previously, crustacean abdomen muscle mitochondrial malic enzyme
(Swierczynski et al. 1980a) and the mitochondrial malic enzyme from rat skeletal muscle
(Swierczynski e al. 1980b) showed a sigmoid-shaped substrate saturation curve and this char-
acteristic was accentuated at higher pH values. In the case of krill malic enzyme no evidence of
sigmoidicity at any pH was observed. At pH value 7.0 and lower than 7.0, the enzyme was
inhibited by high (greater than 1.5 mM) malate concentrations (data not shown). A similar
effect was observed with the extramitochondrial malic enzyme from rat skeletal muscle
(Swierczynski 1980). Pry and Hsu (1980) described the existence of strong negative co-
operativity between subunits of pigeon liver cytosol NADP-dependent malic enzyme. They
showed a tentative catalytic mechanism which depicts the enzyme as a functional dimer with
two of the four potentially available sites undergoing catalysis; the two remaining sites bind
malate only weakly, at high malate concentration and in a non-catalytic manner, inhibiting
turnover at the adjacent catalytic sites (Pry and Hsu 1980). Malate inhibition of the oxidative
decarboxylation of malate at pH 7.0 suggests the possible modulation of the krill muscle cyto-
sol NADP-dependent malic enzyme by its own substrates.

To further characterization of NADP-dependent malic enzyme from abdomen muscle of
E. superba some kinetic measurements were performed at pH 7.2, both for the carboxylation
and decarboxylation directions. The K values presented did not differ essentially from the K |
values reported for decarboxylation direction by extramitochondrial malic enzyme from other
sources. The K values for carboxylation were a little lower than that of shrimp C. crangon
(Biegniewska and Skorkowski 1983) but not very different from K values reported for other
vertebrates.

The ability of malic enzyme to perform carboxylation/decarboxylation reactions may
give the malic enzyme an important role in the control of intracellular pH in the cell to provide
a buffering mechanism by regulating the levels of dissolved CO,. I't was shown that NADP-
linked malic enzyme from crayfish abdomen muscle mitochondria (Swierczynski e al. 1980a)
and rat skeletal muscle mitochondria (Swierczynski et al. 1980b) catalyzed the reductive car-
boxylation of pyruvate at a relatively low rate as compared to the forward reaction. The NADP-
dependent malic enzyme from krill abdomen muscle readily catalyzed carboxylation of pyru-
vate. The rate of pyruvate carboxylation at pH 7.0 was about the same as that of the forward
reaction. At pH between 6.0 and 6.5, the malic enzyme from krill abdomen muscle catalyzed
the reductive carboxylation of pyruvate at a relatively high rate as compared to the forward
reaction. The results obtained for krill abdomen muscle malic enzyme resembled the shrimp
abdomen muscle malic enzyme. In the case of extramitochondrial malic enzyme from abdo-
men muscle of C. crangon, the rate of pyruvate carboxylation at a pH ranging between 6.5 and
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7.0 was the same as that of malate decarboxylation (Biegniewska and Skorkowski 1983). In
crustacean and bivalves, malic enzyme may play an important role in pyruvate and Krebs cycle
intermediate metabolism (Skorkowski ef al. 1977, de Zwaan et al. 1981, Paynter et al. 1985,
Brodey and Bishop 1992 a, b). As the carboxylation of pyruvate to malate could be catalyzed
by malic enzyme there is a possibility that the enzyme is involved in the anaplerotic mainte-
nance of Krebs cycle intermediates. This function of the extramitochondrial malic enzyme
from rat skeletal muscle (Swierczynski 1980) and shrimp abdomen muscle (Biegniewska and
Skorkowski 1983) was suggested earlier.

The possible modification of the substrate binding site of malic enzyme, in the range of
temperatures between 0° and 30°C, was indirectly analysed by measuring the apparent K |
which inversely approximates the binding ability (“affinity”) of an enzyme for its substrate.
In several fish species the K of different enzymes have a minimum which matches normal
environmental temperatures (for a review see Hochachka and Somero 1984). Comparable re-
sults are reported for amylase (Van Wormhoudt 1980) and lactate dehydrogenase (Thébault
1984) in the shrimp Palaemon serratus, and for N-acetyl-f-D-glucosaminidase in the Antarc-
tic krill E. superba (Bucholz and Vetter 1993). The K for malate of malic enzyme from krill
muscle reached its minimum at 0°C. This value is closest to the environmental temperature
of E. superba. However, K value at 30°C was not much higher than that at 0°C. The assay
temperature of more than 10°C does not correspond to the ambient temperatures normally
experienced by E. superba. As can be seen on the heat inactivation profile (Fig. 6), at the
temperature of 34°C the krill malic enzyme lost its activity. In the heat stability tests enzyme
was incubated at the temperatures given in Fig. 6 for 20 minutes. During the kinetic measure-
ments the enzyme was incubated at the temperatures given in Fig. 5 for 1 minute.

For further characterization of the NADP-dependent malic enzyme from krill abdomen
muscle, the heat stability was determined and compared with the heat stability of the pure
shrimp C. crangon abdomen muscle malic enzyme (Fig. 6). It was observed that the extramito-
chondrial malic enzyme of C. crangon was a much more stable one.

The results presented above indicate that the kinetic properties of the cytoplasmic malic
enzyme from krill abdomen muscle and shrimp abdomen muscle (Biegniewska and Skorkowski
1983) showed similarities. Since substantial differences in heat stability profiles for the malic
enzyme from both species has been observed, malic enzyme protein stability appears to change
due to the ambient temperature regimes of the species investigated. However, further research
is required in order to discover more about the mechanism of malic enzyme temperature adap-
tation.

Acknowledgements. Our work was supported by a grant from the State Committee
Jor Scientific Research for Gdansk University.

REFERENCES

Biegniewska, A. and E. F. Skorkowski 1983. Isolation and some properties of malic enzyme from the
shrimp abdomen muscle. Comp. Biochem. Physiol. 74B: 627-632.

Brodey, M. M. and S. H. Bishop 1992a. Mitochondrial malic enzyme from ribbed mussel (Modiolus
demissus) gill tissue: native molecular weight, divalent metal ion requirement and effect of
hydroxymalonate. Comp. Biochem. Physiol. 101B(3): 461-470.



Isolation and Some Properties of Malic Enzyme ... 43

Brodey, M. M. and S. H. Bishop 1992b. Malic enzyme from ribbed mussel (Modiolus demissus) gill
tissue mitochondria. Comp. Biochem. Physiol. 103B(2): 305-312.

Buchholz, F. and R. A. H. Vetter 1993. Enzyme kinetics in cold water: characteristics of N-acetyl-3-D-
glucosaminidase activity in the Antarctic krill, Euphausia superba, compared with other crusta-
cean species. J. Comp. Physiol. 163B: 28-37.

Frenkel, R. 1975. Regulation and physiological function of malic enzymes, Current Topics in Cellular
Regulation. Academic Press, London, 9: 157-181.

Geer, B. W., D. Krochko, M. J. Oliver, V. K. Walker and J. H. Williamson 1980. A comparative study of
the NADP-malic enzymes from Drosophila and chick liver. Comp. Biochem. Physiol. 65B: 25-34.

Hochachka, P. W. and G. N. Somero 1984. Biochemical adaptation. Princeton University Press, Princeton.

Hsu, R. Y. and H. A. Lardy 1967. Pigeon liver malic enzyme. J. Biol. Chem. 242: 520-526.

Keller, R. 1965. Activities of the enzymes of glycolysis and the citric acid cycle in the organs of the
crayfish, Cambarus affinis. Z. vergl. Physiol. 50: 119-136.

Kiihl, S. and R. Schneppenheim 1986. Electrophoretic investigation of genetic variation in two krill
species Euphausia superba and E. crystallorophias (Euphausiidae). Polar Biol. 6: 17-23.

Laemmli, U. K. 1970. Cleavage of structure protein during the assembly of bacteriofage T4. Nature, 277:
680-685.

Osnes, K. K. and V. Mohr 1985. Peptide hydrolases of Antarctic krill, Euphausia superba. Comp. Biochem.
Physiol. 82B: 599-606.

Paynter, K. T., G. A. Karam, L.L Ellis and S. H. Bishop 1985. Subcellular distribution of aminotransferases
and pyruvate branch point enzymes in gill tissue from four bivalves. Comp. Biochem. Physiol.
82B: 129-132.

Pry, T. A. and R. Y. Hsu 1980. Equilibrum substrate binding studies of the malic enzyme of pigeon liver.
Eqiuvalence of nucleotide sites and anticooperativity associated with the binding of L-malate to
the enzyme-manganese(Il)-reduced nicotinamide adenine dinucleotide phosphate ternary com-
plex. Biochem. 19: 951-962.

Sensabaugh G. F. and N. O. Kaplan 1972. A lactate dehydrogenase specific to the liver of gadoid fish.
J. Biol. Chem. 247: 585-593.

Skorkowski, E.F. 1988a. Mitochondrial malic enzyme from crustacean and fish muscle. Comp. Biochem.
Physiol. 90B(1): 19-24.

Skorkowski, E. F. 1988b. Adaptacje metabolizmu zwierzat wodnych [Metobolic adaptation of water
animals]. [In:] Zag. Biofiz. Wspotcz. 13(1): 147-158.

Skorkowski, E.F.,J. Swierczynski and Z. Aleksandrowicz 1977. High activity NADP-dependent malic
enzyme in mitochondria from abdomen muscles of the crayfish Orconectes limosus. Comp. Biochem.
Physiol. 58B: 297-301.

Skorkowski E.F. and K. B. Storey 1987. Affinity chromatography on 2°,5’-ADP-Sepharose 4B for puri-
fication of malic enzyme from crustacean muscle. J. Chromatogr. 389: 427-432.

Spector, T. 1978. Refinement of the Coomassie Blue method of protein quantitation. Analyt. Biochem.
86: 142-146.

Swierczynski, J. 1980. Purification and some properties of extramitochondrial malic enzyme from rat
skeletal muscle. Biochim. Biophys. Acta, 616: 10-21.

Swierczynski, J., P. W. D. Scistowski and E. F. Skorkowski 1980a. Mitochondrial malic enzyme from
the crayfish abdomen muscle. Purification, regulatory properties and possible physiological role.
Comp. Biochem. Physiol. 67B: 49-55.

Swierczynski, J., A. Stankiewicz, P. Scistowski and Z. Aleksandrowicz 1980b. Isolation and regulatory
properties of mitochondrial malic enzyme from rat skeletal muscle. Biochim. Biophys. Acta, 612:
1-10.

Thébault, M. T. 1984. Lactate content and lactate dehydrogenase activity in Palaemon serratus abdomi-
nal muscle during temperature changes. J. Comp. Physiol. 154: 85-89.

Wormhoudt van, A. 1980. Regulation d’ Activité de I’-Amylase 4 Différentes Températures d’ Adaptation
et en Fonction de I’ Ablation des Pédoncules Oculaires et du Stade de Mue chez Palaemon serra-
tus. Biochem. Syst. Ecol. 8: 193-203.



44 Dorota NAPIERSKA AND EDWARD F. SKORKOWSKI

Zwaan de, A. and W. J. A. van Marrewijk 1973. Intracellular localization of pyruvate carboxylase,
phosphoenolopyruvate carboxykinase and malic enzyme and the absence of glyoxylate cycle en-
zymes in the sea mussel (Mytilus edulis L.). Comp. Biochem. Physiol. 44B: 1057-1066.

