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Maria Kosior
01.01.1933 —-20.11.2006

Along with the last issue of the Bulletin of the Sea
Fisheries Institute we sadly bid farewell to Dr. Maria
Kosior, Professor of the Sea Fisheries Institute in
Gdynia and for many years the journal’s scientific
editor. From 1993, she was the editor responsible for
publications from the fields of oceanography and fishery
biology, and from 2001 she was the journal’s scientific
editor. Thanks to her dedication and tireless efforts,
the Polish language version of the Bulletin became an
English language publication of international reach.
This provided foreign authors an opportunity to publish
in the journal, and the articles published often focused
on areas outside of the Baltic Sea region.

Although it would not be an exaggeration to state that for more than a decade the Bul-
letin played an important role in Dr. Kosior’s professional life, this was not at the cost of her
scientific pursuits, to which the whole of her career was dedicated. Her work in the fields of
science and fisheries commenced in 1957 at the Sea Fisheries Institute in Gdynia after she had
graduated from the Department of Fisheries of the Higher School of Agriculture in Olsztyn.

The primary focus of her research was Baltic Sea cod, which is the most important spe-
cies to Polish fisheries. Both her doctoral dissertation, defended in 1976, and her post-doctoral
habilitacja dissertation, for which she received the title of doktor habilitowany in 1993, focused
on the state of cod resources and their management. In the Department of Ichthyology (cur-
rently the Department of Fish Resources), Dr. Kosior also held directorial positions in research
groups including Coastal Fisheries and Ecology and Genetics. She also participated in and led
many research tasks and grants, including doctoral dissertation grants.

Her numerous significant scientific publications formed the foundation for elevating her
to the position of contract professor at the Sea Fisheries Institute in Gdynia. Dr. Kosior was
the first woman to earn all of her scientific titles at the SFI and to achieve such a high position
in the hierarchy of the institute’s scientific staff. She remained dedicated to the Sea Fisheries
Institute until the end of her life.

Maria Kosior was acknowledged repeatedly for her service to marine science by both
the director of the SFI and the Ministers responsible for Fisheries and in 1973 and 1978 she
received the Silver and Gold Badges of Merit for Marine Workers. She received the Golden
Cross of Merit in 1989.

For the younger generation of scientists, Dr. Kosior was the embodiment of competence
in both the preparation and presentation of research results as well as in providing guidance to
those in need. The older generation of institute scientists remembers her as a kind person who
maintained a friendly working relationship with all employees of the institute regardless of their
position and one who always provided assistance discreetly when necessary. As a scientist, Dr.
Kosior was characterized not only by reliability with regard to the duties she undertook but also
by her ability to stimulate the scientific ambitions of younger colleagues and by her co-operation
with all those who valued her knowledge, professionalism, and organizational talents.

The Editorial Board



Dear Readers and Authors,

Regrettably, I must inform you that, due to too few papers being submitted to the
editorial office of the Bulletin of the Sea Fisheries Institute, publication of this
periodical will be suspended for an indefinite period. Although it has been a difficult
decision, I had no alternative.

I would like to take this opportunity to offer my sincere thanks to the members of
the editorial team for many years of hard work editing and publishing the Bulletin.
I would also like extend my gratitude to all of the Scientific Advisors who, despite
their own numerous professional commitments, repeatedly assisted the Bulletin
editorial office in choosing reviewers.

Subscriptions for 2007 will not be renewed, and I would kindly request the recipi-
ents of our periodical, either through interlibrary exchange or subscription, for their
understanding.

Yours faithfully,

Tomasz B. Linkowski
Editor-in-Chief, SFI Director
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Zooplankton-based assessment of the trophic state
of three coastal lakes — Lebsko, Gardno, and Jamno

Ewa Paturej and Anna Gozdziejewska
University of Warmia and Mazury, Oczapowskiego 5, 10-957 Olsztyn, Poland

Abstract. The qualitative and quantitative analysis of the zooplankton of three coastal lakes, Lebsko,
Gardno, and Jamno, was based on materials collected in the 1985-1997 period from June to September. It
was found that the number of zooplankton species, their abundance, and their biomass varied greatly and
were dependent on abiotic factors and lake trophy. An analysis of the structure characteristics of zooplank-
ton as bioindicators of eutrophication in lakes Lebsko, Gardno, and Jamno revealed the presence in the
zooplankton community of numerous species of rotifers and crustaceans, which are considered to be good
indicators of lake trophy. The progressing eutrophication of the lakes was accompanied by a constant in-
crease in the numbers and biomass of Rotifera and Crustacea. In all three lakes the zooplankton abundance
was determined by rotifers and biomass by crustaceans. The zooplankton-related trophic state indices
permitted classifying the lakes examined as meso-eutrophic or eutrophic, with symptoms of polytrophy.

Key words: coastal lakes, estuaries, brackish waters, trophy, zooplankton, zooplankton-related trophic
state indices

INTRODUCTION

In Poland there are between ten and twenty lakes that are in the immediate vicinity of the
Baltic Sea; these are referred to as coastal lakes or estuarine water bodies due to their lo-
cation and the values of their abiotic and biotic indices (Zmudzinski et al. 2002). Key eco-
logical factors affecting the biocenosis of estuarine waters include salinity (Remane 1934,
Guttowa 1956, Rozanska 1964, 1972, Hall et al. 2002), water temperature (Rozanska
1966, Adamkiewicz-Chojnacka ef al. 1985, Rozanska et al. 1985, Zmudzinski et al. 1990,
Szlauer 1996, Paturej et al. 2000), and trophic status (Gliwicz 1969, 1974, 1977, Hill-
bricht-Ilkowska 1977, Matveeva 1991, Rogozin 2000). These factors cause changes in
the qualitative and quantitative composition of zooplankton and influence their densi-
ties (Rotifera and Crustacea) and the occurrence of indicator species. The zooplankton
community is a dynamic system that responds promptly to environmental changes. The
abundance of nutrient salts and water reaction stimulate the development of forms typical
of eutrophic waters, whereas thermal conditions, due to rapid changes in water tempera-
ture and salinity, have a selective effect that inhibits biocenosis development (Chojnacki
1984, Irvine et al. 1990). This is why organisms colonizing brackish lakes must show
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high ecological plasticity (Hall et al. 2002, Telesh 2004). The fauna of brackish waters
is usually characterized by species poverty and is dominated by those resistant to chang-
ing environmental conditions. Communities of euryhaline species of marine, freshwater,
and brackish-water origins are formed, and such species exhibit a broad range of salinity
tolerance (Remane 1934, Remane and Schlieper 1971, Elliott and McLusky 2002).

Although all coastal lakes undergo eutrophication, the degree of the process can
vary greatly. On the one hand, flow-through lakes are liable to eutrophication (from large
amounts of suspended solids, waterborne deposits, the eroded materials carried by rivers
and the sands of migrating dunes), soil erosion, the discharge of municipal, domestic and
agricultural sewage, and tourist traffic and recreation. The catchment areas of such lakes
have an average nutrient retention capacity, and excessive oxygen levels are observed
in surface waters in the summer, which are accompanied by oxygen deficits in bottom
waters (Bajkiewicz-Grabowska 1987, 1990, Kubiak 2003). On the other hand, periodic
intrusions of marine waters to estuaries inhibit eutrophication (Trojanowski 1990, Tro-
janowski ef al. 1991, Cieslinski 2003a,b).

The morphometric and catchment characteristics of lakes Lebsko, Gardno, and Jam-
no, as well as the concentrations of biophilous compounds in the water, indicate their
eutrophic character. These lakes are flow-through water bodies and their catchments are
used for agricultural and recreational purposes, so they are exposed to factors that accel-
erate eutrophication. The trophic status of a lake is also reflected by the species composi-
tion, densities, and biomass of its zooplankton, as well as the relations between particu-
lar ecological groups and biocenotic indices. Zooplankton are good bioindicators of the
physical and chemical conditions of aquatic environments (Gliwicz 1974, Radwan 1973,
1976, Hillbricht-Ilkowska 1977, Karabin 1985a, Matveeva 1991).

The paper presents the results of studies on the dynamics of the species composition,
abundance, and biomass of summer zooplankton in lakes L.ebsko, Gardno, and Jamno as
dependent upon variable abiotic environmental factors. The aim of the study was to test
the hypothesis that changes in the zooplankton communities of coastal lakes, recorded
over an eight-year period, may provide a basis for determining the trophic state of these
lakes.

RESEARCH AREA

In the 1985-1997 period, ecological surveys were conducted in lakes Lebsko, Gardno,
and Jamno (Majewski 1972), the three largest estuaries situated in the Koszalin Coastland
(Kondracki 2002) (Fig. 1). The morphometric characteristics of these lakes are presented
in Table 1.

Lake Lebsko, the largest coastal lake on the Polish Baltic Coast, is the remnant of
a lagoon that comprised the neighboring lakes Gardno and Sarbsko. It is connected to
Lake Gardno by a channel in the western part, and the Leba River flows into this lake
on the southern side. Lake Lebsko is permanently connected to the sea by a stretch of
the Leba River. Due to the inflow of sea waters, a reverse delta has formed at the river
mouth.
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S U O A Fig. 1. Location of Lake Lebsko, Lake Gardno and Lake Jamno
N. ) on the Baltic Coastland.

oKoszalin
16°00" 17°00' 18°00"

Lake Gardno forms an estuary in the course of the Lupawa River, which flows into
this lake in the east and flows out into the Baltic Sea in the northwest near the village
Rowy. The northeastern part of Lake Gardno is connected to Lake Lebsko by a channel
(about 9.8 km in length). Waters from smaller rivers and drainage ditches flow into the
lake in the south.

Lake Jamno is connected to the Baltic Sea by a channel known as the Nurt Jamnenski
(about 500 m in length). The movement of coastal debris periodically blocks the outflow,
and water levels in the lake rise. On the southern side there are two peninsulas which
divide the deep waters of the lake into three parts. Waters from a drainage ditch and the
Strzezenica River flow into the western part, waters from the Dzierz¢cinka River—the
most polluted river in Western Pomerania—flow into the central part, and waters from
the Unies¢ River, which receives effluents from the Sianow region, flow into the eastern
part.
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Table 1. Morphometric characteristics of the coastal lakes Lebsko, Gardno, and Jamno*

Lake
Parameters
Lebsko Gardno Jamno
Latitude 54°43° 54°39° 54°17
Longitude 17°25° 17°07° 16°08°
Height above sea-level (m) 0.30 0.30 0.10
Area:
Water-table surface (ha) 7140 2468 2239
Island area (ha) 0.22 0.06
Catchment area (km?) 1594.0 964.4 510.6
Direct catchment area (km?) 320 126 -
Depth:
maximum (m) 6.3 2.6 3.9
mean (m) 1.7 1.3 1.4
Volume (mln m?) 117.5 30.9 31.5
Dimensions:
maximum length (m) 16370.0 6850.5 10100.0
maximum width (m) 7600.0 4730.0 3400.0
Dzierzecinka
Main tributaries (rivers) Leba Lupawa Strzezenica
Unie$¢

*Unpublished data, Inland Fisheries Institute in Olsztyn (1958-1963)

The water balance in lakes Lebsko, Gardno, and Jamno is affected by the inflow of
fluvial waters rather than that of marine waters (Szmidt 1972). The intensity of the supply
of sea water to the lakes is reflected by differences in water levels (Table 1). According to
Szmidt (1972), marine waters play a significant role in the water balance in lakes L.ebsko
and Jamno, whereas their contribution to the water balance in Lake Gardno is minor. This
was confirmed by Cieslinski (2004), who determined the hydrochemical type of these
lakes based on the ion concentrations in their waters. Lakes Lebsko and Jamno were clas-
sified as chloride-sodium (with the strong impact of marine waters) and Lake Gardno as
bicarbonate-calcium (with the strong impact of fresh waters).

The degree of eutrophication in lakes Lebsko, Gardno, and Jamno depends primarily
on the inflow of fluvial waters. Periodical inflows of sea waters reduce eutrophication
in the estuaries. The rivers Leba, Lupawa, and Dzierzecinka supply over 90% of waters
to these lakes and constitute a serious threat to them as the waters they supply to the
lakes are polluted. In the L.eba River the total nitrogen concentration is 4.4 mg-dm, total
phosphorus is 0.46 mg - dm™, and BOD; is 6.2 mg O, - dm™. In the Lupawa River these
values are 4.9 mg - dm?, 0.51 mg-dm?, and 7.3 mg O, - dm?, respectively, while in the
Dzierzecinka River they are 6.8 mg-dm™, 0.54 mg - dm?, and 11.4 mg O, -dm”. In Lake
Gardno total nitrogen concentration is 3.6 mg - dm™ and total phosphorus concentration is
0.39 mg - dm™. The levels of these elements in lakes £.ebsko and Jamno are 3.3 mg - dm?
and 0.28 mg - dm?, and 5.2 mg - dm™ and 0.44 mg - dm™, respectively (Trojanowski 1990,
Trojanowski et al. 1990, 1991). It follows that a considerable pollutant load is brought to
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the lakes from the land, which disturbs the chemical, biochemical, and biological equilib-
rium in these water bodies.