Zwaan de, A., D. A. Holwerda and P. R. Veenhof 1981. Anaerobic malate metabolism in mitochondria
of the sea mussel Mytilus edulis L. Mar. Biol. Lett. 3: 131-140.



BULLETIN OF THE SEA FISHERIES INSTITUTE
1 (152), 10 June 2001

{

Fish distribution on the shelves of the Atlantic Ocean
Antarctic Area with respect to stock density

Jozef Sosinski and Kordian Trella
Sea Fisheries Institute, Koltataja 1, 81-332 Gdynia, Poland

Abstract. Only a few species of Antarctic fishes, most of which inhabit near-bottom waters, occur
on a wide-spread scale.

From the investigations that were carried out in 1975-89 from the R/V PROFESOR SIEDLECKI, it
was determined that 14 species of fish are widespread, all of them belong to two families
(Channichthyidae and Nototheniidae). This paper presents the results of investigations of the dis-
tribution of these fish species with respect to the density of their occurrence and identifying sets in
particular regions.

Key words: Antarctica, Atlantic Ocean Antarctic Area, zoogeographic zones, fish, Channichthyidae,
Nototheniidae, distribution, density

INTRODUCTION

Antarctica is surrounded by the Southern Ocean. The area of this ocean between the Antarctica
above the Antarctic Polar Front line is called the Antarctic Zoogeographic Region (Eastman
1993) and it is inhabited by 275 fish species from 49 families (Kulesz 1998).

One of the most widely-investigated areas in this region in terms of ichthyofauna is the
Atlantic Ocean Antarctic Area (AOAA). Specific climatic conditions and the sea bottom con-
figuration influence the distribution of ichthyofauna, and are jointly responsible for the cre-
ation of separate zoogeographic regions. The AOAA, according to the Andriashev division,
belongs to the Glacial Subregion and consists of two provinces, South Georgia and West
Antarctica (Eastman 1993). The AOAA is divided into three areas with various degrees of
ice-cover (Kock 1992), and it is inhabited by 168 of 275 Antarctic fish species (Kulesz 1998).
Only a few of them occur widely. They are, however, significant for the ecosystems and
they play an important role in the trophic chain. The majority of them are commercially
exploited.

The aim of this paper is to analyze the distribution of major fish species (in terms of
biomass) which inhabit benthic areas on the shelves of the AOAA. The analysis was carried out
using the fish density data which were collected during research cruises of the R/V PROFESOR
SIEDLECKI.
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MATERIALS AND METHODS

The investigations covered the shelves of the AOAA, according to the FAO-CCAMLR statistical
Antarctic division 48.1, 48.2, 48.3(Anon. 1990), located south of the Antarctic Polar Front.
The shelves spread around islands and the southwestern part of the Antarctic Peninsula, which
form the Scotia Ridge (Fig. 1).

They are inhabited by benthic fish species which form concentrations. The investigations
did not cover the shelves of the islands which form the South Sandwich archipelago due to the
relatively narrow strip of shelf that surrounds them making it impossible to carry out benthic
catches (Romer and Andrzejak 1979). The shelf areas and the percentage of particular depth
layers, as used in this work, were calculated using Everson’s [1984] data.

The investigations were carried out during the principally summer research-reconnais-
sance cruises of the R/V ProrEsor SiEpLECKI in 1975-89 (Table 1). The selection of haul sites
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Fig. 1. Atlantic Ocean Antarctic Area
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Table 1. Number of research hauls made by the RAGFESOR SIEDLECKI
Region Season Months
10 | 11 | 12 01 | 02 | 03 | 04 by
1978/79 3 3 6
1980/81 5 5
Shag Rocks 1986/87 11 2 13
1987/88 4 4
by 11 2 7 3 5 28
1975/76 17 17
1978/79 17 11 15 43
South Georgia Is. 1986/87 111 11
1987/88 79 51 130
1988/89 52 52
by 207 62 52 32 353
1978/79 7 4 11
South Orkneys Is. 1983/84 15 15§
by 22 4 26
1978/79 6 4 1 11
1980/81 3 3
1983/84 6 6
Elephant Is. 1986/87 11 6 5 22|
1987/88 7 7
1988/89 4 4
by 11 6 11 10 11 4 53
1978/79 7 1 1 9
1980/81 3 3
Joinville Is. 1983/84 5 5
1986/87 6 6
by 6 5 7 1 4 23
1978/79 5 13 3 21
1980/81 7 7
South Shetlands Is. 1986/87 2 2
1987/88 8 8
by 5 23 10 38
Palmer Arch. 1978/79 6 6
Biscoe Is. 1978/79 9 9
Total 11 23 247 91 102 57 5 536

usually depended on the sea bottom configuration; preference was given to sites that did not
pose potential problems for the realization of the investigations. Only in 1986/87, 1987/88 and
1988/89 near South Georgia were the hauls carried out according to a fixed network of posi-
tions that also included the proportions for the depth zone occurrence. A detailed list of the

number of hauls in particular regions is presented in Table 2.

The investigations were carried out with a bottom trawl with a horizontal opening of
18 m, and a vertical opening of 4.5 m. The trawling speed was 3.5 knots. The trawl codend
mesh size was 80mm and the insert had a 20 mm mesh bar length.
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Table 2. Number of hauls according to squares and depth zones

Region | Squaré Depth layers (m)
°S - W 0-100 101-200 201-300 301-40@ 401-500 >
1 2 3 4 5 6 7 8
53.0-41 3 3
Shag 53.0-42 2 2 2 6
Rocks 53.5-41 12 2 1 15
53.5-42 4 4
4 0 21 4 2 1 28
53.5-35 1 9 2 12
53.5-36 9 18 3 30
53.5-37 17 8 2 27
53.5-38 1 15 6 1 23
53.5-39 1 3 2 6
54.0-35 1 6 20 4 31
54.0-36 9 13 22
54.0-37 13 3 16
54.0-38 6 24 30
54.0-39 5 5
South 54.5-34 6 6 1 1 14
Georgia 54.5-35 7 14 20 12 53
Is. 54.5-36 5 2 7
54.5-37 7 7 1 15
54.5-38 7 4 3 14
54.5-39 1 1
55.0-34 4 3 7
55.0-35 25 8 1 34
55.0-36 2 3 5
55.0-37 1 1
20 9 146 162 33 3 353
60.0-45 1 1 2
60.0-46 1 1
60.0-47 2 1 3
60.5-43 1 1 2
South 60.5-44 1 1
Orkneys 60.5-46 7 7
Is. 60.5-47 4 6
61.0-44 1
61.0-45 1 2
61.0-46 1 1
10 0 0 18 6 2 26
60.5-55 1 5 6 1 13
Elephant 61.0-55 6 8 1 1 16
Is. 61.0-56 6 8 4 6 24
3 1 17 22 6 7 53
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Table 2 (cont.)

1 2 3 4 5 6 7 8
62.0-54 3 4

62.0-55 10 1 11
62.5-54 1 1 1 3

Joinville 62.5-55 1 2
Is. 63.0-53 2
63.0-54 1 1

6 0 1 16 6 0 23
61.5-57 1 1

61.5-58 1 20 1 22
61.5-59 1 5 6

South 61.5-60 1 1

Shetlandg 62.0-58 1 1
Is. 62.0-59 2 1 3
62.5-60 2 2
62.5-61 1 1
63.0-58 1

9 2 6 23 7 0 38

63.5-62 2 2

Palmer 63.5-63 1 1
Arch. 63.5-64 1 2 3
3 0 0 1 4 1 6

64.5-67 1 1
65.0-67 3 3

Biscoe 65.0-68 1 1
Is. 65.5-68 2 2
66.0-69 2
5 0 0 0 3 9

Total 60 12 191 246 67 20 536

“Geographic coordinates refer to the northeast edge of the square.

Density was investigated using the swept area method (Anon 1977, Mucha 1984), and
it is expressed in kg per 1 km? of sea bottom area. The gear effectiveness [s] was assumed to
be 1.

Of the fish species that were identified during the cruises (Skora and Sosinski 1983,
Sosinski and Szlakowski 1992, Sosinski 1990, 1994, 1999), those which constituted a mini-
mum of 1% of the mass of caught fish during the investigations in one of the seasons were
chosen for density investigations. There were 14 such species, 5 from the family Channichthyidae
and 9 from the family Nototheniidae. They were marked according to the list of fish from the
region within the scope of Commission for the Conservation of Antarctic Marine Living Re-
sources [CCAMLR] (Fischer and Hureau 1985). The fish names were taken from Gon and
Heemstra (1990) and in accordance with the verified list of the most numerous fish group,
Notothenioidei, which was published by Eastman and Eakin (2000). The work also presents
Lepidonotothen kempi, which is currently regarded as synonymous to Lepidonotothen
squamifrons.



50 JozEF SosINSKI AND KORDIAN TRELLA

RESULTS

Control catches were carried out on the shelves of the following islands: Shag Rocks, South
Georgia, the South Orkneys, Elephant, Joinville, South Shetlands, Palmer and Biscoe. The
areas of their shelves, up to the 500 m isobath, and the percentage of depth zones are found in
Table 3.
Among the fish species identified during the investigations, 14 were noted as having
significant density, 5 were from the family Channichthyidae and 9 from the Nototheniidae.
The species were as follows:
Family Channichthyidae:
Champsocephalus gunnari Lonnberg, 1905,
Chaenocephalus aceratus Lonnberg, 1906,
Pseudochaenichthys georgianus Norman, 1937,
Chionodraco rastrospinosus De Witt & Hureau, 1979,
Chaenodraco wilsoni Regan, 1914,
Family Nototheniidae:
Notothenia rossii Richardson, 1844,
Notothenia coriiceps Richardson, 1844,
Gobionotothen gibberifrons Lonnberg, 1905,
Lepidonotothen squamifrons Gunther, 1880,
Lepidonotothen kempi Norman, 1937,
Dissostichus eleginoides Smitt, 1898,
Dissostichus mawsoni Norman, 1937,
Patagonotothen guntheri Norman, 1937,
Pleuragramma antarcticum Boulenger, 1902.

The mean densities of particular fish species according to regions are given in appendices
1-13.

Of the white-blooded fish from the family Channichthyidae three species,
Champsocephalus gunnari, Chaenocephalus aceratus and Pseudochaenichthys georgianus,
appeared throughout the AOAA (appendices 1, 2 and 3).

Table 3. Areas of shelves and percentage of depth zones in particular regions of the Atlantic Ocean Antarctic Area

Percentage of depth layers (m) [in %] Total shelf area
Region 0-100 101-200] 201-300  301-40p  401-5Q@ 0-500 m ) [in ki
Shag Rocks 14 39 30 9 8 11,368
South Georgia Is. 14 35 29 11 11 40,332
South Orkneys Is. 5 11 22 31 31 29,308
Elephant Is. 12 19 19 25 25 10,067
Joinville Is. 3 8 22 34 33 40,468
South Shetlands Is. 24 32 15 15 14 25,505
Palmer Arch. 11 19 20 25 25 39,872
Biscoe Is. 8 16 22 27 27 49,686
Sandwich Is. 100 1,294
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Fig. 2. Fish density on the shelves of the Atlantic Ocean Antarctic Area

Two species from the family Channichthyidae, Chionodraco rastrospinosus and
Chaenodraco wilsoni, occurred only in areas located farther to the south (appendices 4 and 5).
However, the densities of these two species varied in particular regions. Chionodraco
rastrospinosus inhabited (average density) the majority of southern regions, while Chaenodraco
wilsoni only occurred widely near Joinville Is. However, its density in this area was high.