MATERIALS AND METHODS

Studies of the zooplankton of lakes Lebsko, Gardno, and Jamno (Fig. 1) were conducted
in the 1985-1997 period from June to September. In the 1985-1989 period, zooplankton
samples were collected in the water column with a 5-liter Ruttner sampler at intervals of
every meter from the surface to the bottom or at intervals of 0.5 m at shallow sites. In the
1994-1997 period, the sampler was towed vertically from the water surface to the bottom,
and from 25 to 50 liters of water were collected at each sampling site. The zooplankton
samples were concentrated by pouring through a 60 pm mesh plankton net, preserved
with Lugol’s solution, and then with 2-4% formaldehyde or 40% ethyl alcohol solutions.
Samples were collected at sites representing three habitat types: the zone with low salt
concentrations due to fresh water inflow (1-2 sampling sites), the central part of the lake
(4 sites), and the zone where fresh and marine waters mix (1-2 sites). Water temperature
and Secchi disc visibility were determined at each site, and water was collected for hydro-
chemical analysis (chlorides, oxygen concentration, nitrogen, phosphorus, chlorophyll
a). The analyses were performed with Standard Methods (1976). The number of samples
collected over the experimental period was as follows: Lake Lebsko — 40; Lake Gardno
—43; Lake Jamno — 37 (Table 3).

The abundance of zooplankton (individuals - dm™) was estimated using the Hensen
formula (Starmach 1955). The biomass of rotifers and crustaceans (mg - dm~) was esti-
mated indirectly using reference data and the relationship between body weight and body
length (Starmach 1955, Hillbricht-Ilkowska and Patalas 1967, Cislenko 1968, Bottrell et
al. 1976).

The Shannon indicators of species diversity and the uniformity of species distribu-
tion were calculated according to Odum (1982) and Krebs (1996). Zooplankton-related
trophic state indices were taken from Radwan (1976) and Karabin (1985a, b). Table 4
presents the detailed criteria used as eutrophication indicators in the zooplankton com-
munity for lakes of different trophic status. The classification of the trophic status of the
lakes in Table 5 was based on the classical physicochemical criteria in Carlson (1977) and
Hillbricht-Ilkowska and Kajak (1986).

The results of the study, in the form of measurable indices, were analyzed statisti-
cally using Statistica PL 6.0 software, and interpreted as recommended by Stanisz (1998).
The normal distribution of data was assumed. In cases when the variables did not show
normal distribution, the data were log(y + 1) transformed. The quantitative parameters of
the zooplankton were determined with principal component analysis (PCA) performed on
data arranged in a correlation matrix. The aim of the analysis was to verify the statistical
significance of correlations between the occurrence and abundance of zooplankton spe-
cies and environmental variables. In order to determine significant sources of variation
(p <0.05), the means were compared with the HSD-based Tukey test.
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RESULTS

The zooplankton of the three coastal lakes, L.ebsko, Gardno, and Jamno, was comprised
of 20 rotifer species and 12 crustacean species, including individuals in the juvenile stage
(Table 2). The taxonomic structure of the zooplankton varied widely over the experi-
mental period, depending on environmental conditions (Fig. 2). Among those analyzed,
factors 1 and 2 (the correlation between the occurrence and abundance of zooplankton
species and environmental parameters) explained 35.8% of the variation. The analysis of
environmental variables showed that the occurrence of zooplankton species in particular
years of the study was correlated negatively with water transparency, water oxygen con-
tent, and concentrations of chloride ions and correlated positively with temperature. The
relationships between the occurrence and densities of zooplankton species, and abiotic
environmental factors were differentiated. The diagram of PCA results (Fig. 2) shows
that among the zooplankton groups examined in the study, the occurrence of rotifers
depended on water temperature (p = 0.000) while that of crustaceans was dependent
on water transparency and the concentrations of oxygen and chloride ions (p = 0.000).
A significant positive correlation (values approaching 1.0) was observed for the rotifer
indicator species of high trophic levels — Brachionus angularis, Trichocerca pusilla, and
Filinia longiseta, and a negative correlation (values approaching —1.0) was recorded for
crustaceans of the same indicatory group — Bosmina coregoni, Chydorus sphaericus, and
Bosmina longirostris, and two rotifer species — Pompholyx sulcata and Keratella quadra-
ta. The results of an analysis of the occurrence and abundance of zooplankton species
in particular years of the study and in the various lakes (Fig. 3) indicated that in Lake
Jamno they were negatively correlated with influencing variability factors, while in lakes
Gardno and Lebsko they were positively correlated. These relationships were statistically
significant (p = 0.000).

Numerous species of rotifers and crustaceans considered good indicators of the tro-
phic state of lakes were found in the zooplankton community (Table 2). Keratella cochle-
aris f. tecta and Keratella quadrata were present in all lakes throughout the experimental
period. Brachionus angularis occurred only in lakes Lebsko and Gardno, as did Tricho-
cerca pusilla (in the 1990s, this species played a decisive role in trophic states of all three
lakes). The occurrence of Filinia longiseta, Pompholyx sulcata, and Proales sp. varied
widely. Among the crustaceans which comprised ecological group II (species whose pro-
portion in the total biomass of a given community is very high and are indicators of high
trophy and typical of eutrophicated water bodies; their domination and percentage in the
plankton increased along with increasing trophic levels), there were five species that are
indicators of high trophic status. Chydorus sphaericus was recorded throughout the ex-
perimental period, whereas Bosmina coregoni, Bosmina longirostris, and Diaphanosoma
brachyurum showed high variation in occurrence, and Mesocyclops leuckarti was found
only once.

In lakes Lebsko and Gardno, zooplankton abundance was determined by rotifers
and biomass by crustaceans. Both the densities and biomass of the zooplankton in Lake
Jamno depended upon crustaceans (Table 3). In Lake Lebsko, the greatest numbers and
biomass of Rotifera and Crustacea were observed in 1994 (2409 and 1188 individuals -
dm?, respectively), while in the 1985-1986 period both values were much lower. High
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Fig. 2. Diagram of PCA results — zooplankton species occurrence in lakes Lebsko, Gardno, and Jamno
in the 1985-1997 period depending on environmental factors.

Taxa abbreviations/Active variables: *A4splanchna priodonta (AP); Brachionus angularis (BA); Brachionus
calyciflorus (BC); Brachionus diversicornis (BD); Brachionus urceolaris (BU); Colurella colurus (CC); Euch-
lanis dilatata (ED); Filinia longiseta (FL); Kellicotia longispina (KL); Keratella cochlearis (KC); Keratella
cochlearis f. tecta (KCt); Keratella quadrata (KQ); Lecane closterocerca (LC); Lecane luna (LL); Polyartha
dolichoptera (PD); Pompholyx sulcata (PS); Proales sp. (Psp); Synchaeta baltica (SB); Synchaeta kittina (SK);
Synchaeta littoralis (SL); Trichocerca pusilla (TP); Alona quandrangularis (AlQ); Bosmina coregoni (BoC);
Bosmina longirostris (BoL); Chydorus sphaericus (ChS); Daphnia cucullata (DaC); Daphnia longispina (DaL);
Diaphanosoma brachyurum (DiB); Leptodora kindtii (LeK); Acanthocyclops vernalis (AcV); Cyclops strenus
(CyS); Cyclops vicinus (CyV); Mesocyclops leuckarti (MeL)

Environmental variables: temperature (temp); oxygen (oxyg); chlorides (chlo); Secchi Disk Visibility (SDV)

* Rotifera in bold

densities of rotifers were recorded in Lake Gardno from 1994 to 1996 (1171 — 1548 indi-
viduals - dm™), whereas crustaceans were present in large numbers in 1996 only (1050 in-
dividuals - dm), although they still dominated the zooplankton biomass. A different eco-
logical community structure was observed in Lake Jamno; rotifers occurred at very high
densities in 1994 only (3046 individuals - dm™), while in the other years their abundance
ranged from 31 to 539 individuals - dm™. The dominant ecological group was comprised
of crustaceans, and both their numbers and biomass were high in all years.

The species diversity of the zooplankton community, determined using the Shan-
non index based on abundance and biomass, was low (Table 3) and typical of eutrophic
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Fig. 3. Diagram of PCA components — ordering of zooplankton samples collected in the 1985-1997 period in
lakes Lebsko (L), Gardno (G), and Jamno (J).

waters (Karabin 1985a). Low species diversity was recorded in lakes Lebsko and Gardno
in years when the zooplankton community was comprised of a small number of species
(Lebsko — H = 1.17 — 10 species; Gardno — H,= 1.5 — 11 species), and high species
diversity was observed when the number of species was the highest (Lebsko — H =2.08
— 18 species; Gardno — H = 2.21 — 22 species). A similar relationship was found in the
case of the index of biomass species diversity. In the biocenosis of Lake Jamno lower
values of the biomass species diversity index indicated a more advanced trophic state and
the domination of single species accompanied by low proportions of other taxa.

Generally speaking, high numbers and biomass of rotifers and crustaceans were ac-
companied by low species diversity of the biocenosis. In all lakes the greatest abundance
of Rotifera was observed in 1994. Crustacea were present in the highest numbers in 1994
in Lake Lebsko, in 1996 in Lake Gardno and in 1996 and 1997 in Lake Jamno. The bio-
mass of these two ecological groups was also high in these years. These parameters were
accompanied by low values of the species diversity index, which indicated eutrophication
in these water bodies.

The trophic state of lakes Lebsko, Gardno, and Jamno was assessed based on basic
and supplementary zooplankton-related trophic state indices (Table 4). One of the key
indices that permits estimating the degree of lake eutrophication is the trophic state index
based on Secchi disk transparency. The values of this index indicated the polytrophic
character of the lakes studied.

The biomass of indicator species of high trophic status (ecological group II which
includes eight taxa of Rotifera — Brachionus angularis, Brachionus diversicornis, Filinia
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Table 3. Mean numbers (indv.- dm?, N), biomass (mg - dm?, B), and species diversity in the numbers (H,)
and biomass (H,) of Rotifera and Crustacea in lakes Lebsko, Gardno, and Jamno

Number Rotifera Crustacea
Lake Year of samples | N sd* B | sd* N sd* B sd* Hy | Hy
Lebsko | 1985 4 321 | 206.0 | 0.036 | 0.028 | 100 | 84.8| 1.197| 1.473| 1.17 0.98
1986 5 267 | 101.2 | 0.128 | 0.049 | 251 | 161.2| 1.204 | 0.766 | 1.94 1.34
1987 6 529 83.4 0.2]0.067| 397 | 118.8| 4.409| 1.759 | 2.08 1.69
1988 6 264 | 1242 0.153| 0.137 | 168 | 30.2 1.96 0489 | 1.9 1.58
1989 6 506 | 158.6| 0.083 | 0.034 | 247 | 109.7 | 1.593 | 0.463 | 1.55 1.48
1994 4 2409 | 607.4 | 0.268 | 0.067 | 1188 | 356.0 | 7.905|2.322| 1.7 1.35
1996 4 542 | 224.1|0.131 ] 0.113| 516 186.9| 6.175|3355|1.77 14
1997 5 492 | 286.7] 0.095| 0.043 | 450 | 152.7| 4.138| 1.603 | 1.58 1.4
Gardno | 1985 3 785 | 615.6| 0.085| 0.067 | 163 | 144.8| 1.409 | 0.534| 1.5 1.29
1986 6 434 | 37571 0.073 | 0.068 | 396 | 131.0| 9.926 | 5.690 | 1.89 1.49
1987 6 789 | 245.8 | 0.136 | 0.048 | 370 | 119.9| 5.764|2.315|2.06 1.5
1988 6 638 | 437.410.099 | 0.051 | 191 | 40.6| 4.119| 1.754| 1.72 1.14
1989 6 942 | 5539 0.118 | 0.074 | 342 | 77.5| 4471 1.161| 148 1.5
1994 5 1548 | 361.3 | 0.132| 0.032 | 331 | 131.1| 4.983|2.242| 1.71 0.71
1996 5 1171 | 624.4| 0.129 | 0.104 | 1050 | 925.4 | 8.576 | 7.013 | 1.65 1.06
1997 6 583 | 3554 0.091]0.048 | 238 | 88.9| 3.278| 1.194 | 221 1.44
Jamno | 1985 5 201 | 157.2| 0.085| 0.058 | 694 | 283.3| 17.381 | 6.208 | 1.58 1.1
1986 2 217 88.9] 0.183 | 0.106 | 488 | 104.2 | 7.826 | 2.153 | 1.89 1.62
1987 5 200 | 167.8 | 0.195| 0.048 | 607 | 286.9 | 15.213 | 7.912 | 1.77 1.72
1988 5 48 51.9] 0.022 | 0.020 | 657 | 219.8 | 11.076 | 3.107 | 1.75 1.69
1989 5 174 56.1] 0.056 | 0.017 | 679 | 214.2| 15979 | 4.434 | 1.88 1.68
1994 5 3046 | 1376.7 | 0.268 | 0.088 | 920 | 166.2 | 11.289 | 3.504 | 1.78 1.29
1996 5 539 | 140.5 0.1 [ 0.032 | 1065 | 513.4 | 11.752| 4.000 | 1.76 1.42
1997 5 31 13.6| 0.016 | 0.011 | 1287 | 706.1 | 19.413 | 9.323 | 1.15 1.51

* - standard deviation

longiseta, Keratella cochlearis f. tecta, Keratella quadrata, Pompholyx sulcata, Proales
sp., Trichocerca pusilla; Table 2) made a high contribution to the biomass of rotifers,
which indicated the meso-eutrophic character of the lakes. Particular attention should
be paid to the situation observed in the 1986-1989 period in Lake Gardno when the pro-
portion of eutrophy-indicating species was very high (almost 100% of the fecta form in
the Keratella cochlearis population) and revealed the polytrophic character of this water
body. Analogous situations were recorded in 1985 in Lake Lebsko and in 1994 in Lake
Jamno. A distinct improvement in the environmental state took place in the 1990s in lakes
Gardno and Jamno, while in Lake Lebsko the situation was unstable.