Three groups of fish species from the family Nototheniidae which had a higher density in
the AOAA are distinguishable.

One group consists of species which inhabited all regions of the AOAA, they are Notothenia
rossii, Gobionotothen gibberifrons and Lepidonotothen squamifrons (appendices 6, 7 and 8).

The second group of widely occurring species from the family Nototheniidae are
Dissostichus eleginoides and Patagonotothen guntheri, they only inhabit the northern regions,
i.e. Shag Rocks and South Georgia (appendices 9 and 10).

The third group from the family Nototheniidae include species which were only observed
in the southern regions. They are Notothenia coriiceps, Dissostichus mawsoni, Lepidonotothen
kempi and Pleuragramma antarcticum (appendices 11,9, 12 and 13).

The density of all fish which inhabit the AOAA shelves, including those which are
described as pisces nei in the tables, are presented in Figure 2. The greatest density of fish
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occurred on the South Georgia and South Orkneys shelf, while relatively lower densities were
observed in the southern part of the Antarctic Peninsula. The high concentration of
Pleuragramma antarcticum, which was confirmed in February 1979 on the Biscoe shelf, was
exceptional.

This work also presents fish distribution according to depth zones. Table 4 presents the
densities in depth zones in particular regions, while Table 5 and Figure 3 present the averages
for the entire area.

The results obtained indicate that particular species inhabit the shelf in a large depth
range, however, the distribution curves are of the one peak type indicating a preferred depth. Of
the fish from the family Channichthyidae (Fig. 3A), three species inhabit the shelf in a large
depth range (Champsocephalus gunnari, Chaenocephalus aceratus and Pseudochaenichthys
georgianus). They are observed in both the shallow (up to 100 m) and deep areas of the shelf.
However, the majority of them occur at depths of 100-200 m. Chionodraco rastrospinosus and
Chaenodraco wilsoni occur in the southern regions inhabiting mainly deeper shelf areas. They
were not observed at all at depths to 100 m.

Fish from the family Nototheniidae (Fig. 3B) also exhibit various depth preferences among
species. The wide-spread Gobionotothen gibberifrons is present at all shelf depths, but its
greatest concentrations were observed at 100-200 m. Similar depths are preferred by Notothenia
coriiceps, while the greatest densities of Lepidonotothen squamifions, Lepidonotothen kempi
and Notothenia rossii were found in the deeper parts of the shelf (300-400 m).

Two fish species which occur in very limited and distant regions also preferred different
depths. Patagonotothen guntheri, which occurs near Shag Rocks, inhabits a relatively shallow
shelf, 100-200 m (Table 4). Pleuragramma antarcticum, which inhabits the shelf of the south-
ern part of the Antarctic Peninsula (Biscoe Is.), was caught at depths of 400-500 m and deeper
(Table 4).

Fish that inhabit the shelves of the islands located within the AOAA form groups which
vary in terms of species composition, shelf density and distribution according to depth zones.

This paper presents the analysis of fish species that occurred in significantly higher num-
bers. The investigations indicated that the shelf density varied with region and season (Table
6). The highest fish density was observed in 1975-76 near South Georgia (16,000 kg - km™),
while the lowest density, below 1,000 kg - km> was observed in 1978-79 (Palmer Arch.),
1980-81 (Elephant Is., Joinville Is.) and in 1987-88 (Shag Rocks and South Shetlands Is.).
Relatively high sea bottom density of approximately 6,000-8,000 kg - km> was confirmed in
1978-79 (South Orkneys Is., Joinville Is., Biscoe Is.), 1983-84 (Elephant Is.) and 1986-87
(South Shetlands Is.). Throughout the investigation period, the greatest settlement density on
average, approximately 4,000-5,000 kg - km™2, was observed in the areas of South Georgia and
the South Orkneys. The average settlement in other regions (including Palmer Arch. and Biscoe
Is.) was from 2,200 kg - km™ to 3,500 kg - km™ (Elephant) (Table 6, Fig. 4).

Low density of fish on the shelf of Palmer Arch. and high density in the region of Biscoe
Island were confirmed once in February 1979.

By considering the areas of shelves in particular regions and their predominant densities
(Table 3), the density of fish and the percentage of fish species in the groups and the predomi-
nant depth of their occurrence (Tables 4 and 6, Figure 4), the regions can be characterized as
follows:
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depth
[m]
density [kg * km?]
0 200 400 600 800 1000 1200 1400
0-100 A
101-200 7‘
201-300 >
301-400 [ —x
401-500
depth density [kg * km?]
[m]
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201300 —
301400 [—:
—
—
| —
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A — Channichthyidae B — Nototheniidae
—e— Champsocephalus gunnari —e— Notothenia rossii marmorata
—m— Chaenocephalus aceratus —m— Notothenia coriiceps
—/\— Pseudochaenichthys georgianus —/\— Lepidonotothen kempi
—— Chionodraco rastrospinosus —%— Lepidonotothen squamifrons
—o— Chaenodraco wilsoni —O— Gobionotothen gibberifrons

Fig. 3. Density of fish from the families Channichthyidae (A) and Nototheniidae (B)



Table 4. Mean fish density (kg - Kjrin the regions of the Atlantic Ocean Antarctic Area

Depth Species’
Region layer 1 2 3 4 5 7 8 9 10 11 12 13 14 Total
2 892 27 0 0 0 0 0 138 0 0 1,215 0 654 0 125 3,051
Shag 3 388 0 0 0 0 0 0 31 17 0 18 0 0 0 75 5p9
Rocks 4 0 0 0 0 0 0 0 0 0 0 35 0 0 0 23 58
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 D6 1,06
1 31 102 149 0 0 32 0 188 2 0 4 0 0 0 96 6p4
South 2 1,284 320 640 0 0 108 0 481 1 0 6 0 0 0 |119 2,859
Georgia Is. 3 872 375 538 0 0 272 0 509 696 0 64 0 0 0 |649 3|975
4 328 187 235 0 0 351 0 337 1,437 0 653 0 0 0 |346 3874
5 6 6 0 0 0 0 0 0 23 0 30 0 0 0 560 625
South 3 1,868 331 174 221 8 12 10 1,708 0 2 0 0 0 0 73 41407
Orkneys Is. 4 320 505 582 3,858 438 108 0 2,140 0 16 0 0 0 o | 779 d4,746
5 39 148 75 383 0 0 0 417 0 0 0 0 0 0 423 1,485
1 0 45 0 0 0 0 0 0 0 0 0 0 0 0 60 105
Elephant 2 1,172 812 31 12 0 18 296 4,084 0 0 0 4 0 0 48 6l477
Is. 3 473 414 14 100 2 58 99 1,743 0 72 0 7 0 0 88 3,070
4 877 253 0 305 0 14 0 957 9 104 0 20 0 0 53 2,592
5 452 102 6 502 0 26 0 953 0 384 0 0 0 0 81 2,906
Joinville 2 0 0 0 106 787 0 0 106 0 0 0 0 0 0 35 1,034
Is. 3 21 2 0 264 3,446 0 120 153 0 2 0 0 0 0 |18 4,226
4 16 0 0 350 1,171 9 12 385 0 75 0 49 0 0 |92 2,559
1 9 18 0 0 0 22 0 4 0 0 0 0 0 0 9 6p
South 2 190 243 15 179 508 9 221 264 3 4 0 8 0 0 |176 1,820
Shetlands Is. 3 248 299 71 579 8 9 72 970 4 14 0 13 0 0 | 120 2,407
4 30 90 50 206 4 0 4 423 0 0 0 49 0 0 J10 1,566
Palmer 3 44 119 97 106 4 0 0 84 0 123 0 24 0 0 66 667
Arch. 4 21 134 34 285 12 0 0 70 0 137 0 0 0 0 42 735
5 0 0 0 44 26 0 0 18 0 35 0 0 0 0 26 149
Biscoe 4 0 100 0 69 13 0 0 39 0 1,310 0 29 0 0 56 1,616
Is. 5 0 0 0 21 1 0 0 4 0 70 0 0 0 8,391 39 8,5p6
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Ylist of species:

Table 5. Average concentrations of fish inhabitance by depth zones

1 €hampsocephalus gunnari

2 —Chaenocephalus aceratus
3 —Pseudochaenichthys georgianus 8 —Gobionotothen gibberifrons

9 —Lepidonotothen squamifrons
10 —Lepidonotothen kempi

4 —Chionodraco rastrospinosus
5 —Chaenodraco wilsoni

6 —Notothenia rossii

7 —Notothenia coriiceps

11 —Dissostichus eleginoides
12 —Dissostichus mawsoni

13 —Patagonotothen guntheri
14 —Pleuragramma antarcticum
15 —Pisces nei

Depth layer [m]

Species 0-100 101-200 201-300 301-400 401-500

mean 32 mean 32 mean 52 mean 32 mean 32
Champsocephalus gunnari 24 18.3 1,117 2,254.2 782 1,856.4 312 848,9 178 405.1
Chaenocephalus aceratus 82 64.9 387 428.0 343 379.0 199 477.4 59 125[1
Pseudochaenichthys georgianus 136 179.6 489 1,660.4 393 1,202.0 233 7826 20 49.0
Chionodraco rastrospinosus 0 70 170.5 252 479.8 1,097 4,266.6 308 508.6
Chaenodraco wilsoni 0 301 466.4 1,192 5,876.7 441 1,053.6 3 8.6
Notothenia rossii marmorata 30 235 87 380.3 202 1,255.1 246 1,233.9 8 20{0
Notothenia coriiceps 222 364.4 76 133.2 4 12.4 0
Lepidonotothen kempi 0 22 61.0 228 623.6 169 197.5
Lepidonotothen squamifrons 4.5 1 3.2 628 4,343.2 1,294 5,665.2 23 17.5
Gobionotothen gibberifrons 137 220.3 990 1,865.1 736 1,225.2 623 1,441)7 375 834.9
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Fig. 4. Density and distribution of massively occuring fish in particular regions of the Atlantic Ocean Antarctic Area
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Table 6. Mean fish density (kg - Knand species composition (% of biomass) on the shelf of the Atlantic Ocean Antarctic Area

N

Region | Season Density Species
mean 52 1 2 3 7 15
1978/79 4168 847.0 9 1 1
Shag 1980/81] 1806 10.6 18 1
Rocks 1986/87] 2214 27539 | 86 6
1987/88 616 644.2 38 3
total 2204 1.476.2] 33 + 4
1975/76, 16472 6745.1 14 12 16 3
South 1978/79 1822 873.4 13 21 20 8
Ge(?rl;tia s | 1986/87 410 | 43616 | 47 8 4 4
1987/88 1880 1430.1 | 28 10 24 7
1988/89 2257 2591.7 | 43 10 8 8
total 5287 6315.3 | 22 12 16 5
South 1978/79 8125 8004.1 | 32 6 4 6
Orkneys Is. 1983/84] 1225 1645.0 11 14 10 1 3
total 4705 4879.0 | 29 7 5 + 5
1978/79 3#62 2613.3 | 46 8 1 3
1980/81 487 485.8 1 3 17
Elephant Is. 1983/84, 8185 0.0 24 7 1 1
1986/87| 3833 1281.1 5 15 1
1987/88 2049 19897 3 24 10 2
1988/89 2899 645.2 17 18 1 1
total 3486 25925 | 21 12 + 1 2
1978/79 &61 | 13942.1 3
Joinville Is. 1980/81 831 0.0 49 5
1983/84, 1400 596.3 4 20
1986/87| 1425 1083.7 10
total 3004 3581.7 4 6
1978/79 647 3283.9 12 7 3 1 8
South 1980/81] 1303 1 3 45
Shetlands Is| 1986/87| 6789 15 3
1987/88 760 7 20 1 21 y
total 2875 2727.4 4 12 1 2 9

Palmer Arch, 1978/7 519 324. 17

Biscoe Is. 1978/7 866 | 10589.8 1 1

YSpecies numbers as in Table 4.
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The Shag Rocks shelf, with an area of 11,000 km?, has a predominant depth of between
100 and 300 m. The group of fish with higher density includes the following species (beginning
with the highest percentage):

Dissostichus eleginoides,

Champsocephalus gunnari,

Patagonotothen guntheri,

Gobionotothen gibberifrons.

The greatest density was confirmed in the 100-200 m depth zone.

The South Georgia shelf, with an area of 40,000 km?, has predominant depths of between
100 and 300 m. The high density fish are as follows:

Champsocephalus gunnari,

Gobionotothen gibberifrons,

Notothenia rossii marmorata,

Pseudochaenichthys georgianus,

Chaenocephalus aceratus,

Dissostichus eleginoides,

Lepidonotothen squamifrons.

The greatest density was observed in the 200 to 400 m layer. However, the 100-200 m
layer also had relatively high density (Table 4). In this region, in addition to the above fish,
Trematomus hansoni and Bathyraja sp. were also relatively abundant (Table 4, pisces nei
column).

The South Orkneys shelf, with an area of 30,000 km?, has a relatively large area that has
deeper waters with depths from 200 to 500 m. The fish group consists of:

Champsocephalus gunnari,

Gobionotothen gibberifirons,

Chionodraco rastrospinosus,

Chaenocephalus aceratus,

Pseudochaenichthys georgianus.

In comparison with the regions described above, the greatest density was observed much
deeper at 300-400 m.

The Elephant Island shelf has a much smaller area (10,000 km?), and the percentages
from the five depth zones are more uniform than in the other regions. High density benthic fish
include:

Gobionotothen gibberifirons,

Champsocephalus gunnari,

Chaenocephalus aceratus,

Chionodraco rastrospinosus,

Notothenia coriiceps neglecta.

The 100-200 m layer was inhabited most frequently. However, the deeper parts of the
shelf were also characterized by high density. Relatively high concentrations of Cryodraco
antarcticus and Trematomus eulepidotus (Table 4, pisces nei column) were observed in the
area.
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The Joinville Island shelf (40,000 km?) has the highest percentage of deep areas (from
300 to 500 m). Widely occurring fish include:

Chaenodraco wilsoni,

Chionodraco rastrospinosus,

Gobionotothen gibberifirons,

Notothenia coriiceps neglecta.

The highest fish density was observed in the 200-300 m layer. Similarly to the Elephant
area, higher numbers of Trematomus eulepidotus and Cryodraco antarcticus were observed.
Their density in both regions ranged from 100 to 200 kg per km? of sea bottom.

The South Shetlands shelf (25,000 km?) has a relatively large number of shallow areas,
0-100 and 101-200 m, which are inhabited by higher densities of fish:

Gobionotothen gibberifirons,

Chionodraco rastrospinosus,

Chaenocephalus aceratus,

Champsocephalus gunnari.

The greatest fish densities were observed in the 200-300 m layer, an area which consti-
tutes only 15% of the shelf. Of the fish which are in the pisces nei column in Table 5, the
bathypelagic species Gymnoscopelus nicholsi was relatively numerous, and in 1980-81 it ap-
peared near the bottom at depths of 300-400 m. Its density was 650 kg - km™.

The shelves of the Palmer Arch. (40,000 km?) and Biscoe Is. (50,000 km?) archipelagos
have a high percentage of deep areas, 300-500 m. The species composition of widely occurring
fish was determined from a one-time investigation that was carried out in February 1979.

The multi-species composition of fish near Palmer Island was represented by the fol-
lowing:

Chionodraco rastrospinosus,

Lepidonotothen kempi,

Chaenocephalus aceratus,

Gobionotothen gibberifrons.

Near Biscoe Island, widely occurring fish were:
Pleuragramma antarcticum,
Lepidonotothen kempi.
In both regions, high densities of these fish were observed in the 300-400 m layer.

DISCUSSION

Characteristic features of Antarctic ichthyofauna include: a relatively low number of species -
272 according to Gon and Heemstra (1990), highly developed endemism — about 95% of the
species are related to the Southern Ocean (Kulesz 1998), the largest number of species inhabit
the benthic coastal areas (63.2%) (Eastman 1993). Only a few species occur in greater densities,
however, their relatively small biomass constitutes an important element in the Antarctic marine
trophic chain.
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Based on the results of investigations which were carried out from the R/V ProFEsor
SiEDLECKI in 1975-89, 14 fish species were identified that formed higher densities in the west-
ern Atlantic Ocean Antarctic Area of the western Antarctic. Additionally, their densities near
the sea bottom were determined and expressed in the form of biomass per 1 km? of sea bottom.

Champsocephalus gunnari is a species endemic to the Antarctic. It appears around the
islands in the Scotia Sea, in the northern part of the Antarctic Peninsula, and around the Bouvet,
Kerguelen and Heard islands. It usually inhabits the bottom zone, however, it also feeds in the
pelagic zone (Iwami and Kock 1990). The results of the investigations described above indi-
cate that it is widely distributed throughout the AOAA, the highest densities were confirmed on
the shelves of the South Georgia, Shag Rocks and South Orkneys and Elephant islands (appen-
dix 1). In the other areas, this species was observed in amounts lower than 100 kg - km2; it was
not observed at all near Biscoe Island.

Chaenocephalus aceratus is a species endemic to the Antarctic which inhabits areas near
Bouvet Island and the islands in the Scotia Sea as well as the shelves in the northern part of the
Antarctic Peninsula (Iwami and Kock 1990). In the area investigated, it was observed in almost
all regions, however, its density was lower than that of Champsocephalus gunnari (appen-
dix 2). Only near the Palmer Archipelago was this species more abundant than
Champsocephalus gunnari.

Pseudochaenichthys georgianus is also an endemic Antarctic species. It is observed
only in this part of the Southern Ocean near the islands in the Scotia Sea and on the shelf of the
northern part of the Antarctic Peninsula (Iwami and Kock 1990). In the area investigated,
its density was higher only on the shelves of South Georgia and the South Orkneys (appen-
dix 3).

Chionodraco rastrospinosus is an endemic Antarctic species whose occurrence was only
observed near the South Orkneys and on the shelves of the islands in the northern part of the
Antarctic Peninsula (Iwami and Kock 1990). The current research indicates that the greatest
concentrations of these fish are observed on the west shelf of the South Orkneys and the shelves
of the Joinville and South Shetlands islands (appendix 4).

Chaenodraco wilsoni inhabits areas around the Antarctica, near the continental shelf and
more to the north, near the South Orkneys and the Antarctic Peninsula (Iwami and Kock
1990). The investigations in the AOAA revealed that significant concentrations of these fish
were observed only on the shelf of Joinville Island (appendix 5).

Notothenia rossii is widely scattered throughout the Antarctica (De Witt et. al., 1990).
Two subspecies can be identified: N. rossii rossii Richardson, 1844 which inhabits Subantarc-
tic islands in the Indian Ocean area, and N. rossii marmorata Fischer, 1985 which inhabits the
region which is discussed in this paper (Fischer and Hureau 1985). During the investigations,
greater densities of N. rossii marmorata were confirmed only on the southeast shelf of South
Georgia (appendix 6). This species occurred sporadically near the South Orkneys and in the
northern part of the Antarctic Peninsula.

Notothenia coriiceps occurs in the coastal area around Antarctica, on the shelves of the
Antarctic Peninsula and the islands in the Scotia Sea (De Witt et al., 1990). The subspecies
N. coriiceps neglecta Nybelin, 1951 is associated with the AOAA (Fischer and Hureau 1985).
During the investigations, it did not form great concentrations. Only in the small areas of Joinville
Island and the South Shetlands was it observed at a density of 100-200 kg per 1 km? of sea
bottom area (appendix 11). This species was not observed near South Georgia or Shag
Rocks.
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Gobionotothen gibberifrons occurs only in the AOAA near the islands of the Scotia Ridge
and on the shelf of the northern part of the Antarctic Peninsula (De Witt et al., 1990). This
species was the most common in the investigated area and it inhabited all the shelves with
relatively high densities. Its greatest densities were observed on the eastern shelf of South
Georgia, the northeastern shelf of the South Orkneys and on the shelf of Elephant Island (ap-
pendix 7).

Lepidonotothen squamifrons occurs in the Antarctica and on the shelves of the subant-
arctic islands (De Witt et al., 1990). The populations which occur near South Georgia and the
islands of the Scotia Ridge are regarded by some taxonomists as the subspecies Notothenia
squamifrons atlantica Permitin and Sazanow, 1974 (Fischer and Hureau 1985). During the
investigations, their density was rather low in comparison with that of other species. Only in the
southern part of the South Georgia shelf was a concentration of significant density confirmed —
over 5,000 kg per 1 km? of sea bottom area (appendix 8).

Lepidonotothen kempi, according to De Witt et al., (1990), occurs around the Antarctica.
During the investigations, it was only observed on the shelves of the Antarctic Peninsula and
the South Orkneys (appendix 12).

Dissostichus eleginoides is a species that occurs on a wider scale. It is fished in the
southern waters of Chile, Patagonia, and the Falkland Islands and near Shag Rocks and South
Georgia (De Witt et al., 1990). In the investigated area, concentrations of it were observed near
Shag Rocks and South Georgia (appendix 9). The higher density of this species was observed
on the shallow shelf of Shag Rocks. The region of South Georgia this species occurred in
concentrated schools in various parts of the deeper waters.

Dissostichus mawsoni, unlike the similar species Dissostichus eleginoides, is an endemic
form which occurs around the Antarctica up to 55°S (De Witt ez al., 1990). During the investi-
gations carried out from the R/V Proresor SIEDLECKI, only small concentrations of this species
were observed and their densities were 100 kg per 1 km? of sea bottom on the shelves of the
islands in the northern part of the Antarctic Peninsula (appendix 9), mainly in the deeper parts.

Patagonotothen guntheriinhabits the Atlantic slopes of the Patagonian regions the Falkland
Islands, Burdwood Bank and the Shag Rocks shelf (De Witt e al., 1990). The population
which inhabits the Shag Rocks shelf is regarded as a subspecies of Patagonotothen guntheri
shagensis Baluskin and Permitin 1982 (Fischer and Hureau 1985). This species was ob-
served during the investigations only on the Shag Rocks shelf, where it formed dense con-
centrations.

Pleuragramma antarcticum is an endemic species which occurs in the pelagic waters
around Antarctica and on the shelves of the islands located near the Antarctic Peninsula and the
South Orkneys (De Witt ef al., 1990). Significant concentrations were observed during the
investigations only in February 1979 near Biscoe Island (appendix 13).

The list of high density species represent only two of the 33 families reported in the
analyzed area, namely Channichthyidae and Nototheniidae (Kulesz 1998).