One of the most reliable trophic state indices is the proportion of the tecta form in the
biomass of one of the most common rotifers — Keratella cochlearis (Karabin 1985a). In
lakes Lebsko and Gardno, the percentage of the tecta form was typical of polytrophic wa-
ters in all years. Lake Jamno was classified as polytrophic or meso-eutrophic in particular
years during the experimental period, and in 1997 this form was absent, which suggested
an improvement in the state of the aquatic environment.
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Numbers of rotifers characteristic of eutrophy (400-2000 individuals - dm~) (Karabin
1985a) were recorded throughout the experimental period in Lake Gardno, and in the
1996-1997 period in Lake Lebsko. A meso-eutrophic water state was reflected by rotifer
densities (< 400 individuals - dm™) in Lake Jamno and also in Lake t.ebsko at the begin-
ning of the 1980s. The abundance of rotifers in lakes Lebsko and Jamno in 1994 was
2409 and 3046 individuals - dm?, respectively, which indicated the polytrophic character
of these water bodies. The high densities of rotifers corresponded to the almost 100%
proportion of the fecta form in the Keratella cochlearis population (Karabin 1985a). The
other basic indices based upon the structural characteristics of the crustacean population
can be applied primarily to stratified lakes; however, they may also be a useful tool in
confirming the trophic state of non-stratified lakes, even though their role as bioindicators
is less important in such lakes. In lakes Lebsko, Gardno, and Jamno, ecological group 11
of Crustacea was represented by five species in the biomass of the indicator community,
namely Bosmina coregoni, Bosmina longirostris, Chydorus sphaericus, Diaphanosoma
brachyurum, and Mesocyclops leuckarti (Table 2). The contribution of indicator species
to the total biomass of the zooplankton population in Lake Gardno suggested mesotro-
phy, and a eutrophic state was recorded only in 1996. The zooplankton community in
Lake Lebsko was unstable. During the 1996-1997 period in Lake Jamno, the proportion
of indicator species in the total biomass of Crustacea (over 60%) suggested a eutrophic
state, whereas in the previous years the lake was classified as meso-eutrophic. If the con-
tribution of Cyclopidae to Crustacea biomass is below 15%, a lake is classified as meso-
trophic; such a situation was observed at the end of the 1990s in the lakes studied, while
eutrophic states (over 30%) were recorded in the 1980s. The ratio between Cyclopidae to
Cladocera biomass partly confirmed the conclusions formulated on the basis of rotifer-
related indices.

The other components of the zooplankton structure, referred to as supplementary in-
dices, can be used to a limited extent to determine certain stages of water eutrophication.
The results of long-term studies conducted on lakes L.ebsko, Gardno, and Jamno, as well
as the above basic zooplankton-related trophic state indices, suggest that an increase in
a lake’s trophic status is accompanied by an increase in the numbers of rotifers, whereas
the abundance of crustaceans increases only between mesotrophy and meso-eutrophy,
following which it exhibits a decreasing tendency (Table 4). The mean numbers of zoo-
plankton indicated the meso-eutrophic state of waters and permitted ordering the lakes
as follows: Lebsko (1081 individuals - dm™); Gardno (1246 individuals - dm?); Jamno
(1357 individuals - dm™). Zooplankton densities above 2000 individuals - dm™ indicate
polytrophy (Karabin 1985a), which was recorded in 1994 in lakes L.ebsko and Jamno, and
in 1996 in Lake Gardno. The polytrophic character of these water bodies in these years
was conditioned by all of the trophic state indices discussed.

Another trophic state index, i.e., the ratio between the biomass and numbers of ro-
tifers, has a lower bioindicatory value. Karabin (1985a) found that a value of this index
lower than 0.000150 mg indicates eutrophy and polytrophy. Such a value, resulting from
the B:N ratio of Rotifera, was recorded in 1994 in lakes Lebsko and Jamno, and nearly
throughout the experimental period in Lake Gardno. Progressing lake eutrophication is
reflected by an increase in the numbers of crustaceans, which was noted especially in
Lake Jamno. The trophic status of the lakes was confirmed by the ratio between the bio-
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mass and numbers of crustaceans, as well as by the biomass of Cyclopidae. In almost
all years in Lake Lebsko and in 1994 in Lake Gardno the contribution of Cyclopidae to
crustacean biomass indicated that these water bodies were mesotrophic. The much higher
values of Cyclopidae biomass (above 1 mg) recorded in Lake Jamno and, in some years,
in Lake Gardno, confirmed the eutrophic state of these lakes.

The index of species diversity of crustacean biomass (H,) showed low values in lakes
Lebsko and Gardno, where from two to eight species were identified, and slightly higher
values in Lake Jamno, where the number of species was higher (5-9) as were their abun-
dance and biomass. The index of uniformity of Crustacea distribution approached unity
only in some years in lakes Lebsko and Jamno, which indicated comparable densities of
taxa. In the other years the values of this index were low, which suggested the domination
of single species in the zooplankton community. According to the above indices, the lakes
were classified as mesotrophic.

According to Hillbricht-Ilkowska & Kajak (1986), taking into account the classical,
non-zooplankton-related criteria of trophic state assessment (Table 5), the lakes studied
should be classified as follows: Lake Lebsko — class II; lakes Gardno and Jamno — class
II1. According to the values of the trophic state index (TSI) proposed by Carlson (1977),
all of the lakes represent class I1I (eutrophy to polytrophy).

DISCUSSION

The majority of rotifers and crustaceans are tolerant to changes in the environment, and
may constitute reliable indices of the trophic state of lakes (Litynski 1925, Patalas 1954,
Radwan 1973, 1976, Karabin 1985a). However, attempts to determine the relationships
between the trophic state of lakes and the zooplankton species inhabiting them based
solely on faunal analysis were unsuccessful. This problem was investigated by Bowkie-
wicz (1938) and Patalas (1954). From the point of view of bioindication, it is not only
necessary to perform faunal analysis; the relationships between the trophic state of lakes
and the number of structural characteristics of zooplankton must also be determined based
on numerical data. The results of long-term research carried out on lakes L.ebsko, Gardno,
and Jamno showed that progressing lake eutrophication was accompanied by a constant
increase in the numbers and biomass of rotifers and crustaceans (Table 3), as well as by a
decrease in the number of species and species diversity of zooplankton. Rogozin (2000),
who studied selected structural parameters of zooplankton in lakes that differed in trophic
status, also confirmed the hypothesis that an increase in trophic status is followed by
structural simplification. Numerous authors (Gliwicz 1969, 1974, 1977, Karabin 1985a,
b, Radwan 1976, Hillbricht-Ilkowska 1977, Matveeva 1991, Szlauer 1996) share the
opinion that trophic relations in lakes are the main factors determining the abundance,
biomass, and species structure of zooplankton.

Many other structural characteristics of zooplankton, i.e., bioindicators of eutrophi-
cation, were also determined to assess the trophic states of lakes Lebsko, Gardno, and
Jamno. Zooplankton densities in these lakes varied widely (421 — 3966 individual - dm™).
Zooplankton-related trophic state indices (basic and supplementary) were used to de-
termine the relationships between the numbers and biomass of crustaceans and rotifers
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and the trophic status. According to Karabin (1985a), the abundance of rotifers increases
along with an increase in lake trophic status, whereas the abundance of crustaceans in-
creases only between mesotrophy to meso-ceutrophy. Changes of a different nature can
be observed in zooplankton biomass; the biomass of rotifers increases in the mesotro-
phy to eutrophy range but there is no correlation between crustacean biomass and lake
trophic status. These relationships were partially confirmed by the results of the current
study on coastal lakes. Straile and Geller (1998) studied crustacean zooplankton in Lake
Constance where trophic status changed from oligotrophic to meso-eutrophic. These au-
thors found that the biomass of crustaceans increased several times over this period, as
in the present study. The numbers of rotifers increased in lakes Lebsko and Gardno but
decreased in Lake Jamno, where crustaceans dominated both in terms of abundance and
biomass. Based on the total numbers of zooplankton, the numbers of crustaceans, and
the ratio of Rotifera biomass to number, the lakes can be classified as eutrophic with
symptoms of polytrophy, whereas crustacean-based indices indicated eutrophy. One of
the most reliable indices, which permits determining precisely the trophic state of lakes,
is the proportion of the fecta form in the Keratella cochlearis population. In mesotrophic
lakes this form only occurs sporadically, while in polytrophic water bodies it accounts for
70% to 100% of the biomass (Hillbricht-Ilkowska 1977, Karabin 1985a). This situation,
namely the polytrophic character of waters, was observed in coastal lakes.

Karabin and Ejsmont-Karabin (1993, 1996), who analyzed zooplankton-related tro-
phic state indices and the values of other parameters of the community structure in lakes
situated in the Suwatki District and the Masurian Lakeland, reported that advanced eu-
trophication can be observed primarily in shallow, polymictic lakes (coastal lakes are
characterized by this morphometry), whereas deep, stratified lakes are more resistant to
eutrophication. The process of eutrophication in lakes Lebsko, Gardno, and Jamno was
subject to considerable fluctuation.

The results of the analysis of the experimental materials collected in the study pro-
vided the basis for describing the dynamics of the structural systems of zooplankton used
as bioindicators of the eutrophication process taking place in the three coastal lakes of
Lebsko, Gardno, and Jamno in the 1985-1997 period. The most important conclusions
formulated from the current study are as follows:

— the zooplankton communities in the lakes examined included numerous species of
rotifers and crustaceans, which are good indicators of the trophic state of water bodies.
They belong to so-called ecological group II comprised of eight taxa of Rotifera — Bra-
chionus angularis, Brachionus diversicornis, Filinia longiseta, Keratella cochlearis f.
tecta, Keratella quadrata, Pompholyx sulcata, Proales sp., Trichocerca pusilla, and five
species of Crustacea — Bosmina coregoni, Bosmina longirostris, Chydorus sphaericus,
Diaphanosoma brachyurum, and Mesocyclops leuckarti;

— progressing lake eutrophication was accompanied by a constant increase in the
numbers and biomass of Rotifera and Crustacea. Zooplankton abundance was dominated
by rotifers and zooplankton biomass by crustaceans in all three lakes;

— the increase in the trophic levels of lake waters and changes in the species structure
of zooplankton were accompanied by a decrease in the number of species (7-22) and spe-
cies diversity expressed by the Shannon index;

— the trophic state of lakes Lebsko, Gardno, and Jamno was assessed during the study
period on the basis of zooplankton-related trophic indices, both basic and supplementary.
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Based on the basic indicators, including rotifer-related indices such as ecological
group II of Rotifera and the numbers of Rotifera, the lakes can be considered meso-eutro-
phic and eutrophic. Taking into account the proportion of the tecta form in the Keratella
cochlearis population, the lakes should be classified as polytrophic. Crustacean-related
indices differed significantly both in the individual lakes and in particular years of the
study, but the results of analyses indicated that the character of these water bodies is
meso-eutrophic.

According to the supplementary indices, such as the total numbers of zooplankton,
the numbers of crustaceans, and the ratio of the Rotifera biomass to number, as well as
crustacean-related indices, the lakes should be classified as eutrophic with symptoms of
polytrophy.

Based on faunal analysis, the structural characteristics of zooplankton (Karabin
1985a, b), and classical, non-zooplankton-related criteria (Carlson 1977, Hillbricht-
Ilkowska and Kajak 1986), the lakes can be ordered by increasing trophy as follows
— Lebsko, Gardno, and Jamno.
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Abstract. This paper presents a method for determining the basic technical parameters of netting material
impacting the selective and protective properties of fishing gear. It also permits obtaining the values of the
elasticity modulus (Young’s - E) for several types of polyamide (PA) and polyethylene (PE) twines (studies
performed in the dry state) used to manufacture codend netting. The results obtained were compared with
those in the technical literature.

The proposed method of determining the technical parameters of netting material can be used to
determine the ability of a given netting material to protect resources of various fish species in different
marine basins prior to making netting constructions.

This paper also presents results of breaking tests of 90° turned meshes in comparison with those of
standard mesh (diamond) netting used in the manufacture of trawl codends used in Baltic fisheries. The
results obtained confirmed that the turned meshes are 10 to 25% more resistant to breaking force than are
standard meshes.

Key words: selectivity, breaking strength, elasticity modulus, stiffness, netting material

INTRODUCTION

Preserving living marine resources requires applying all possible measures in order to
find the appropriate protective tools including technical solutions that do not require fish-
ermen to cease fishing. One of these methods is to apply more effective fishing gear that
allows juvenile and undersized fish to escape the gear in good condition.

The mechanical properties of the material used to manufacture netting constructions
influence such characteristics of their utility features as resistance to breaking and selec-
tivity. These characteristics are closely related. Increased strength in twine and netting
material lowers selectivity while increasing the endurance of the product. The selectivity,
for example, of a codend, is determined primarily by the degree to which meshes in the
trawl codend open. Codends manufactured of stronger material are stiffer which means
that the meshes of constructions currently in use are less capable of opening widely. Plas-
tic and netting factories are currently producing materials that are increasingly strong.
Such material is sought after by fishing vessels owners due to their increased durability.
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The codends in common use are strong (too strong) but not selective enough. This refers
primarily to standard codends manufactured from diamond netting, but it also refers to
codends derived from this type, for example those with selective windows (not currently
used in Baltic cod fisheries) and the Bacoma type. In this last instance, the low overall
selectivity of the standard codend is improved by the highly selective window of square
meshes that is placed in the rear upper section of the gear.

A decrease in selective properties, synonymous with increased, unnecessary fish
mortality, depends on the mechanical properties of the twine used in the construction of
trawl codends, i.e., stiffness and breaking load.

The aim of the current paper was to determine the technical parameters of twine — the
elasticity modulus (F), and the moment of inertia of the mesh bar cross-section (J). This
is indispensable for estimating theoretically the stiffness of different twine constructions
that are used in the construction of trawl codends. Knowledge of these values permits
ranking the suitability of a given netting material for manufacturing selective fishing gear.
The main goal, however, was to develop a technical measure for determining the degree
of opening of netting meshes turned through 90° (T90), as this is necessary for designing
gears with T90 netting.

THEORETICAL BASIS

Based on the theory of material strength, specifically on bending theory, the process of
the opening of netting meshes can be compared to the process of the opening of four
equally long bars connected in a contained set that form, for example, a rhombus without
articulated vertices. The possibility of meshes opening depends on the stiffness of their
bars. Stiffness, according to the bending theory of beams, is described by the product of
the elasticity modulus (£) of the material which the beam is made of (in this instance — the
mesh bar) and the value of the moment of inertia of the beam (mesh bar) cross-section
— (J). The value of the first parameter (£) depends on the elastic properties of the material.
The second parameter (except for elasticity modulus — E) describes, simply stated, the
resistance of the beam to bending. This refers to the quantification (determining quantifi-
ably) of the impact of the cross-section shape on the ability of the beam to bend. This is
because a beam with the same cross-sectional area gives in to bending at varying degrees
depending on parameter J. The higher this value, the less bend there is in the beam. The
Jvalues for the typical shapes of cross-sections (circles, squares, etc.) depending on their
parameters are widely available in the professional literature, i.e., mechanics handbooks.

In bending theory, the elasticity modulus £ (Young’s modulus) is the value deter-
mined based on the tensile tests of a sample of a given material. During bending, a beam
(bar) with a layered structure (fibrous) is characterized by a dual load: some layers (fibers)
are stretched and others compressed. The exception is the layer which lies on the inert
axis of the beam, which is neither stretched nor compressed. The layers (fibers) that, for
example, lie above the inert axis of the beam are stretched while those below it are com-
pressed. In the initial stretching stage, relative lengthening is proportional to stress, as is
the case with compression; shortening (negative lengthening) is proportional to compres-
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sion stress. From this point of view, the elasticity modulus £ obtained during the tearing
of material samples can and is applied in bending theory.

Since the structure of the twine used to manufacture netting material is very similar
to that of fibrous (layered) materials such as those made of wood or metal, the principles
of the science of material strength can be applied in the theory of the opening of netting
meshes. The degree of similarity differs in the twine materials used in fisheries. All of the
twines currently in use have a fibrous structure as they are all comprised of a number of
single fibers that together form a twine of a determined thickness (diameter). The twines
can be braided or twisted. Braided twines are comprised of an outer braided layer and a
core of a certain number of parallel fibers. Twisted twine is usually comprised of three
strands of a given number of technical yarn strands, which are, in turn, comprised of
various numbers of single fibers. The diameter (thickness) of the twine depends on the
number of fibrous elements that it is constructed of.

The similarity of the mechanical characteristics of braided twine relies on the total
similarity of the core (the fibers or filaments that lie parallel to the long axis of the twine)
and the partial similarity of the coat layer. This layer is comprised of fibers or filaments
that cross the longitudinal axis of the twine symmetrically, and under loading (either
stretching or compression) the resultant force is directed along the axis of the twine. Thus,
the load of the twine is in some degree comparable to that of tensile wood or steel sample,
for example.

The mechanical similarity of loaded twisted twine is different since its fibers are
twisted several times — first into technical yarn and then into strands, three of which usu-
ally comprise the twine. Successive elements of the twisted twine are twisted opposite
to each other, which mean that its fibers are parallel to the axis of the twine in certain
strands, which prevents the twine from untwisting. In this case, the direction of the load
exerted by the individual twine fibers is not known. True, they are located parallel to the
axis of the twine, but the strands have a helix shape. The polyamide (PA — nylon) twisted
twines used in the manufacture of netting are finished chemically; this provides them
with greater stiffness and compactness. It is possible that this processing and the friction
between the particular twine components also make it possible to apply the general laws
of bending rod theory to this type of rope product to twisted twines.

Employing the same procedure for both types of twines, braided and twisted, is in-
dicated even more by the fact that initial theoretical calculations of the mesh shape done
a few years ago with the elasticity modulus obtained for PA were convergent with the
actual shape of the real mesh of a given bar length and thickness (Moderhak 2005). The
elasticity modulus was determined at the Sea Fisheries Institute in Gdynia based on tests
in which polyamide twisted twine of a thickness of 1.1 mm and 1.8 mm was investigated
(Moderhak 2000). The theoretical procedure developed was applied in the tests to esti-
mate the selective properties of netting material. The mesh shapes were calculated and
then compared with cross-sections of fish at its maximum point (Moderhak 2005). This
shows how it is possible to obtain a preliminary selectivity evaluation of various netting
materials used to manufacture codends and trawls. This approach permits quickly taking
the appropriate steps towards protecting living marine resources without using time-con-
suming and expensive methods, so-called subsequent approximations (recurrent or trial
and error) in order to achieve proper solutions.
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MATERIALS AND METHODS

Determining twine elasticity modulus £

Determining the elasticity modulus £ (then flexural rigidity £.J) of PE and PA twines was
possible due to tests conducted at the Institute for Fishing Technology and Fishery Eco-
nomics (IFF) in Hamburg, which has a powerful tensile testing machine that simultane-
ously registers the tension process (dependence of tearing force on elongation of sample)
on a paper ribbon. Since the device was not linked to a computer, processing the test
results was more difficult and time-consuming than it would have been otherwise.

In order to determine the mechanical properties of twines used in the manufacture of
netting, the tensile tests was conducted for eight types of PE and PA twines in four series
of tests on each in the dry state, as follows:

polyethylene (PE):

— twisted twine — 4.43 mm thick;
— braided twine — 3.55 mm thick — standard;
— braided twine — 4.8 mm thick — Euroline;
— braided twine — 4.6 mm thick — Euroline Premium;
polyamide (PA):
— twisted twine — 2.6 mm thick;
— twisted twine - 3.2 mm thick — with a lesser twist and chemically finished;
— twisted twine - 3.4 mm thick;
— twisted twine — 3.5 mm thick.

The actual thickness (diameter) of the twines was determined with a micrometer
adapted for taking measurements of netting twines. The length of all of the samples of
various twines was uniform at 20 cm.

The most popular polyamide (PA) and polyethylene (PE) twines and netting that
are used to manufacture the trawl codends used in Baltic cod fisheries were subjected to
strengthening tests.

In order to determine the elasticity modulus of the tested materials, the proportion-
ality range was selected from the tearing curves (the application range of Hook’s law),
with relative elongation from 0 to 0.125. This elongation range was characterized by the
proportional dependence of force on relative elongation for polyethylene (PE) twine and
the “approximate” proportionality for polyamide (PA) twine. The exception was PA twine
of a thickness of 3.2 mm, which had a clearly lesser twist and is chemically finished dif-
ferently than the other PA twines. Despite this peculiarity, it was decided to subject this
twine to the same tests as the other twines. The stress that occurred during the tensile
process was determined as the quotient of the acting force, in this case — tensile force,
and the area of the sample transverse cross-section, which depends on the thickness (di-
ameter) of the samples.

The dependence of tensile stress ¢ on relative elongation ¢ is described by the for-
mula in which the coefficient of proportionality is elasticity modulus £ (Young’s modulus
- e.g., Kurowski and Niezgodzinski 1955):
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c=EFE-¢
where:
Al
€ =—
/

A [ —increase of sample length;
[ — sample length.

The elasticity modulus can be calculated from the following dependence:

=2
€

In order to simplify the problem, the shape of the twine cross-section was assumed to
be circular, thus stress can be calculated from the dependence:

c=—
S

F — tensile force,
S — total area of the twine elements transverse cross-section.

Where S, in this case, should be calculated as the sum of the transverse cross-section
area of filaments which the twine consists of, according to dependence below:

1-d>
g Idy
4

n

d — filament diameter (thickness)
n —number of individual filaments in the netting twine.

Determining twine stiftness £EJ

As was mentioned, in the science of material strength, stiffness is expressed as the prod-
uct of the elasticity modulus (£) and the moment of inertia (J). The procedure for de-
termining the elasticity modulus £ in polyethylene (PE) or polyamide (PA) twines is
given above. The moment of inertia of twine transverse cross-sections, given an assumed
circular cross-section, can be calculated from the following formula (e.g., Kurowski and
Niezgodzinski 1955):

m-d*
64

J:

where d is the twine diameter (thickness), for which this value is calculated.
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The value of stiffness E.J, or the “resistance” of the twine to flexion can be calculated
with the following dependence:

4
EJ=E-H g

This formula shows that twine made of the same material (constant elasticity modu-
lus E), but of a larger diameter (thickness — d) is stiffer than twine with a smaller diameter.
The impact of diameter on stiffness is very significant due to the d power which is 4. If
it is assumed that:

d=3mm, thend'= 81;

d=4mm, thend*= 256;

d=6mm, thend*= 1296;

d=8mm, thend'= 4096.

This simple example illustrates what a significant impact the diameter of the mesh
bar has on its stiffness (resistance to mesh opening). Compared to the mesh bar that has a
diameter of 3 mm, the mesh bar with a diameter of 4 mm is more than three times stiffer
while that with a diameter of 8 mm is over fifty times stiffer. The assumed thicknesses
were not unrealistic. Netting with such mesh bar thicknesses were applied in the past in
the manufacture of trawl codends used in cod fisheries. Considering that it is possible to
introduce materials of increasing elasticity moduli, it must be pointed out how ample the
opportunities are for netting manufacturers and fishermen to protect resources, and if,
consciously or not, they have no intension of doing so, they are leading to the destruction
of both the fish and themselves.