The majority of the species which occur in the AOAA on a wide scale are endemic to this
area. Only three species have wider range that exceeds the Antarctic Polar Front zone in the
north, these are: Dissostichus eleginoides, Lepidonotothen squamifrons and Patagonotothen
guntheri.

Of'the endemic Antarctic species which occur widely in the AOAA, Champsocephalus
gunnari, Chaenodraco wilsoni, Lepidonotothen kempi, Dissostichus mawsoni and
Pleuragramma antarcticum also occur in other Antarctic areas. However, Chaenocephalus
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Dissostichus eleginoidesSouth Georgi
Patagonotothen guntheri

Champsocephalus gunnari
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Pseudochaenichthys georgianu
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Fig. 5. Fish species which occur massively in the benthic zone in the Atlantic Ocean Antarctic Area

aceratus, Pseudochaenichthys georgianus, Chionodraco rastrospinosus and Gobionotothen
gibberifrons were observed only in the AOAA.

The AOAA is divided into two sub-areas according to the Andriashev zoogeographic
division of 1965 (Andriashev 1965), and updated by him in 1987 (Eastman 1993), and by
Kock (1992). The first area includes the shelves of Shag Rocks and South Georgia, known as
the South Georgia Province or the Ice-free Zone, where Dissostichus eleginoides and
Patagonotothen guntheri, two species not found in other regions, occur abundantly. The sec-
ond sub-area includes the shelves of the South Orkneys and the islands adjacent to the Antarc-
tic Peninsula, known as the West Antarctic Province or the Seasonal Pack-ice Zone, where six
fish species that are not found in the first sub-area occur massively. These are: Chionodraco
rastrospinosus, Chaenodraco wilsoni, Notothenia coriiceps, Lepidonotothen kempi, Dissstichus
mawsoni and Pleuragramma antarcticum.

The remaining six species of the 14 investigated, i.e. Chamsocephalus gunnari,
Caenocephalus aceratus, Pseudochenichthys georgianus, Notothenia rossii, Gobionotothen
gibberifrons and Lepidonotothen squamifrons, were observed in both sub-areas (Fig. 5).

Andriashev and De Witt (Eastman 1993) reported that the greatest number of fish spe-
cies which inhabit the Antarctic shelf occurs at depths of 200-400 m. Their research also indi-
cated that the shelves at these depths have the greatest density of massively occurring fish
species.

The distribution and diversity of the densities of fish of particular species at particular
shelves of the AOAA results in differentiated ichthyocenosis of major species (in terms of
density). The percentage of particular species in groups of fish in various fishing grounds
fluctuates temporally. However, over a longer period of time certain regularities are detectable
and are presented in this paper.

In general, the shelves of particular islands of various areas have regions of lower or
higher fish density (Fig. 2). The largest and most densely inhabited is the South Georgia shelf,
followed by the South Orkneys shelf. The shelves of the islands located near the Antarctic
Peninsula have a lower fish density. The tendency is southerly. The high density observed near
Biscoe Island must have been a one-time event.
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Appendix 1

Champsocephalus gunnari density
on the shelves of the Atlantic Ocean Antarctic Area
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Appendix 2

Chaenocephalus aceratus density
on the shelves of the Atlantic Ocean Antarctic Area
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Appendix 3

Pseuochaenichthys georgianus density
on the shelves of the Atlantic Ocean Antarctic Area

50 48 46 44 42 40 38 36 34 32 30

Pseudochaenichthys georgianus 50
51
Density [ kg-km? ]
Shag Rocks 52
> 5000 oTo South Georgia 53
2001-5000 [IIES i
54
1001-2000
501-1000 + 55
+
201-500 56
101-200 57
+ <100
) 0 58
70 68 66 64 62 60 58 56 54 52 59
‘ ‘ T T T 1 South Orkneys Is:
[ Elephant Is. + 60
o
> + o[+
& 61
& ++ EEaEs
o | [F[F[+o
o 62
< +o 0j0 Joinville Is
|| +[+ | olo ) o3
Palmer’s Arch, % oo
P L 64
[9)
O
& 0 65
0 [
0 L 66
0 =
/ # /[ 67
[ | 68




BULLETIN OF THE SEA FISHERIES INSTITUTE
1 (152), 10 June 2001

{

Environmental factors controlling primary production
in the Polish part of the Vistula Lagoon

Henryk Renk, Stanistaw Ochocki, Mariusz Zalewski
and Henryk Chmielowski
Sea Fisheries Institute, KoHataja 1, 81-332 Gdynia, Poland

Abstract This work presents the characteristics of some environmental factors influencing primary
production and chlorophyll a distribution of the Polish part of the Vistula Lagoon based on inves-
tigations that were carried out between April and November 1999. Due to the significant temporal
and spatial variability of nutrient concentrations, the average values of particular parameters were
derived in order to describe the hydrochemical conditions. The highest nutrient concentrations
occurred near the outlets of the Nogat River and the Elblag Canal. The highest N/P ratio, on
average about 20, was also observed in these areas, whereas the average N/P ratio for the entire
Polish part of the Vistula Lagoon is about 6. A significant decrease in nutrient concentration,
especially of nitrates and ammonia nitrogen, was observed when the results of the current investi-
gations were compared with those from 1975-1978. The transparency of the lagoon waters has
also decreased. The average chlorophyll concentrations were estimated to be about 43.5 mg - m™.
The chlorophyll distribution in the Vistula Lagoon was described, and the primary production rate
was determined. Additionally, the monthly primary production was derived. The average annual
production was estimated to be 303.8 gC m?- y!. A dependence between the photosynthetic rate
and the phosphate concentration was noted.

Key words: nutrients, chlorophyll a, transparency of water, primary production, photosynthetic
light curves, Vistula Lagoon

INTRODUCTION

The Vistula Lagoon plays an important role in many areas of the Polish economy; its most
significant aspects are fisheries, natural and recreational resources. This is why hydrological,
biological and ichthyological investigations have been carried out in this area for a number of
years. The bibliography regarding the lagoon is extensive (Anon. 1978) and includes monographs
(Lazarienko and Majewski 1975). However, almost no biological investigations of primary
production and its environmental conditions have been carried out in this area. Many of the
problems connected with the biological production of the Vistula Lagoon cannot be explained
with the current state of knowledge. The lack of the data regarding primary production is
especially disadvantageous when attempting to use mathematical models to describe and explain
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the functioning of the Vistula Lagoon ecosystem. The aim of this work is to evaluate primary
production and chlorophyll @ distribution in the Vistula Lagoon and the impact of chemical and
physical parameters on phytoplankton production.

THE AREA OF INVESTIGATION

The Vistula Lagoon is located in the south-eastern part of the Gdansk Bay. It is separated from
the Baltic Sea by a sandy spit 55 km long and about 400 m wide. The lagoon has an elongated
shape, extending from the south-west to the north-east for 91 km and an average width of about
9 km. The area of the Vistula Lagoon is 838 km?, of which 365 km? belongs to Poland. The
volume of water in the lagoon is about 2.3 km?, the mean depth is 2.7 m, and in the Polish part
of the lagoon it is 2.4 m. The catchment area of the Vistula Lagoon is about 24,000 km?. The
rivers Pregel, Nogat, Pasleka and the Elblag Canal discharge about 17 km? of fresh water to the
lagoon yearly. The lagoon is connected with the Baltic by a narrow strait. The temporal inflow
of salt water from the Baltic influences the salinity of the lagoon water. The average salinity of
the southern part of the lagoon is about 1.5 PSU, in the central part it is 3.3 PSU and in the part
near the Baltic Strait it is 3.9-5.0 PSU. The investigation area and the location of 16 sampling
stations in the Polish zone of the Vistula Lagoon is presented in Fig. 1.

54.45+

54.40

54.35-

54.30

54251

19.30 19.40 19.50 19.60 19.70 19.80

Fig. 1. Location of measurement stations in the Vistula Lagoon
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MATERIALS AND METHODS

The investigations were carried out 14 times, between April and October in two week intervals
and once in November. The following parameters were usually measured at all the stations:
water temperature, salinity, chlorophyll a concentration and the Secchi depth. Nutrient
concentrations (phosphates, nitrates, nitrites, ammonia, silicates), light attenuation coefficient,
amount of solar radiation and photosynthetic light curves were determined each time at 3 to 5
stations. Measurements of in situ primary production were carried out at station 20.

All measurement procedures were carried out in accordance with those recommended for
Baltic Sea investigations by the Helsinki Commission (Anon.1988), specifically, measurements
of primary production by the radioisotope method using '“C isotope (Steemann Nielsen 1952,
Aertebjerg Nielsen, Bresta 1984) and those of chlorophyll by fluorimetric methods (Evans
et al. 1987). Chlorophyll a concentrations were measured on the surface and at the depth of
1.5 m, and the results presented in this paper are the averages of these measurements. The
measurements of in situ primary production were performed throughout the water column from
0.2 to 2.2 m every 0.25 m. The measurements of primary production for determining the pho-
tosynthetic light curves were carried out in an incubator for phytoplankton from the surface
water. The light attenuation coefficient was derived from the results of scalar irradiance (in the
visible light spectrum) measurements throughout the water column from the surface to 30 cm
above the sea bottom.

The methodology for deriving the so-called photosynthetic light curves is described in
Renk et al. 1999. Two types of curves were assigned to the experimentally derived dependence
of the photosynthetic rate versus irradiance (Aalderink and Jovin 1997).

* The light curve proposed by Steele (1962) for the North Sea, which is also used for the

Baltic Sea (Renk et al.1999), is as follows:

R, = ANCE @xpt-£) [1]
ES ES
where:

P, — photosynthetic rate described as the ratio of primary production over one hour

to chlorophyll a concentration 0 mgC B
H%gChl[h 0

E — irradiance [kJ-m? - h''], AN — assimilation number J_mMgC o
H;igChl[hD

E_— photosynthetic saturation irradiance [kJ - m? h'].

* The hyperbolic light curve was of the following type:

Ph:ADi [2]
B+E

A — Asymptotic value of the photosynthetic rD mgC B

, (hypothetical maximum
Chd

photosynthetic rate achieved at very high irradiance).

B —irradiance value at which, = g .
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Primary production was determined either in sifu or by using the parameters of the light
curve in equation [1] and essential data from environmental investigations, including chloro-
phyll @, the light attenuation coefficient in the water and the daily dose of solar radiation. The
following dependencies were used in the calculations:

— PAR (Photosynthetically available radiation) = 0.46 of total radiation

(Sakshaug et al. 1997),

—water surface transmission in the Vistula Lagoon = 0.96 (Baker and Frouin 1987).

The procedure is described in detail in Renk and Ochocki (2000).

Other methodology details can be found in Glowinska et al. (1975), Grasshoff et al. (1983).

RESULTS

Hydrochemical conditions
The Vistula Lagoon is a brackish reservoir and its salinity varies significantly. The average
salinity in the Polish area of the Vistula Lagoon during the investigations was about 2.40 PSU,
although it was lower in the south-western lagoon and higher in the eastern part near the Russian
border. Table 1 presents the salinity at three different stations in the lagoon. The lagoon is a
shallow reservoir and intense mixing occurs resulting in water temperatures that are similar in
its different parts. In order to characterize seasonal variations of water temperature in the lagoon,
the average temperature from several stations was used. The seasonal variations of the water
temperature in the Vistula Lagoon are presented in Fig. 2.