Impact of the value of stiffness £J on mesh bar deflection

The theoretical method developed to determine the shape of open mesh (Moderhak 2005)
gives the dependence of mesh bar deflection in the function of parameters %, /, g, P for
coordinate x on the mesh bar:

fUaPy)

X
1 ;V:_[ 1
k= 0 ——[r.q,P,0)F
where: £ =5—— \/kz [rit.q.P.)]

v —mesh bar deflection;

/ — mesh bar length;

q — hydrodynamic pressure acting on the mesh bar;

P — force exerted on the end of the mesh bar;

x — current coordinate,

f(l g P, x)—function resulting from bending moments (acting on the mesh bar) equation
integration.
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Assuming that parameters /, ¢, and P are constant, it can be stated that the stiffness of
the mesh bar twine of the netting (sea value £ that is a function of £J), impacts to a great
degree the deflection function y(x) (shape of the bent mesh bar). In this function, k (EJ)
impacts the value of the denominator. The greater the stiffness, the smaller the value of
the integrand and thus the value of the deflection of mesh bar y is also smaller. Assuming
that the elasticity modulus £ of a given material is constant, it becomes clear just how
significant an impact twine diameter (thickness) has on the deflection of the mesh bar. At
the risk of oversimplification, mesh bar bending is inversely proportional to the square of
its diameter. For example, while being towed through the water the openings of netting
meshes with a bar diameter (thickness) of 6 mm can be twice as small as the same sized
netting made of twine with a diameter (thickness) of 4 mm. Increasing the mesh bar di-
ameter to 8 mm causes a four time decrease in mesh opening in comparison with a mesh
bar diameter (thickness) of 4 mm. It follows that a mesh bar with diameter of 6 mm is two
and of 8 mm four times “stiffer” than that of 4 mm.

The rest of the parameters also have an influence on the deflection value of the mesh
bar. The degree of impact of particular twine and force parameters have on the opening of
meshes is defined by the functiony =y (E, J, [, ¢, P, x).

Tests on the breaking strength of 90° turned meshes compared
to that of diamond (standard) meshes — in dry state

In recent years the Institute for Fishing Technology and Fishery Economics (IFF) in Ham-
burg has performed numerous tests on a variety of actual trawl codend netting material in
order to determine the breaking strength of 90° turned and standard (diamond) meshes.
Ten series were conducted on samples of both turned and standard meshes.

A detailed description of the breaking tests procedure was presented earlier (Moder-
hak 2000). Generally, the procedure differs from the ISO standard. In this case, the meshes
were tensile from the “outside” not from the “inside”. In reality (during towing through
water), particular meshes of the netting are subjected to a load derived from the surround-
ing meshes. This reflects the real state of mesh tensile during fishing. It has been proven
(although as yet unpublished) that both manners of tensile, from “inside” and “outside”,
giving different breaking results for meshes extracted from the same piece of netting.

The detailed analysis of the tests that were made on the tensile force of the meshes
was conducted identically to that of the twine. The breaking strength of turned and stan-
dard meshes was determined for the following variety of netting made of single twines:

polyethylene (PE):
— mesh opening — 95 mm, bar thickness 3.6 mm;
— mesh opening — 100 mm, bar thickness 2.7 mm;
— mesh opening — 105 mm, bar thickness 3.5 mm;
— mesh opening — 105 mm, bar thickness 4.0 mm;
— mesh opening — 130 mm, bar thickness 6.0 mm;
polyamide (PA):
— mesh opening — 100 mm, bar thickness 3.0 mm;
— mesh opening — 100 mm, bar thickness 4.2 mm;
— mesh opening — 120 mm, bar thickness 3.5 mm.
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TEST RESULTS

Figures 1 and 2 illustrate examples of twine stretching separately for PE and PA. They
present the breaking process recreated from the original paper ribbon readouts — the mean
value of stretching force for 20 attempts of breaking of every variety of twine were read-
out for every 2.5 mm of ribbon movement, i.e., for every 2.5 mm of sample elongation. In
this respect, the course of breaking recreated from readouts differs slightly from that re-
corded on the paper ribbon in the range in which the stretching force is close to or greater
than the breaking force. Naturally, the points read from the tape cannot fully represent
the dynamic process of breaking itself, although it can give a proper picture of increasing
tension in the sample. This systematic process of increasing force acting on the sample
and the accompanying increase in its length are the area of interest in the search for the
values of the elasticity modulus of various twines used in the manufacture of netting for
trawl codends.
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Fig. 1. Curves of polyethylene (PE) twine breaking strength.

The curves (Fig. 1 and 2) show the values of force as a function of the relative elon-
gation. The comparison of the various curves reveals that there is good conformity in the
shape of them for each type of material. As regards the PE curves, the stretching force
in the initial period is proportional to relative elongation, while this is less evident with
respect to PA, the shape of which is slightly concave (attention: the scale differs signifi-
cantly on the two graphs).

The elasticity modulus for PE and PA twines was obtained from calculations done ac-
cording to the given method and within the assumed range of proportionality (Figs. 3 and
4). These curves indicate that, in most cases within the analyzed range, elasticity modulus
E can be considered as constant. Disregarding certain differences that occurred in the
initial stretching period and certainly resulted mainly from decreasing twine thickness
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Fig. 2. Curves of polyamide (PA) twine breaking strength.
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Fig. 3. Elasticity modulus (Young’s) of polyethylene (PE) twine.

(taking up the slack between fibers or filaments), it can be stated that only the less twisted
PA twine exhibited a fairly significant difference in the elongation range to about 0.050,
after which the value of this parameter stabilized and became constant for the analyzed
range of elongation.

The average elasticity modulus £ (Young’s modulus) of twines investigated in a dry
state can be read from the curves presented. Within the polyethylene group, there were
distinct differences for the modulus of the braided Euroline Premium twine and less for
twisted twine. It is possible that in this case of modified PE monofilaments another type
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Fig. 4. Elasticity modulus (Young’s) of polyamide (PA) twine.

of chemical fiber was used in the core. As regards the polyamide (PA) fibers, the highest
elasticity modulus was obtained for the twine with the lesser amount of twist and chemi-
cally finished. The remaining twines, within the given relative elongation range, had an
elasticity modulus that was nearly constant and similar in value.
The elasticity modulus £ (N - m?) indicated below was calculated based on the
tests:
polyethylene (PE):
— 8.0-10% twisted twine, thickness 4.43 mm;
—1.28 - 10° braided twine, thickness 3.55 mm — standard;
—1.36 - 10° braided twine, thickness 4.8 mm — Euroline;
—2.53-10° braided twine, thickness 4.6 mm — Euroline Premium;
polyamide (PA):
—7.52-10% twisted twine, thickness 2.6 mm;
—1.31-10° twisted twine, thickness 3.2 mm — with a lesser twist and chemi-
cally finished;
—6.61 - 10* twisted twine, thickness 3.4 mm;
—5.94-10% twisted twine, thickness 3.5 mm.

Thus, it can be assumed that the average elasticity modulus of the tested twines were,
respectively:

polyethylene PE — 8.0 -10%t02.53 -10° N - m?;

polyamide  PA — 5.94-10%to 1.31-10° N-m™.

In order to evaluate elasticity modulus E obtained during tests of polyethylene (PE)
and polyamide (PA) twines, the results obtained were compared with values of the elastic-
ity modulus of various materials (e.g. from various types of mechanics handbooks). The
following are the Young’s modulus of several well-known metal and non-metal construc-
tion materials:
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polyamide (PA) 5-9-10* N'm

leather 6.9-10"...34-10® N-m?
epoxy resin ~3.32-10° N-m?
canvas reinforced with plastic 5.9-8.8-10° N-m?
wood ~1.18- 10N -m?
copper 1.1-10" N - m?
steel 2-10" N - m?

The elasticity modulus values of netting twine that were estimated based on tests re-
late well with the values for other materials. The comparison of the values of polyamide
(PA) twine with values reported in the literature for this type of artificial material (the
product type was not specified) indicated that the procedure applied in the current tests to
determine the elasticity modulus of twine products was appropriate. This procedure al-
lowed for determining correctly the value of these mechanical parameters, which have a
significant impact on the selective properties of netting constructions used in fisheries.

Calculations conducted of stiffness £J, based on E values obtained during the study
and the assumed thickness of twines, are one to two orders higher than values reported in
the literature. There are only a few related studies which considered the stiffness of net-
ting (meshes), but not twine stiffness. O’Neill and Xu (1994) and Priour et al. all present
stiffness determined from back calculations of the forces required to open netting meshes.
The values for PE meshes obtained by these authors range from about 0.00005 to about
0.0017 N - m? while the stiffness determined during the study for PE mesh bars ranged
from about 0.01 to about 0.055 N - m? and for PA twines from about 0.0017 to about
0.0044 N - m? The differences probably stemmed from differences in the behavior of
both whole meshes and mesh bars (i.c., twine) during tensile processes.
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The breaking tests on netting meshes indicated that greater strength was exhibited
by turned than standard meshes made from the same netting material in all the test series
(both PA and PE materials). Sample elongation curves, the average from a series of tests
on the same material, are presented in Fig. 5 for polyethylene mesh with an opening of
105 mm and a bar thickness of 3.5 mm, and in Fig. 6 for polyamide mesh with an open-
ing of 120 mm and a bar thickness of 3.5 mm. The curves of tensile and the proportions
of breaking strength of these two meshes that were stretched differently confirmed the
results of previous tests (Moderhak 2000). The increased breaking strength of the turned
meshes as compared with standard meshes in both material categories (PE and PA) is
similar and ranges from approximately 10 to 25% depending on the construction of the
netting material and twine diameter (Moderhak 2000).

The tensile curves indicate clearly that turning the meshes 90° increases the elastic-
ity of the mesh as is depicted by the shift of the curve to the right of that of the standard
meshes. The elasticizing of the turned meshes made of polyethylene (PE) was significant,
while this occurred to a slightly lesser degree in the materials made of polyamide (PA).

DISCUSSION

It is not necessary to be absolutely sure that the mesh opening process occurs precisely
according to well-known theory in order to estimate the selectivity of a given netting
material. It is sufficient to be sure that significant error is not made when adapting the ex-
isting theory for determining mesh openings. Conversely, certain assumptions inherent to
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theoretical calculation methods mean that the results obtained more or less reflect reality.
It is important to choose the appropriate method to solve the problem without neglecting
economic considerations or the speed at which the method can be executed.

The comparison of results obtained during tests of total strength, i.e., maximum
breaking strength, indicates that the PA twine is more resistant than PE twine of identical
thickness. Polyamide twine broke at a much higher relative elongation than did polyeth-
ylene twine. These tests confirm the widely held opinion that polyamide twine is stronger
and more elastic than polyethylene twine. In addition to differences in the construction
of the two twines (the PA twines are mostly twisted and are made of thin fibers, while
PE twines are usually braided with a core and a cover made of considerably thicker fila-
ments), the load and its distribution on particular components of the twine have great
influence on the total strength of the twines. This means that not all of the filaments of the
braided PE twine are equally loaded, as is probably the case with the twisted polyamide
twine. As mentioned previously, the first component of braided PE to break is the core,
which, as the less elastic, bears a greater share of the force acting on the stretched twine.
The next element to break is the cover, as its construction is more elastic.

The quite wide ranges of the elasticity modulus £ obtained in the tests occurred
primarily due to the various properties of the artificial materials used in the manufacture
of the fibers or filaments, and less due to construction differences. The exception might
be chemical finishing and the twist in twisted PA products. The period of time elapsed
following twine production as well as the way in which it was stored are also significant.
It is known that “age” has a destructive impact on the properties of fibers and filaments
manufactured of artificial materials as does, for example, solar radiation (Blady 1979,
1980). Neither the “age” of the tested samples used in the current tests nor the manner in
which they were stored were known.

The results of calculations of the twine elasticity modulus coincide well with values
from the literature. This could be verified by comparing the values of the elasticity modu-
lus of the polyamide that were obtained with those of parameters published in the profes-
sional literature. The comparison verifies that this method can be applied to determine the
shape of the meshes with theoretical calculations, especially the shape of T90 meshes.

Applying calculations to estimate the selective and protective properties of particular
netting products used in the manufacture of fishing gear accelerates suitability analyses
and the subsequent implementation of new constructions in commercial exploitation, thus
ensuring that marine living resources can be properly protected in a timelier manner.

Turning the meshes by 90° in relation to the standard orientation permits increasing
the breaking strength of the meshes in both the PE and PA material groups from about 10
to 25%. Turning the meshes also results in increased mesh elasticity, which is seen in the
shift of the tensile strength curve to the right of the standard meshes curve. Considerable
elasticizing of the turned meshes occurs in the polyethylene (PE) twine, while that in the
polyamide (PA) twine is slightly lower.

Generally, the method presented in article can be used to determine the shape of
mesh openings in particular netting material. However, the problem of how to determine
the proper twine diameter remains. From calculations conducted for this project, it ap-
pears necessary to treat the diameter (thickness) dually. The proper way to calculate stress
during tensile tests appears to be to sum the cross-sections of all the twine filaments.
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However, to calculate the moment of inertia J, the diameter (thickness) obtained from
measurements of total twine diameter taken with a special micrometer should be used.
Therefore, further tests of netting twines are necessary in order to verify the values of the
Young modulus that were obtained.
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Variability of surface chlorophyll a and deep chlorophyll a
maximum in the North Atlantic
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Av. Brasilia, 1449-006 Lisboa, Portugal

Abstract. The seasonal and spatial distribution of surface chlorophyll a, the deep chlorophyll ¢ maximum
(DCM), and integrated chlorophyll a were studied based on samples collected during ten oceanic cruises
in the North Atlantic between 1980 and 1987. These data were related to the physical structure and nitra-
cline. Seasonal variations were present and were more pronounced in surface chlorophyll a (with greater
values in winter), while integrated chlorophyll a concentrations remained more constant, and the deep
chlorophyll ¢ maximum was always present. The current data suggest some geographical trends: surface
chlorophyll a concentrations presented a more pronounced decrease to the south than the integrated chlo-
rophyll @ and deep chlorophyll ¢ maximum concentrations and increased depth of the DCM and nitracline
to the south.