Nutrient concentrations in the lagoon varied significantly, both spatially and temporally.
During the vegetative season, and especially during the spring phytoplankton bloom, the con-

25

TN
20 \/
15 /

oy N

Apr. May June July Aug. Sept. Oct. Nov.

Temperature [°C]

Month

Fig. 2. Seasonal changes of water temperature in the Vistula Lagoon
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Table 1. Average and extreme values of salinity [PSU] at three stations in the Vistula Lagoon in 1999

Station | Average sallinity SD Minimum (date) Maximum (date) n
12 1.52 0.92 0.90 (7. July) 2.41 (13. October| 1(
15 2.40 0.58 1.50 (20. July, 3. August.) 3.35 (12. October) 15
5 3.30 0.86 2.15 (19. April) 4.89 (20. June) 11

Table 2. Average concentrations of nutrients for the entire investigated area during particular cruises

PO, NO. NOs NH4 Si
. CmmolPO CmmoINO CmmoINO CmmolN O Cmmol O
Crise| Date | n \Fo | Fwfl | w8 | G § | Bwa | WP

1 28.04 6 0.25 0.16 1.74 0.17 81.2 26.83
2 11. 05 4 0.70 0 0.05 1.52 81.9 8.30
3 25.05 5 1.33 0.56 0.56 0.78 77.0 0.53
4 8. 06 5 1.10 0.26 0.07 0.25 89.1 0.45
5 20. 06 5 0.99 0.07 0.16 0.27 84.2 0.67
6 7.07 5 1.66 0.12 0.39 0.37 84.1 0.84
7 20. 07 5 0.91 0.07 0.28 0.57 86.0 1.81
8 24.08 5 0.96 0.03 0.31 0.31 92.8 0.71
9 7.09 5 0.46 0.06 0.22 0.05 124.8 0.81
10 28.09 3 0.95 0.04 0.17 0.01 113.9 0.24
11 12.10 5 1.55 0.19 0.77 2.87 112.9 3.23
12 26.10 6 0.71 0.27 3.37 0.01 107.7 4.90
13 16. 11 3 0.82 0.25 2.65 0.09 104.6 3.60
14 30.11 3 1.94 0.64 12.56 4.64 66.6 10/37

Average 0.98 0.11 0.75 0.58 93.4 6.34

centration of some nutrients fell below detectable limits. The average nutrient concentrations
obtained at several stations during particular cruises are presented in Table 2.

The phosphate concentrations in the Vistula Lagoon were relatively high varying from
0.25 to 1.96 mmol - m™. Table 2 shows that, during the investigation period, the highest phos-
phate concentrations occurred in May-July and in fall, while the lowest were observed in April.

Concentrations of various forms of inorganic nitrogen in the vegetative season varied
from zero to high values of approximately several mmol in 1 m?, with the exception of station
12 where the highest nitrate concentrations occurred. Significant variations were observed at
the different stations (Table 3). The distribution of particular forms of inorganic nitrogen clearly
indicates that river waters are the main source of inorganic nitrogen in the Vistula Lagoon.
Observations of temporal variations of different forms of inorganic nitrogen indicate that the
highest levels occurred in October and April. During the vegetative season (from April to
October) the average concentrations of various forms of inorganic nitrogen fluctuated around
the following values: nitrites — 0.11 mmol - m™; nitrates — 0.75 mmol - m3; ammonia nitrogen
—0.58 mmol - m™. The average ratio of inorganic nitrogen to phosphorus in the Vistula Lagoon
during the vegetative season is low. Only near Elblag is the N:P ratio greater than 16:1 which is
commonly regarded as the optimum for phytoplankton development (Redfield et al. 1963).
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Table 3. Average concentrations of nutrients at particular stations for the period betwen April and October

PO NO:2 NOs NHa Si
. CmmolPO EmmolN O EmmolN O EmmolN U Emmol O
Station E’m_:‘lg omd E omd E O md E E’m_:‘lg N/P n
20 0.76 0.07 0.42 0.71 99.88 4.6( 11
15 1.11 0.07 0.30 0.44 101.13] 1.27 11
12 0.64 0.15 2.84 0.88 92.43 20.01 7
8 1.32 0.24 0.31 0.75 93.03 1.45 1Q
5 0.94 0.08 1.02 0.28 84.29 1.87 1Q
1 0.75 0.08 0.27 0.47 97.82 0.94 7
mean [V-X 0.94 0.11 0.75 0.58 94.95 6.34 56
n = number of data
Table 4. Average and extreme chloroplaytloncentrations,
Secchi depths and irradiance attenuation coefficients in particular months
Average Max Min SD Secehi k
Month mg- | [mg- ] | [mg- m] | (mg- m] | " PEO I pmy
May 1998 34.5 64.7 16.7 11.0 24 0.39
June 1998 39.1 70.6 20.3 13.2 29 0.35
July1998 42.8 150.9 22.4 22.4 45 0.48
August1998 44.3 68.9 20.3 13.4 28 0.33
September1998 36.3 66.5 235 14.0 9 0.38
October 1998 51.9 56.8 45.4 5.1 4 0.42
Average in 1998 41.2 16.6 139 0.40
April1999 35.9 93.9 1.9 15.6 32 0.75 2.3p
May 1999 30.6 151.4 4.1 25.3 58 0.37 4.78
June 1999 26.9 72.2 8.7 14.4 63 0.37 3.79
July 1999 54.3 1745 20.8 31.8 38 0.49 2.43
August 1999 86.3 215.6 38.1 40.9 44 0.41 3.54
September 1999 36.0 62.4 13.0 11.2 44 0.47 3/03
October 1999 49.0 80.8 23.6 17.3 32 0.33 4.67
November 1999 37.6 48.7 26.8 6.0 18 0.40 4.86
Average in.1999 43.5 30.2 329 0.48

The silicate concentrations in the Vistula Lagoon are also high (Table 2 and 3). The
average value for the Polish part of the Vistula Lagoon was 93.4 mmol - m~. Deviations of
individual values did not generally exceed 20% of the average value. These deviations do not
allow for the characterization of the regional differences. Table 2 reveals clear tendencies of
time variations. Silicate concentrations oscillate around the average value of 84.5 mmol - m?
from April to August, while from September to November the average silicate concentration
was 107.6 mmol - dm.
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Table 5. Average and extreme values of chloroghgbncentrations and Secchi depths
at particular stations in 1999

Station Chlorophylla [mg - n7] Secchi depth [m]
Average SD Min Max n Average SD Min Max
1 47.7 27.2 19.5 133.5 217 0.39 0.11 0.25 0.55
2 38.5 30.7 13.0 112.9 14 0.39 0.11 0.20 0.55
3 34.9 18.1 12.6 72.2 15 0.41 0.10 0.2 0.5b
4 31.8 14.7 10.8 64.9 15 0.39 0.11 0.2 0.5b
5 33.1 145 16.4 79.6 31 0.45 0.11 0.2 0.70
6 29.1 9.9 15.1 47.9 14 0.36 0.08 0.2 0.5p
7 29.5 13.5 16.2 56.8 13 0.39 0.11 0.2 0.60
8 47.5 22.6 14.9 93.9 25 0.36 0.12 0.2 0.60
9 53.1 37.9 22.7 159.1 17 0.40 0.14 0.20 0.55
10 36.8 18.3 4.1 62.4 17 0.44 0.11 0.2 0.5b
11 38.0 12.0 18.2 60.0 15 0.47 0.11 0.20 0.65
12 45.2 42.2 1.9 154.0 21 0.61 0.44 0.20 2.00
13 47.0 27.4 20.3 107.8 15 0.46 0.14 0.20 0.65
14 84.0 55.2 24.3 215.6 17 0.53 0.14 0.20 0.90
15 47.1 35.7 15.9 174.5 34 0.40 0.13 0.20 0.60
20 42.2 25.1 11.0 118.1 34 0.40 0.10 0.20 0.55
43.0 26.3 329 0.43 0.18

Chlorophylla concentrations

Chlorophyll a concentration is used as the phytoplankton measure in this paper. Chlorophyll
concentrations (average values for the 0-1.5 m layer) in the Vistula Lagoon were high during
the vegetative season in both 1998 and 1999. The seasonal variability of average chlorophyll a
concentrations (average values from all stations in a given month) are illustrated in Table 4,
which also includes extreme values and the standard deviation of the arithmetic average. The
maps in Figs. 3-4 illustrate the chlorophyll-a concentrations in the lagoon, and the average
chlorophyll concentrations derived for particular stations are presented in Table 5. During the
period in question, the highest chlorophyll concentrations occurred at station 14, which is located
near the Elblag River mouth, and is impacted by large amounts of pollution from the city of
Elblag and partially from the agricultural area of Zutawy. Statistical analysis of chlorophyll a
determinations reveals that the average chlorophyll concentrations at the stations located west
of the Krynica Morska - Tolkmicko line are 47.8 mg - m~, while for stations located east of this
line the average chlorophyll concentrations are 37.9 mg - m=. It must also be noted that the
chlorophyll concentrations along the peninsula were lower than those along the mainland coast.
The greatest diversity of chlorophyll concentrations between different stations was observed in
July and August.

Water transparency

Primary production distribution in the water column mainly depends on the distribution of the
light field. The high concentration of both organic and inorganic suspensions in the waters of
the Vistula Lagoon results in strong light attenuation in the water column. The Secchi depth in
the lagoon is low ranging from 0.2 m to 2 m, with an average of 0.43 m (Tables 4 and 5). In the
southwestern part of the lagoon the average Secchi depth was 0.40 m, and in the northeast it
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y=1.107*x+1.038

k [m?]
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Fig. 5. Relationship between the of diffuse light attenuation coefficient and Secchi depth

was 0.47 m. The light attenuation coefficients in the Vistula Lagoon vary significantly from
1.5m™ to 7m"!. The average downward irradiance attenuation coefficients in various months
are presented in Table 4. The greatest standard deviations of Secchi depth were observed at
station 12 (Table 5); this indicates the greatest variations of this parameter. Fig. 5 illustrates the
dependence between the light attenuation coefficient and the reciprocal of the Secchi depth.
The straight line in the figure represents the following equation:

_ 1107

k==""+1.038 3]
S

where :

k = diffuse attenuation coefficient of downward irradiance PAR
S = Secchi depth.

Photosynthetic light curves

Empirical examples of photosynthetic rate-irradiance dependence for the phytoplankton of the
Vistula Lagoon are presented in Fig. 6. The equation coefficients [1] and [2], which are used to
describe the dependence of the photosynthetic rate on irradiance, have been derived using the
least squares method based on measurements of the photosynthetic rate under various irradiance
conditions. The calculated coefficients of these equations are presented in Table 6. The type [1]
curve, which shows the characteristic maxima of the photosynthetic rate at optimum irradiance
and a decrease in the photosynthetic rate at very high irradiance, is the most typical photosynthetic
rate-irradiance dependence observed in the Vistula Lagoon. The type [2] curve for high irradiance
runs toward the asymptotic value 4, without considering the photosynthetic inhibition
phenomenon, which occurs in the near surface layer (0-0.5 m) of this basin. The correlation
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Fig. 6. Light curves of photosynthesis. Continous line — equ. [1], doted line — equ. [2]

coefficients (Table 6) between the results of measurements and particular values expected from
equations [ 1] and [2] for the type [1] curve are usually higher than for the type [2] curve. This
means that in the Vistula Lagoon the type [1] curve better describes the dependence of the
photosynthetic rate on irradiance than does the type [2] curve. Thus, in further calculations,
especially in the case of primary production, the maxima of the photosynthetic rates AN and the
saturated irradiance £ obtained from equation [1] were applied.