Key words: Euphotic zone, nitracline, DCM, North Atlantic

INTRODUCTION

The present work is based on oceanographic information collected from ten cruises car-
ried out in the Atlantic Ocean during different months near the Gorringe, Ampére, Lion,
Seine, and Unicorn banks and NE Arq. Madeira, (abbreviated to NE Madeira) located in
the waters of the Portuguese EEZ. Sampling was conducted in the open ocean far from
the continental Portuguese coast so no horizontal transports of nutrients and organic mat-
ter from river outflow and upwelling were present.

The main objectives of the cruises were studies of fishing technology and oceano-
graphic conditions. It is widely known that banks are excellent fishing grounds. The fish-
ing gear used was a long line, and the main species studied was Aphanopus carbo Lowe,
1839 (black scabbard fish) (Cavaco and Pissarra 1982, 1984a, b, ¢), which inhabit the
slopes of the banks.

The zone around these banks (Fig. 1) can be characterized as oligotrophic with sur-
face chlorophyll concentrations of less than 0.15 mg - m? throughout the year, a well-
developed deep chlorophyll maximum (DCM) normally close to the nitracline (the depth
at which the nitrate concentration is about 1uM), and a euphotic zone of 50-60 meters.

The data collected over seven years in these oligotrophic waters provide some knowl-
edge of an oceanic area where only a few studies have been conducted. The majority of
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Fig. 1. Location of sampling stations during the different cruises.

previous research was carried out in the Tropical Atlantic Ocean (Herbland et al. 1979,
Herbland 1983) and which assessed some aspects of the relationship between the vertical
distribution of chlorophyll a (chl @) and hydrological structure. Other oligotrophic sys-
tems, such as the Mediterranean Sea, have been studied (Estrada et a/. 1993, Raimbault et
al. 1993, Yilmaz et al. 1994, Yacobi et al. 1995), and the DCM feature normally appears
to be associated with the euphotic zone. The California area has also been studied for
several years (Millan-Nufiez et al. 1996), and some empirical relationships were found
among these variables.

The purpose of this paper is to describe the spatial and temporal distribution of sur-
face chlorophyll a, the DCM, and integrated chlorophyll a concentrations to verify their
relationships and to attempt to relate them to physical and chemical parameters in the
water column.

MATERIALS AND METHODS

Ten cruises were conducted aboard the R/V Noruega between June 1980 and September
1987, and 101 oceanographic stations were monitored in the six studied areas (Fig. 1).

The cruises coincided with the four seasons — spring (April/May), summer (June),
fall (September), and winter (November) (Table 1).

Water samples for salinity and nutrient analysis were collected with Nansen bottles
equipped with reverse thermometers from the surface to 1800 meters (bottom depth nor-
mally exceeded 2000 meters). Samples for chlorophyll @ determinations were collected
with Niskin bottles at ten depths between the surface and 200 meters.

Water samples for nutrient analysis were stored at —20°C and the determinations were
made with a Technicon AAII three channel autoanalyzer according to the methods of
Technicon Industrial Systems (1977a).
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Table 1. Cruise codes, dates, and sites sampled

Cruise Date Sampling sites

020170680 19-20 June 80 Seine, NE Madeira

020330981 02-11 September 81 Gorringe, Ampére, Seine, NE Madeira
020390582 10-19 June 82 Lion, Seine, NE Madeira

020451182 24 Nov — 03 Dec 82 Gorringe, Ampeére, Seine, Lion

020480583 11 -27 May 83 Gorringe, Ampeére, Seine, Lion, NE Madeira
02100984 04 -17 September 84 Ampére, Unicorn, Seine, Lion, NE Madeira
02010485 24 April — 03 May 85 Lion, Seine, NE Madeira

02100986 05-13 September 86 Seine, Lion, Unicorn

02121186 06 - 09 November 86 Gorringe

02110987 04 September 87 Unicorn

Salinity was calculated from conductivity measurements carried out with a Beckman
RS9 salinometer. Sigma-t was determined from temperature and salinity using algorithms
described in Fofonoff and Millard (1981). For chlorophyll a analysis, 250 ml of sample
was filtered through Sartorius filters (0.45 p, © 47 mm), extracted with 90% acetone
(24 h), and measured with a Perkin-Elmer fluorometer (Yentsch and Menzel 1963). Cali-
bration was done with pure chlorophyll @ from SIGMA. Integrated total chlorophyll a,
expressed as mg - m?, was calculated from the surface down to 200 meters. Measure-
ments with a Secchi disk 30 cm in diameter were done in order to determine the depth of

the euphotic zone.

RESULTS

The analysis of 100 chlorophyll profiles showed a deep maximum occurring at each sta-
tion, and the concentration was always higher than at the surface, which is characteristic
of oligotrophic waters.

Seasonal variability

The mean surface chlorophyll ¢ showed typical seasonal variations characteristic of tem-
perate waters with higher values (0.11 mg - m?) in winter that were 2.5 times those of
summer. Chlorophyll ¢ measured at DCM was three to four times the value of the surface
waters except in winter (Table 2).

Table 2. Average values + SE of DCM (m), nitracline (m), Ac, (Kg - m?), surface chlorophyll a (mg - m),
and chlorophyll a concentration at the DCM (mg - m?)

DCM Nitracline Ac, Cla*" Cla"™
N Mean SE Mean SE Mean SE Mean SE Mean SE
Spring 20 84 + 11 90 + 20 0.16 + 0.08 0.08 + 0.02 0.30 + 0.11
Summer 10 98 + 4 112+ 20 0.65 + 0.08 0.04 + 0.02 0.18 £ 0.05
Fall 30 89 + 23 95 £ 19 1.14 = 0.26 0.04 = 0.03 0.13 £ 0.01
Winter 15 74 £ 19 68 + 4 0.22 + 0.09 0.11 + 0.02 0.17 £ 0.03




44 MARIA HELENA CAVACO AND MARTA NOGUEIRA
0 / T Fig. 2. Vertical distribution of temperatures
\ | throughout the year.
/
50 - ) /
e
-
E /
% 100 4 2
a
150 A —— Spring
— — Summer
— — Fall
Winter
200 T T
14 20 22 24
Te t °C
emperature (°C) Fig. 3. T/S diagrams (« DCM localization).
24 24
22 4 Spring 22 4 Summer
20 - 20 Lond
18 | - 18 |
.
—~ 16 A 16
O O o’
< 14 A < 14 A .
- -
12 4 12 4
10 10
8 8
61 ..~ 6
. d
4 4 4 -
2 ‘ ‘ ‘ 2 ‘ ‘ ‘
350 355 36.0 365 37.0 350 355 36.0 365 37.0
Sal Sal
24 24
22 | Fall 22 | Winter
20 A 20 A " ot
18 - 18 1 n %
3 "
16 1 ~ 16 1 i
O O 4
< 14 :\’: 14 4 NS
— g
12 12 §"ﬂ .y
et
10 4 10 4 =% .pfi{s
8 1 8 w
o
6 - 61 .
4 4 4
2 ‘ ‘ ‘ 2 ‘ ‘ :
350 355 36.0 365 37.0 350 355 36.0 365 37.0

Sal

Sal



Variability of surface chlorophyll a and deep chlorophyll a .... 45

Values of chl a at the surface and the DCM did not reach their maximums at the same
times during the studied period.

Higher values of the density gradient Ac, (6" — ) (Table 2) were obtained in
summer and fall, when average surface chlorophyll @ was at the minimum. This suggests
the limited exchange of nutrients between the surface and deep layers. Seasonal thermo-
clines were observed in summer and fall (0.23°C/10 m and 0.34°C/10 m - Fig. 2) and
were associated with the deepening of the chlorophyll ¢ maximum (Table 2).

Depth integrated chlorophyll a concentrations ranged from 12 to 23 mg - m™ (fall
and spring) and concurred with values noted in the North Atlantic Ocean (Bahamon et
al. 2003).

The four T/S diagrams (Fig. 3) provide a glimpse of the different water mass distribu-
tions and the DCM in the North Atlantic Central Water location. The representation of the
DCM on the diagrams can help to explain the major influence of physical parameters and
the different surface layers that are observed in the four seasons. The dispersion points on
the surface layers summarize seasonal and latitudinal effects.

Spatial variability

The average profiles for each zone were calculated in order to analyze the latitudinal
change in chlorophyll.

The results illustrated in Fig. 4 show that the change (north-south) in the concentra-
tion of chlorophyll a at the surface (0.09-0.04 mg - m?) decreased by more than 50% in
comparison with the concentration of chlorophyll @ at the DCM (0.23-0.15 mg - m™) or
integrated chlorophyll a (19-13 mg - m?). This was very pronounced at Lion Bank.
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The depth of the DCM was between 65 and 100 meters and was close to the nitra-
cline (70-110 m); the distance between them increases to the south, except at Lion Bank

(Fig. 5).

The depth of DCM did not correlate with the nitracline at any of the banks, except

Gorringe (r? 0.85).

The influence of temperature on the position of the DCM is presented in figures 6 and
7. The vertical temperature distribution (Fig. 6) was intensely stratified in fall with the
highest surface values (21-23°C), while in spring there was no stratification with surface
values ranging from 16.7 to 17.7°C.

The vertical profiles illustrated in Fig. 7 show higher values of chl « in spring at the
surface and a pronounced DCM, which must be related with the absence of thermal strati-
fication, and a clear latitudinal effect can be distinguished.
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Table 3. Relationships between Chla®™ | Chla™, and Chla*" at the studied sites

Area n Relationship R Square p
Gorringe 8 InChla®™ = 0.269InChla™"— 0.865 0.088 No
8 InChla™ = 0.562 InChla™ + 4.24 0.255 No
Ampere 5 InChla®™ = 0.725 InChla*" + 0.52 0.432 No
5 InCl @™ = 0.507 InChla® + 4.32 0.610 No
Lion 19 InChla®™ = 0.515 InChla*" — 0.38 0.528 <0.02
19 InChla™ = 0.527 InChla*" + 4.20 0.726 <0.001
Seine 27 InChlg®™ = 0.277 InChla*""— 0.875 0.114 No
27 InChla™ = 0372 InChla®" + 3.87 0.402 <0.02
Madeira 6 In Ch/a®™ =1.692 InChla*""+ 3.12 0.886 <0.01
6 InChlg™ = 0.176 InChla*" + 3.10 0.082 No
Unicornio 7 In Chla®™ = 0.14 InChla*" — 1.91 0.002 No
7 InChlg™ = 0.38 InChla®" + 3.58 0.067 No
Total 71 InChlg®™ = 0.105 InChla*" — 0.594 0.226 <0.1
71 InChla™ = 0.449 InChla™" + 4 0.467 <0.001

Some of the relationships between Chla®M, Chla™, and Chla®™ for the different re-
gions were calculated for the 1980-1987 period and for each area (Table 3).

The non-linear relationships among the selected variables were significant for all
the data; nevertheless, the lack of correlations among the individual sites may be due to
insufficient data.

DISCUSSION

In the present work deep chlorophyll a was clearly observed at all the studied areas and
its localization depended on the seasonal cycle.

The current results indicated that the DCM follows the depth of the nitracline as has
been described by several authors for the South Tropical Atlantic (Herbland 1983) and the
Pacific oceans (Cullen and Eppley 1981). The depth of the nitracline and DCM increased
from spring to summer and then decreased until fall, as Estrada et al. (1993) reported for
the Mediterranean. The seasonal variation of the DCM, with lower values in fall and win-
ter, must be the consequence of reduced light penetration (Yilmaz et al. 1994, Radenac et
al. 1996) and of seasonal stratification.

The latitudinal trend of DCM and nitracline (with deeper chlorophyll maximums
and nitraclines) concur with the reports of Augusti et al. (1999) from across the Tropical
Atlantic and Teira et al. (2005) for the Eastern North Atlantic oceans due to changes in
surface layer temperatures.

The mean surface chlorophyll a values are representatives of oligotrophic waters.

The current results revealed a non-linear relationship between concentrations of inte-
grated chlorophyll ¢ and those at the DCM with those of surface chlorophyll a; this sug-
gests greater variability in surface chlorophyll a. The examinations of these relationships
revealed that throughout the study period Chla®™ and Chla™ changed more slowly than
surface concentrations as Agusti ef al. (1999) suggested.



Variability of surface chlorophyll a and deep chlorophyll a .... 49

Acknowledgements. The authors would like to thank their colleagues who parti-
cipated in the cruises, including the crew of r/v Noruega, and those who provided
technical assistance in the laboratory. Particular thanks are due M Hortense Afonso
for assistance with writing the paper in English.

REFERENCES

Agusti, S. and C. M. Duarte 1999. Phytoplankton chlorophyll a distribution and water column
stability in the central Atlantic Ocean. Oceanol. Acta, 22(2): 192-203.

Bahamon, N., Z. Velazquez and A. Cruzado 2003. Chlorophyll ¢ and nitrogen flux in the North
Atlantic Ocean. Deep-Sea Res. I, 50: 1189-1203.

Cavaco, M. H. and J. L. Pissarra 1982. Caracterizacdo Oceanografica. [In:] Programa de Apoio as
Pescas na Madeira — II Cruzeiro de Reconhecimento de Pesca e Oceanografia 020170680. Cru-
zeiro de Reconhecimento de Pesca e Oceanografia 020241180. Relat. INIP, 11.

Cavaco, M. H. and J. L. Pissarra 1984a. Caracterizacdo Oceanografica [In:] Programa de Apoio
as Pescas na Madeira — III Cruzeiro de Reconhecimento de Pesca e Oceanografia 020330981.
Relat. INIP, 22.

Cavaco, M. H. and J. L. Pissarra 1984b. Caracterizacdo Oceanografica [In:] Programa de Apoio
as Pescas na Madeira — IV Cruzeiro de Reconhecimento de Pesca e Oceanografia 020390582.
Relat. INIP, 25.

Cavaco, M. H. and J. L. Pissarra 1984c. Caracterizagdo Oceanografica [In:] Programa de Apoio
as Pescas na Madeira — V Cruzeiro de Reconhecimento de Pesca e Oceanografia 020451182.
Relat. INIP, 31.

Cullen, J. J. and R. W. Eppley 1981. Chlorophyll maximum layers of the Southern California Bight
and possible mechanisms of their formation and maintenance. Oceanol. Acta, 4: 23-32.

Estrada, M., C. Marrasé, M. Latasa, E. Berdalet, M. Delgado and T. Riera 1993. Variability of deep
chlorophyll maximum in the Northeastern Mediterranean. Mar. Ecol. Prog. Ser. 92: 289-300.

Fofonoft, N. P. and R. C. Millard 1981. Algorithms for computation of fundamental properties of
seawater. UNESCO, Tech. Pap., 44.

Herbland, A. and B. Voituriez 1979. Hydrological structure analysis for estimating the primary
production in the tropical Atlantic Ocean. J. Mar. Res. 37: 87-101.

Herbland, A. 1983. Le maximum de chlorophylle dans 1’ Atlantique tropical oriental: description,
écologie, interpretation. Oceanogr. Trop. 18: 295-318.

Millan-Nufiez, R., S. Alvarez-Borrego and C. C. Trees 1996. Relationship between deep chloro-
phyll maximum and surface chlorophyll concentration in the California Current system Cal-
COFI Rep. 37: 241-250.

Radenac, M. H. and M. Rodier 1996. Nitrate and chlorophyll distributions in relation to thermoha-
line and current structures in the western tropical Pacific during 1985-1989. Deep-Sea Res. 11.
43(4-6): 725-752.



50 MaRriA HELENA CAVACO AND MARTA NOGUEIRA

Raimbault, P., B. Coste, M. Boulhadid and B. Boudjellal 1993. Origin of high phytoplankton con-
centration in deep chlorophyll maximum (DCM) in a frontal region of the Southwestern Medi-
terranean Sea (Algerian Current). Deep-Sea Res. I, 40(4): 791-804.

Technicon Industrial Systems. 1977a. Nitrate and nitrite in water and seawater. Industrial Method
n°158-71W/A" Tentative. Tarrytown, N.Y.

Teira, E., B. Mourio, Marafion, V. Perez, M. J. Pazo, P. Serret, D. de Armas, J. Escanez, E. M.
S. Woodward and E. Fernandez 2005.Variability of chlorophyll and primary production in the
Eastern North Atlantic Subtropical Gyre: potential factors affecting phytoplankton activity.
Deep-Sea Res. I, 4: 569-588.

Yacobi, Y. Z., T. Zohary, N. Kress, A. Hecht, R. S. Robarts, M. Waiser, A. M. Wood and W. K. W.
Li 1996. Chlorophyll distribution throughout the southeastern Mediterranean in relation to the
physical structure of the water mass. J. Mar. Syst. 6: 179-190.

Yentsch, C. S. and D. W. Menzel 1963. A method for the determination of phytoplankton chloro-
phyll and phaeophytin by fluorescence. Deep-Sea Res. 10: 221-231.

Yilmaz, A., D. Ediger, O. Basturk and S. Tugrul 1994. Phytoplankton fluorescence and deep chlo-
rophyll maxima in the Northeastern Mediterranean. Oceanol. Acta, 17(1): 69-77.



THE BULLETIN OF THE SEA FISHERIES INSTITUTE “I

3 (166) 2005 w

Some biological information on walleye pollock
(Theragra chalcogramma) from the Sea of Okhotsk
(1997-2000) based on Polish commercial catches

Jerzy Janusz and Kordian Trella
Sea Fisheries Institute in Gdynia, Koltataja 1, 81-332 Gdynia, Poland

Abstract. This work presents the results of biological observations of walleye pollock conducted in the
1997-2000 period in four areas of the Sea of Okhotsk: the TINRO Depression, Deriugin Depression, the
area between the Deriugin Depression and western Kamchatka, and Lebed Seachannel. The analyses of the
distributions of length, age, and the sexual maturity of walleye pollock indicate that there are certain differ-
ences in these parameters among the areas. The walleye pollock from the area of the TINRO Depression
had decidedly the smallest length and age ranges as well as the slowest growth rate. During the 1997-2000
period, the number of dominant year-classes in the walleye pollock stock decreased, which was probably
the result of intense fisheries exploitation of the pollock stock

Key words: walleye pollock, biology, Sea of Okhotsk

INTRODUCTION

The Sea of Okhotsk is one of the main walleye pollock regions of occurrence in the
northern Pacific Ocean. The walleye pollock biomass in the Sea of Okhotsk comprised
approximately 80% of the total ichthyofauna biomass, which was estimated in 1988 to be
14 million tons (Shuntov et al. 1990). In the early 1990s, walleye pollock catches reached
2.0 million tons annually (Shuntov et al. 1993). In the 1991-1995 period, resources of
walleye pollock were exploited intensely in the waters outside of the Russian Federation
EEZ by fleets from China, South Korea, and Poland. In accordance with bilateral agree-
ments, these fleets have fished the shelf waters of the Russian Federation within its annual
catch quota since mid 1995.

Studies conducted by Russian scientists indicate that the population structure of the
walleye pollock inhabiting the Sea of Okhotsk has not been fully described. The main
reasons are, according to Temnykh (1991), a lack of isolation between spawning grounds
and, according to Vdovin and Smirnov (1992), the mixing of fish during feeding. Thus, it
is difficult to determine the number of populations in this area, and various authors esti-
mate that there are from two to ten (Temnykh, 1989, 1990, 1991). Generally, it is agreed
that in the waters of the northern part of the Sea of Okhotsk there are two basic walleye
pollock populations: the western Kamchatka and the northwestern. Fish from both of
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Fig. 1. Walleye pollock study areas in the Russian EEZ of the Sea of Okhotsk in subsequent years:
1 — October-November 1997; 2 — January-March 1999; 3 — February 2000; 4 — February-April 2000.
Spawning grounds (according to Fadeev and Smirnow 1987) denoted with crosses and international waters
with a broken line.

these stocks migrate throughout the sea and often mix. Only during spawning periods
do they migrate to the spawning grounds whose main areas are located in the waters of
western Kamchatka and the northwestern part of the Sea of Okhotsk (Fig. 1). The char-
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acter of the concentrations noted here, their migration directions, and spawning grounds
have also been described by, among others, Satoshi (1978), Vyshegorodtsev (1987), and
Fadeev (1995).

Polish catches of walleye pollock in the Sea of Okhotsk were conducted in two peri-
ods: the first was from 1991 to mid 1995 when international waters were fished, and the
second was from mid 1995 to 2001 in the Russian Federation EEZ. Biological and moni-
toring studies were conducted along with the catches. The results of the studies from the
early 1990s (Janusz and Horbowy, 1997) and those from the later period permit tracking
the changes that have occurred in the populations inhabiting this areas.

The aim of this work is to present the biological characteristics of walleye pollock
caught by Polish commercial fishing vessels in the 1997-2000 period.

MATERIALS AND METHODS

The study materials were collected during three cruises on Polish commercial fishing
vessels in 1997, 1999, and 2000. The walleye pollock from four areas in the Russian
Federation EEZ were studied (Fig. 1). The catch locations were limited due to the dis-
position of the fishing fleet as prescribed by the fishing license. In 1997, investigations
were conducted in the area of the TINRO Depression (area 1). In 1999, they were done
near the international waters to the northeast of the Deriugin Depression (area 2). In the
second decade of February 2000, investigations were initiated between the international
water zone and Kamchatka near the 52°N parallel (area 3), and then continued near Lebed
Seachannel (area 4). The catch depth in areas 1 and 4 was from 400 to 480 m, while in the
areas 2 and 3 it was from 450 to 600 m.

Length measurements were taken on a total of 32 000 fish, while more than 2100
specimens were subjected to detailed biological analyses (Table 1).

Each measuring event was comprised of approximately 800 individuals chosen at
random from the catch. The fish were then sorted by sex, and measurements from the
end of the snout to the fork in the caudal fin were rounded down to the nearest cm. Each
biological analysis was comprised of 100 fish, of which 80 were chosen at random and
20 were chosen from the least abundant length classes in the catches. Each fish was mea-
sured, weighed to the nearest 10 g, sexed, and the state of the gonads was determined
according to the eight-stage Maier scale (FAO, 1965). Otoliths were also collected for

Table 1. Characteristics of the study material

Males Females Total
Area | Study period Vessel measure- .| measure- . | measure- .
ment analysis ment analysis ment analysis
1 X-XI. 1997 | m/t Acamar 2910 152 2965 156 5875 308
2 I-111. 1999 m/t Alphard 2644 116 4633 168 7277 284
3 11. 2000 m/t Amarel 1040 89 1793 111 2833 200
4 1I-1V. 2000 m/t Amarel 5898 567 10283 | 768 16181 1335
Total 12492 924 19674 1203 32166 2127
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ageing the walleye pollock at a later date according to the procedure developed and de-
scribed by a special working group (Anon., 1990).
The von Bertalanffy equation was used to determine growth rate:

l,=L,, (1 —exp(=K(t—1)))
where:
I(I) — fish length at age t (in cm);
t — age for which length is calculated lm;
L, K, t,— parameters calculated based on empirical data,
&, - asymptotic length; K — shape of the growth curve; ¢, — theoretical beginning of
growth)
The dependence of weight on body length was described with the equation:

W=k-L"
where:
W — fish weight (in g);
L — fish length (in cm);
k — constant; n —exponent.

RESULTS

The length of the pollock in the commercial catches ranged from 20 to 81 cm. Only 31
length classes were observed in the catches in area 1 in 1997 and 59 length classes in
area 2 in 1999. The mean lengths of males and females were similar in areas 1 and 4 and
almost identical in areas 2 and 3. The length frequency for the four areas is presented in
Fig. 2.

The age composition of the pollock is presented in Fig. 3, with the age of the fish
caught ranging from 2 to 23 years. In area 1 in 1997, seven year classes (from 1993 to
1987) dominated. In 1999, following two years of exploitation in area 2 only, two year
classes predominated (1994 and 1993) while the older ones were less notable. The age
composition of pollock was similar in 2000 in areas 3 and 4. Two younger year classes
dominated (1995 and 1994), and the share of older fish was very small. This age structure
meant that the mean age of fish was higher in 1997 and 1999 in areas 1 and 2 and smaller
in 2000 in areas 3 and 4. The similarities in structure between areas 3 and 4 stemmed from
the fact that the catches were conducted in a similar period of the same year. However,
their differentiation in relation to the other areas indicates that between the period of 1997
and 2000 a reduction occurred in the number of older generations of walleye pollock .

The comparison of the growth rates of male and female walleye pollock indicated
that they were similar in areas 2, 3, and 4 but lower in area 1. The curve derived from the
calculated parameters of the von Bertalanffy equation (Table 2) indicates that the female
growth rate was higher than that of the males (Fig. 4).

The weight of the walleye pollock ranged from 70g to 3190g. The average weight of
females in the length classes was higher in each area (Table 3). The curve derived from
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Fig. 4. Growth rate of male and female walleye pollock by study area
according to the von Bertalanfty equation.

the individual length-weight dependence indicates that individual weight gain for both
males and females was similar in areas 2, 3, and 4, while it was the lowest in area 1. This
was particularly evident in the case of the females from this area (Fig. 5).