The assimilation number, which is the maximum photosynthetic rate that occurs at opti-
mum irradiance, varies seasonally. The assimilation numbers in the Vistula Lagoon during the
investigation period varied from 1.72 to 7.94 mgC - mgChl! - h"!. The average photosynthetic
light curves in various seasons for phytoplankton in the Vistula Lagoon are presented in Fig. 7.
The greatest values of assimilation numbers were observed in summer and much lower in
spring and fall.

The seasonal variability of the assimilation numbers presented in the figure is related to
temperature variations, among other factors. Fig. 8 presents the dependence of assimilation
numbers on temperature. This dependence may be disturbed by the impact of other factors on
the assimilation number, including variations of nutrient concentrations, phytoplankton species
composition, and others. Correlations were confirmed between the assimilation numbers at in
situ temperature and phosphate concentrations (Fig. 9). The curve in Fig. 9 was derived using
the least squares method and in accordance with the Michaelis-Menten equation (with correla-
tion coefficient £ = 0.64) and is as follows:

AN=536_% (4]
0.15+ x

where:
x = phosphate concentrations.
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Table 6. Parameters of the photosynthetic light curves

E E E
K Chl fom AN EEeXle_E_sH hEAETE
. mg AN E. A B
Station| Date [ Bﬂ_aﬁ g mgC S Okl O O mgC O| Ok O ;
fmgchithd | Fn? ] fmgchithd | Hn? thH

20 | 04.28| 256| 5066 2.48 2772 0.99 3.25 97l5 0
15 | 04.28| 1.77| 2430 1.72 3237 1 2.42 1356 0
12 | 04.28| 1.16 1.50 2.61 359.6 0.99 457 1748 0
20 | 11.05| 597| 4138 2.25 390.7 0.99 3.29 1819 0
15 | 11.05| 597 31.96 4.03 330.7 0.99 5.85 1431 0
5 11.05| 4.18| 3893 5.98 571.2 0.99 10.58 3368 0
20 | 25.05| 4.03| 2044 4.97 342.8 0.99 6.72 1192 0
15 | 25.05| 533| 15091 7.35 3445 0.97 10.7¢ 1510 0
12 | 25.05| 245| 1052 7.94 390.4 0.95 13.03 2136 0
20 8.06 | 3.65| 2165 4.09 406.6 0.99 6.30 1907 0
15 8.06 | 3.01| 17.97 4.38 377.4 0.99 6.64 1737 0
5 8.06 | 3.85| 16.43 5.70 3775 0.99 8.76 18217 0
20 | 21.06| 3.69| 19.21 5.20 412.8 0.99 8.09 1973 0
15 | 21.06| 4.77| 19.38 4.87 387.0 0.95 5.82 868 0
12 | 21.06| 325| 2500 4.32 382.4 0.99 6.48 1706 0
20 7.07 | 268| 3650 4.86 695.7 1 10.08 5095

15 7.07 | 207| 2758 5.30 7447 1 9.84 4697

12 7.07 | 207| 2758 3.39 338.4 0.99 4.93 1456 0
20 | 20.07| 3.48| 47.04 7.13 507.8 0.97 12.76 3103 0
15 | 20.07| 241 17453 3.37 453.4 0.98 5.83 2661 0
5 | 20.07| 234| 4055 4.97 533.1 1 8.63 306/2 0.
20 3.08 | 420| 118.70 5.20 426.1 0.99 8.54 22713 0
15 3.08 | 429| 112.93 5.62 631.7 1 10.23 3884

12 3.08 | 4.19| 154.00 6.15 597.0 0.99 11.84 4073 0
20 | 24.08 62.45 5.30 384.0 1 7.91 1692 0.
15 | 24.08 4451 4.44 361.6 1 6.37 1467 .
5 | 24.08 38.12 3.94 286.7 0.99 5.09 92.9 0.
20 7.09 | 231| 3893 3.84 435.0 0.99 5.84 1960 0
15 7.09 | 245| 29.20 2.90 328.8 1 3.93 1173 0
12 7.09 | 220| 3163 2.79 412.9 1 4.24 1866

20 | 28.09| 471| 34.06 4.47 331.4 0.99 6.04 1167 0
15 | 28.09| 4.16| 47.04 3.46 2711 0.99 4.36 836 0
5 | 28.00| 380| 3082 5.27 317.6 0.99 6.83 1105 0
20 | 12.10.| 7.37| 7315 2.36 220.6 0.99 2.59 441 0
12 | 12.10.| 7.71| 53.90 2.18 220.1 0.99 2.38 44)3 0
20 | 26.10.| 299| 24.33 2.88 205.4 0.99 3.02 3501 0
15 | 26.10.| 3.40| 31.63 2.78 218.2 0.98 3.01 411 0
5 | 26.10.| 240| 2361 2.95 238.7 0.99 3.56 70 0
20 | 16.11| 7.81 36.5 3.04 203 0.95 3.15 33.5 0.
15 | 16.11| 5.22 36.5 1.88 217 0.98 2.07 451 0.
20 | 30.11| 3.67 27.6 1.89 177 0.98 1.63 22.8 0.
15 | 30.11| 272 38.9 1.28 179 0.95 1.24 22.8 0.
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Fig. 7. Light curves of photosynthesis in phytoplankton of the Vistula Lagoon in different seasons. Parameters of
the light curve equations — see table 9.
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Fig. 9. Relationship between assimilation number and phosphate concentrations in the period from April to November

The above test reveals that at low phosphate concentrations, about 0.15 mmol - m?, the
assimilation numbers are equal to the half of the maximum value (asymptotic), i.e. 2.68 mgC
-mgChl'- h'l. This means that at phosphate concentrations of about 0.2 mmol - m= or lower,
primary production limitation may occur as a consequence of phosphate deficiency. In 1999 no
correlation was observed between the assimilation numbers and the concentrations of other
nutrients, such as nitrates, nitrites, ammonia, or silicates.

Primary production

The vertical distribution of primary production in various seasons is illustrated in Fig. 10. The
greatest rate of primary production usually occurs in the surface water layer, to a depth of about
0.4 m, or, in cases of low irradiance, directly at the surface. The values of the daily primary
production in a 1 m? unit area, presented in Table 7, were derived in the following ways:

A — from in situ measurements at station 20 [Prod. = ]

B — based on the photosynthetic light curve and the necessary environmental parameters
for particular stations: chlorophyll concentration, light attenuation coefficient, daily dose of
solar radiation [Prod. 1

C — from the average values of all parameters, for particular days, i.e. photosynthetic
light curve and the necessary environmental parameters for particular stations: chlorophyll
concentration, light attenuation coefficient, daily dose of solar radiation [Prod. aVemge]. It is
assumed that the latter value refers to the average value for a particular day for the entire Polish
part of the Vistula Lagoon.
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Fig. 10. Vertical distribution of primary production (at noon time) in different seasons

The daily primary production measured in situ shows rather significant variations that are
mainly concerned with accidental irradiance variations. Clear seasonal primary production
variability is also apparent. The greatest primary production in 1 m? unit area occurred in July
and August.

DISCUSSION

The Vistula Lagoon waters are characterized by significant inputs of freshwater. In the western
part of the lagoon the average salinity oscillates around 1.5 PSU and gradually increases towards
the eastern Polish border, reaching a value of about 3.5 PSU. The salinity of the lagoon varies
significantly with inflows of Baltic waters and the intensity of river water input. The comparison
of the current investigation results with those from literature (Szarejko 1959, Roézanska and
Wigctawski 1978) indicates that the state of the lagoon’s salinity has not changed significantly
over a period of several decades. The nutrient concentrations in this basin have, however. The
average values presented by Trzosinska and Zurawleva (1975) as well as by Rozanska and
Wigctawski (1981) vary significantly from the values measured in 1999. In 1975-1978 a
significant increase in nitrate concentrations was observed (Rézanska and Wigctawski 1978,
1981) in comparison with 1954 (Stangenberg 1959). The results of the current research reveal
a very high decrease in the concentrations of particular forms of nitrogen. In comparison with
1978, the nitrate and ammonia nitrogen concentrations during the vegetative season have
decreased several ten-fold and nitrite concentrations have decreased approximately three to
five-fold. Phosphate concentrations have also decreased two-fold. Similarly to previous
investigations, the current research indicates that the Nogat and Elblag rivers are the main
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Table 7. Daily primary production measured and calculated

Irradiation PAR | Prod. measur. Prod. calcul. Prod. average
0OkJ O OmgC O UmgC O UmgC O

Station Date Hn2H Dnlj 2 m% Dnlj 2 m% Dnlj 2 m%

1 2 3 4 5 6

20 04.28 1,488 1,373

15 04. 28 8,700 634 645

12 04. 28 88

20 11.05 369 131

15 11.05 1,438 209 611

5 11.05 339

20 25.05 701 545

15 25.05 4,723 474 674

12 25.05 687

20 8.06 726 614

15 8.06 7,494 685 636

5 8.06 636

20 21.06 825 587

15 21.06 5,527 444 678

12 21.06 751

20 7.07 846 787

15 7.07 3,853 797 1,473

12 7.07 1,149

20 20. 07 1,480 1,902

15 20. 07 9,823 6,496 3,925

5 20. 07 2,144

20 3.08 3,584 3,869

15 3.08 9,663 3,299 3,870

12 3.08 5,052

20 24.08 2,667 2,297

15 24.08 6,458 1,405 1,566

5 24.08 1,164

20 7.09 1,312 1,326

15 7.09 6,633 790 857

12 7.09 841

20 28.09 324 565

15 28.09 4,064 747 606

5 28.09 721

20 12. 10. 2,581 383 383 303

12 12. 10. 250

20 26. 10. 321 279

15 26. 10. 1,422 297 329

5 26. 10. 314

20 16.11 1,257 184 215 146

15 16.11 133

20 30.11 510 158 157 125

15 30.11 86
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sources of nutrient input into the Polish part of the Vistula Lagoon. The river waters, and
especially those of the Elblag Canal, carry significant amounts of nutrients originating from
municipal pollution and fertilizers that are washed off with rainwater. Nutrient concentrations
are also higher at other stations that are located near the mouths of smaller rivers than in areas
that are distant from the river mouths. This means that river waters are the main source of
nutrients. The greatest nutrient concentrations in the Vistula Lagoon, as in the Gulf of Gdansk,
occur near river mouths (Renk ef al. 1976, Pastuszak 1995).

The ratio of inorganic nitrogen to inorganic phosphorus in the water is a very important
parameter in terms of biological production. It is common knowledge that the nitrogen to phos-
phorus ratio in organic matter is 16:1 (in mols) (Redfield et al. 1963). These elements are
consumed in the same proportions during the biological production of organic matter. In the
environment, i.e. water surrounding the cell, this ratio sometimes is very different from the
optimum value (16:1) for biological production. During the vegetative season (April-October)
the mean N:P ratio for all stations of the Vistula Lagoon except station 12 was 1.95:1, whereas
at the station 12, the mean N:P.ratio was 20:1, that means it was higher than the optimal value
for phytoplankton growth. In November, when the production processes slow down, the N:P
ratio increased at all stations.

Using data concerning the river water inflow into the Gulf of Gdansk and the Vistula
Lagoon (Rybinski et al. 1992, Heybowicz et al. 1998), the average N/P ratio was determined
in river waters. The relationship was 25:1 —45:1 in the 1988-1996 period. This indicates that
river waters enrich the Vistula Lagoon with inorganic nitrogen and are the cause of the high
N/P values near river mouths.

According to calculations carried out using the results of Rozanska and Wigctawski (1978,
1981), the average ratio of inorganic nitrogen to phosphorus in the 1975-1978 period was
39.2:1—-67.9:1, while in 1999 the average ratio for all stations was 6.34:1, and only at station
12 was it 20:1, on average. The decrease of nitrogen compound concentrations in comparison
with 1970 levels may be connected with the varying intensity and means of agricultural fertili-
zation.

Silicate concentrations in the Vistula Lagoon were about three to four times higher than
the values presented by Trzosinska (1992) for the Gulf of Gdansk.

During the investigation period, the greatest transparency was found at stations 12 and
14. These results are similar to those of Rozanska and Wigctawski (1978). Comparison re-
veals, however, that the water transparency in the Vistula Lagoon has decreased.

Investigations of chlorophyll distribution in the Vistula Lagoon have not been carried out
for as long as hydrological investigations. The first rather wide-ranging description of the chlo-
rophyll distribution in the Vistula Lagoon was presented by Latata (1978). The average chloro-
phyll concentrations in 1999 do not significantly vary from the comparative values given by
Latata (1978) for 1975, with the exception that in August 1999 there was a clear chlorophyll
maximum (about 200 mg - m™ ) at station 12. The maximum values observed by Latata (1978)
were 120 mg - m™ and they occurred in April, during the spring phytoplankton bloom.

The photosynthetic light curves for the Vistula Lagoon waters can be described by a
similar equation to that used for the Baltic Sea (Renk ef al. 1999). Similarly to the Baltic Sea,
the assimilation numbers in the Vistula Lagoon change seasonally. However, the spring in-
crease and fall decrease of the assimilation numbers occur earlier in the Vistula Lagoon than in
the Baltic Sea. Keeping in mind the dependence of the assimilation numbers on temperature
that was presented earlier in the paper, this phenomenon can be explained by the fact that the
lagoon’s temperature rises in the spring and falls in the fall faster that it does in the sea.
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A relationship between assimilation numbers and phosphate concentrations was observed.
Similar relationships have been observed in the Gulf of Gdansk and the Pomeranian Bay (Renk
etal. 1999). No correlations were observed between the assimilation numbers and the concen-
trations of silicate or inorganic nitrogen compounds. This leads to the conclusion that concen-
trations of these compounds did not affect the primary production in the Vistula Lagoon in
1999.

The application of the parameters of the photosynthetic light curves to analytical calcula-
tions (Renk et al. 2000) of the primary production of the Vistula Lagoon yields results compa-
rable with those obtained with in situ measurements. Fig. 10 shows that the maximum primary
production occurs at a depth range of up to about 40 cm, and at depths exceeding 50 cm a
strong decrease in primary production occurs that is caused mainly by decreased irradiance in
the water column. The average thickness of the euphotic layer in the Vistula Lagoon is signifi-
cantly thinner than that in the Gulf of Gdansk. The primary production per unit water volume,
similarly to chlorophyll concentrations in the lagoon, are much higher than in the Gulf of Gdansk.
As a result, primary production in a 1 m? unit area is almost two times higher than it is in the
Gulf of Gdansk. The productions calculated using the parameters of the photosynthetic light
curves are presented in the last two columns of Table 7.

The average values of primary production by month are given in Table 8. To determine
these values, the averages of the parameters necessary for the calculation of primary produc-
tion, which are also given in the table, were used. The PAR irradiance [n,] was determined
from the model which describes the averaged irradiance for the entire year (Renk 1989). The
average primary production which was derived in this way does not depend on accidental
variations of irradiance caused by cloud coverage or weather conditions. It is also independent
of accidental fluctuations or the patchiness of other parameters which determine the result of
the evaluation of the primary production.

The average annual production in the Vistula Lagoon was estimated to be 303.8 gC -
m - year’!. However, Niedoszytko and Wiktor (1978), based on measurements using the so-
called oxygen method, obtained an annual Vistula Lagoon production in 1974-1975 of
461.3 gC - m* - year!. The question is if the decrease of primary production observed over a

Table 8. Average parameter for calculating the average primary production in particular months

AN ES | niPAR chi DProg . Prod: Prod

Month 0 mgC B E’nl:_JEhE Okl O [rT!I(l] OmgO szg 0O Eﬂzgc t% S ng S

BTMD %H Hﬂjg m* month| Em“quartg
January 1.10 180 730 3.9 15 34 1.1
February 1.20 196 1506 6.2 16 39 1.1 6.7
March 1.68 273 2965 3.4 18 146 4.5
April 2.27 320 5138 2.3 36 766 23.0
May 5.40 395 7333 4.6 31 896 27.8 87.9
June 4.76 391 8735 3.5 33 1238 37.1
July 4.84 546 8550 2.4 54 2529 78.4
August 5.11 448 6805 3.5 86 2723 84.4 188.
September 3.79 350 4323 2.9 36 856 25.7
October 2.63 239 2209 3.9 49 477 14.8
November 2.46 210 938 6.2 37 126 3.8 20.7
December 1.59 178 512 3.6 25 67 2.1
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period of 25 years is only apparent because of a change in estimation method of if there has
been a real decrease in the photosynthetic rate in the Vistula Lagoon resulting from a decrease
in the nutrient concentration, among other reasons. The chlorophyll concentrations over this
period of time have remained on a comparable level. The decrease of water transparency may
explain the decrease of primary production in the Vistula Lagoon.

It can be stated that primary production in the Vistula Lagoon is about two times
higher than in the southern Baltic Sea (Renk and Ochocki 2000), which was estimated as 161
gC-m? - year! in the Gdansk Deep, and 122 gC - m™ - year! in the Bornholm Deep. Indirectly,
based on the chlorophyll a concentrations, it can be assumed that production in the Vistula
Lagoon is comparable to that of the Kuronski Lagoon (Olenina and Kavolyte 1996). The pri-
mary production in the Vistula Lagoon is comparable with the phytoplankton production in the
Szczecin Lagoon (Wiktor 1971) and some Rugia lagoons (Hiibel 1968; Schiewer 1994).
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szukanie danej pracy w systemach komputerowych.

5. Tekst. Objgto$¢ maszynopisu prac kategorii 1 nie
powinna przekracza¢ 40 stron, a kategorii 2 — 15 stron.
W pracach kategorii 1 i 2 stosuje si¢ tradycyjny podziat:
1) wstep, 2) materiat i metoda badan, 3) wyniki badan,
4) dyskusja, 5) bibliografia. Wyniki pomiaréw nalezy
podawac w jednostkach miar przyjgtych w systemie me-
trycznym, a ich skroty — zgodnie z Migdzynarodowym
Uktadem Jednostek Miar (SI).

6. Podzigkowania nalezy ograniczy¢ do niezbgdnego mi-
nimum (inicjaly imienia i nazwisko osoby, do ktorej sa
adresowane, bez wymieniania tytulow naukowych i nazw
instytucji).

7. Bibliografi¢ nalezy zestawia¢ w porzadku alfabetycz-
nym, podajac bezposrednio po nazwiskach autoréw rok
wydania i wymieniajac tylko prace cytowane w tekscie
(np. Kowalski 1990). Tytuly czasopism — w pelnym
brzmieniu. Tytuly prac — w jezykach oryginatu (z wyjat-
kiem tytutow w jezyku rosyjskim wydrukowanych alfa-
betem nietacinskim, np. cyrylica, ktore nalezy przettu-
maczy¢ na jezyk polski lub angielski).

8. Przypisy oznacza si¢ cyfra arabska we frakcji gornej
(...1) 1 numeruje kolejno w catym tekscie, z wyjatkiem
tabel; tre$¢ przypisow — na osobnych stronach.

9. Tabele sa dodatkowym zrodlem informacji; nie nale-
zy powtarza¢ w nich danych wystgpujacych w tekscie
lub na rysunkach. Tabele numerowane, kazda na osob-
nej stronie, musza mie¢ tytul; powotanie na nie nalezy
umieséci¢ w tek$cie. Kazda kolumng w tabeli opatruje
si¢ tzw. ,,glowka” wyjasniajaca zawarto$¢ kolumny. Przy-
pisy w tabelach nalezy oznaczy¢ literami, kursywa, we
frakcji gornej (np. Lata“), a ich objasnienie umiesci¢ pod
tabela.

10. Ilustracje. Obowiazuje kolejna numeracja z przy-
wolaniem kazdego numeru w tekscie. Podpisy pod ilu-
stracjami — na osobnej kartce. Stosowane na rysunkach
skroty, terminy i symbole musza odpowiadaé uzytym w
tekscie. Kazdy rysunek, umieszczony na osobnej kartce
oraz opisany kolejnym numerem i nazwiskiem autora,
po wyskalowaniu musi zmiesci¢ sie w kolumnie; trzeba
to uwzglednic stosujac odpowiednia grubosé linii i wiel-
ko$¢ opiséw na rysunkach. Redakcja przyjmuje wytacz-
nie rysunki wykonane technikg komputerowa (koniecz-
ny wydruk i dyskietka). Prace mozna ilustrowa¢ foto-
grafiami (moga by¢ kolorowe). Laczna objgtos¢ rysun-
kow i zdje¢ nie moze przekracza¢ 30% objgtosci pracy.

ZAPIS TEKSTU NA DYSKIETCE

Plik powinien by¢ zachowany na dyskietce w takim for-
macie, aby umozliwi¢ odczytanie go w programach przez
nas stosowanych. Preferowanym formatem jest Word for
Windows. Rysunki wykonane technika komputerowa
prosimy zapisywac na dyskietce w formacie wykonania.

RECENZIE

Po otrzymaniu recenzji autor jest zobowigzany do po-
prawienia pracy i wyjasnienia na pismie, co uwzglednit
z sugestii recenzenta, a z czym sig¢ nie zgadza i dlaczego.

KOREKTA AUTORSKA

Na wykonanie i odestanie korekty autorskiej przewiduje
si¢ termin 10-dniowy. Na tym etapie nie nalezy dokony-
wac zmian autorskich w tekscie, a jedynie poprawié uster-
ki techniczne.

EGZEMPLARZE AUTORSKIE

Kazdy autor opublikowanego artykutu otrzymuje 1 eg-
zemplarz czasopisma, autorzy prac kategorii 1 otrzymu-
ja ponadto 10 nadbitek swej pracy; kategorii 2 — 5 nad-
bitek.

Adres Redakcji:

Osrodek Informacji Naukowej i Wydawnictw
Morski Instytut Rybacki

ul. Kolfataja 1, 81-332 Gdynia,

tel.: 058 620 17 28 (centrala).



	Main Page
	Contents
	Scientific Papers
	1. Preliminary description of two new species of Cephalopods (Cephalopoda: Brachioteuthidae) from South Atlantic and Antarcti
	2. Status of arrow worms (Chaetognatha) in the southern Baltic Sea
	3. Isolation and some properties of malic enzyme from the abdomen muscle of Antarctic krill Euphausia superba
	4. Fish distribution on the shelves of the Atlantic Ocean Antarctic Area with respect to stock density

	Short Communications
	1. Environmental factors controlling primary production in the Polish part of the Vistula Lagoon

	Instructions for authors
	Wskazowki dla autorow
	About the Bulletin