A similar tendency was also observed in the analysis of the average weight in sub-
sequent years of life (Table 3). In this case, fish weight in areas 2, 3, and 4 was also
higher than the analogous weight in area 1, while females were heavier than males. These
differences stemmed not only from the varied growth rates of length increase, but also
from weight gain caused by the increasing weight of the gonads. Studies in area 1 were
conducted during the resting phase and the beginning of the gonad maturation phase
(between October and December), while those in the other areas were conducted in the
pre-spawning and spawning periods (February to April). The analysis of maturity degree
indicated that 71.7% of the male and 94.2% of the female gonads were in the second and
third stages of maturity in area 1. In the other areas, maturing or mature (III — VI) speci-
mens dominated (Fig. 6). The number of fish in these maturity stages ranged from 53.3 to
88.8% of the total number of studied specimens. Moreover, only in area 4 were spawning
(VI and VII - 17.9%) and spent (VIII — 2.5%) males noted. This leads to the conclusion
that this area was located near the spawning grounds.
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Table 2. Average length in subsequent years of life and the parameters of the von Bertalanffy equation

Males Females

Age area | area 2 area 3 area 4 area | area 2 area 3 area 4
2 27.9 28.5 22.0 22.0 27.3 22.4
3 29.8 29.5 29.0 26.1 30.0 31.5 26.9
4 33.6 33.1 333 31.6 33.6 33.5 32.5 32.0
5 36.2 37.1 36.7 36.0 359 36.8 37.0 36.4
6 36.9 39.8 40.4 39.7 37.8 39.9 394 40.0
7 39.5 43.5 43.4 423 39.2 42.8 44.4 43.3
8 40.4 43.3 46.8 449 42.1 453 47.0 46.4
9 41.7 46.0 47.0 459 42.1 44.7 51.5 48.0
10 42.8 45.6 46.3 458 43.5 47.2 50.8 50.0
11 45.0 47.8 49.6 46.6 44.8 53.8 53.3 51.5
12 43.6 45.7 50.3 48.3 54.4 54.5 53.6
13 443 49.5 50.0 49.3 46.0 58.2 57.0 54.9
14 47.5 50.3 51.0 50.4 47.0 56.4 533 56.5
15 46.0 52.8 50.0 50.3 56.3 56.0 58.1
16 56.5 54.5 56.9 63.3 58.8
17 57.0 54.0 69.0 61.0
18 49.5 60.0 67.0 60.0 55.5
19 52.0

20 50.5 57.5 61.7
21 54.0 55.0 73.5
22 50.0 59.4 64.7
23 61.7

von Bertalanffy equation parameters
L. 49.61 54.10 53.08 57.91 52.19 69.20 63.95 69.66
K 0.1490 0.1640 0.2250 0.1500 0.1400 0.1049 0.1540 0.1085
t, -3.457 -2.137 -0.416 -1.237 -3.266 -2.333 -0.593 -1.662
DISCUSSION

The 1997-2000 walleye pollock studies were conducted in the Russian Exclusive Eco-
nomic Zone in four areas of the eastern part of the Sea of Okhotsk. Since the fish studied
came from commercial catches, the study areas are a reflection of the occurrence of dense
concentrations of these fish.

The changes observed in the length distribution and age of the pollock in particular
regions should be understood as changes occurring in the pollock stock in the 1997-2000
period rather than changes in the regions in which the samples were collected.

This difference could have resulted from changes in a variety of factors, the most sig-
nificant of which include intense fisheries exploitation and probably environmental con-
ditions. The impact of fisheries exploitation on the state of walleye pollock stocks in the
Sea of Okhotsk has been the subject of several publications. Various estimates indicated
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Fig. 5. Weight-length relationship of pollock (males and females) by study area.

that in the 1991-1994 period the total walleye pollock biomass in the Sea of Okhotsk was
approximately 9 million tons (Janusz and Horbowy 1997) and that of the spawning stock
was 7.5 million tons (Fadeeev, 1995). Later estimations made with mathematical methods
indicated the biomass of the spawning stock to be 7.4 million tons (Zwerkowa and Okty-
abrsky 1996). Shuntov (1998) demonstrated that a distinct change occurred in the Sea of
Okhotsk ecosystem as expressed by the increase of herring biomass at the cost of that of
walleye pollock. The western Kamchatka stock analyzed in the current work decreased
in size from 5.6 million tons in 1986 to 4.2 million tons in 1997. Therefore, it can also be
concluded that the reduction of dominant generations in walleye pollock catches noted
in the current study could also have been caused by fisheries and environmental changes.
Confirmation of these changes was the increasing walleye pollock growth rate.

The differences in the numbers of dominant generations and the varied length class
frequency in subsequent years of the study cannot be fully explained by fisheries exploi-
tation and possible environmental changes. These were caused to a significant degree by
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the continuous migration of walleye pollock within the Sea of Okhotsk. This is indicated
by, among other sources, the results of walleye pollock studies conducted in the interna-
tional waters of the Sea of Okhotsk in the 1991-1994 period (Janusz and Horbowy, 1997).
Throughout the four-year study, cyclic fluctuations were noted in the length structure and
the age group frequency. According to these results for the 1992-1993 period, the bulk of
the walleye pollock catch was comprised of fish from six generations, while only four in
1991 and 1994. Simultaneously, the calculated average length and age of the fish caught
was similar to that presented in the current work.

Fadeev and Smirnov (1987) divided the annual lifecycle of walleye pollock into three
periods: spawning, feeding, wintering. According to these authors, in winter walleye pol-
lock form dense concentrations comprised of fish from various stocks at depths of 150
to 600 m. The sex ratio in them is close to 1:1. In the other periods, this varies due to
the different migration rate of males and females, especially in the pre-spawning and
spawning periods and after spawning when the walleye pollock begin feeding intensively
(Fadeev and Suchkova 1987). This is confirmed by the results of the current study. In area
1 (TINRO Depression), where studies were conducted during the winter (November and
December), the ratio of males to females was equal (49.5%:50.5%). However, females
dominated in areas 2, 3, and 4 where studies were conducted during the pre-spawning
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Table 3. Average weight in subsequent years of life of the male and female walleye pollock
according to study area

Males Females
Age area 1 area 2 area 3 area 4 area 1 area 2 area 3 area 4
2 171.5 168.0 80.0 67.5 167.8 79.0
3 188.7 180.0 170.0 113.7 198.8 208.5 1234
4 284.9 266.1 236.0 200.9 289.8 264.2 215.0 206.0
5 361.9 358.6 3153 300.0 347.6 340.5 329.5 314.0
6 363.5 416.4 446.4 402.9 397.8 450.7 411.8 425.2
7 437.8 622.7 561.9 500.5 420.0 517.5 608.6 546.2
8 477.7 570.0 727.5 606.7 516.9 642.7 745.0 662.5
9 516.4 734.3 760.0 647.7 524.1 604.9 890.0 792.0
10 580.0 642.0 750.0 638.4 574.9 842.6 1035.0 877.5
11 592.0 811.6 912.5 668.4 633.6 1194.7 1118.0 975.1
12 590.9 693.3 885.2 757.5 1182.3 1188.3 1121.0

13 632.7 8717.8 820.0 837.1 552.0 1484.7 1325.0 1223.2
14 668.0 943.3 972.5 876.4 706.0 1391.1 1086.7 1350.0

15 686.0 1195.6 910.0 865.4 1360.8 1267.1 1483.0
16 1150.0 1174.0 1473.9 1813.3 1534.4
17 1090.0 1100.0 2607.5 1831.3
18 926.0 1605.0 2445.8 1600.0 1385.0
19 1044.0

20 891.0 1544.5 1628.3
21 1020.0 930.0 2700.0
22 926.0 1614.2 1976.7
23 1702.9

W =k L" equation parameters
k 0.0149 0.0069 0.0029 0.0041 0.0202 0.0037 0.0032 0.0030
n 2.8021 3.0063 3.2255 3.1203 2.715 3.1773 3.1983 3.2151

and spawning seasons and comprised approximately 63% of the total number of fish mea-
sured in each of the areas. This differentiation probably resulted from the beginning of the
spawning migration. The structure of gonad maturity differentiation in areas 2, 3, and 4 was
fundamentally dissimilar from that observed in area 1. Specimens with gonads in the rest-
ing state (II and III) in area 1, while the other areas were dominated by maturing walleye
pollock specimens (IV and V), and in area 4 there were also mature and spent males (VI,
VII, VIII). The similarity in the distributions of length and age structure of the fish from
areas 3 and 4 indicated that the specimens caught there belonged to the same stock migrat-
ing to spawning grounds in the northeast.

Walleye pollock from the southwest Kamchatka stock spawn from mid March to the
end of May (Gorbunowa 1954, Zverkova 1969, 1987). Pre-spawning concentrations reach
their maximum in late February and early March (Zverkova 1969), when this species con-
centrates at depths of approximately 400-500 m (Fadeev 1987, Fadeev and Smirnov, 1987).
As their gonads mature, the fish migrate to the spawning grounds located near the coast of
Kamchatka at depths of 100-120 m (Gorbunowa 1954, Zverkova 1969). These migrations
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are not even interrupted by the variable ice cover on the Sea of Okhotsk in winter and
most of spring (Satoshi, 1978).

As far as can be concluded from the results of the study, the walleye pollock caught
in areas 3 and 4 belonged to the same stock spawning near southwest Kamchatka, which
cannot be said of the fish of this species caught in area 2. However, the similarity of the
frequency of gonad maturity stages to those described for the same months by Janusz
and Horbowy (1997) could indicate that these fish were part of the stock migrating in the
central Sea of Okhotsk. The degree of gonad maturity and the frequency of males and
females indicated the pre-spawning character of the fish stocks in this area, but there was
no way of determining the direction of their migration to a particular spawning ground.
Earlier observations by other researchers (Temnykh 1989, Janusz 1994) indicate that the
walleye pollock inhabiting the central part of the Bering Sea, in the Russian zone and
international waters alike, can migrate to spawn to the east (as part of the southwestern
Kamchatka stock) as well as to the west (east coast of Sakhalin).
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Potentially pathogenic bacteria in water and siberian sturgeon
(Acipenser baeri Br.) x Russian sturgeon
(Acipenser gueldenstaedti Br.) hybrids in a closed water cycle
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Abstract . Throughout the experimental period, the lowest bacterial counts (0-10' cfu - cm™) were reported
for Pseudomonas fluorescens and Staphylococcus sp. in water samples, whereas the highest counts were
noted for bacteria of the family Enterobacteriaceae in water discharged from the rearing tanks (0-8.1 -
10%cfu - cm?®). In the skin surface mucus of the sturgeon hybrid, the number of bacteria from the fam-
ily Enterobacteriaceae ranged from 0 to 5.4 - 10*cfu - cm?, whereas in their gastrointestinal digesta it
ranged from 5 to 1.6 - 10°cfu - g'. The lowest counts in the samples collected from the fish were noted for
Pseudomonas fluorescens and Aeromonas hydrophila bacteria which were detected in amounts of 0-105
cfu - cm?and 0-31 cfu - cm™in the skin surface mucus and 0-55 cfu - g and 0-62 cfu - g in the intestinal
digesta, respectively. The Kruskal-Wallis test indicated statistically significant differences between popu-
lation numbers of all potentially pathogenic bacteria determined in the water as well as between numbers
of TVC 22°C and 37°C and those of potentially pathogenic bacteria in the sturgeon hybrid (both in the skin
surface mucus and the intestinal digesta) and the feed.

Key words: potentially pathogenic bacteria, water, sturgeon hybrid

INTRODUCTION

The pollution of the aquatic environment and the consequent presence of pathogenic
gastrointestinal tract bacteria in that habitat is reflected in the composition of bacterial
microflora isolated from fish that inhabit it (Zmystowska et al. 2003a, Zmystowska et al.
2003b). The occurrence of pathogenic bacteria in the microflora of mucus and intestinal
digesta of fish is determined by their survivability in water and feedstuffs. Data from the
literature (Del Rio-Rodriguez ef al. 1997, Zmystowska et al. 2001) suggest that the length
of survivability time of bacteria in the gastrointestinal tract of fish is determined to a sig-
nificant extent by environmental conditions.

Fish microflora are subject to change, and a number of factors influencing quantita-
tive and qualitative changes have been identified including the development stage of fish,
feed type, salinity, temperature, stress, and the administration of antibiotics (Sugita et al.
1990). The gastrointestinal tract microflora of freshwater fish are predominated by the
genera Aeromonas and Pseudomonas, representatives of the family Enterobacteriaceae,
and the anaerobes Bacteroides, Fusobacterium, and Eubacterium. Fish and other aquatic
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organisms can be vectors, or carriers, of diseases that induce pathological states in hu-
mans, and thus are likely to become a source of infection. Microorganisms also occur in
high numbers in the skin surface mucus, thus reflecting the microflora of the water. Psy-
chrophilic gram-negative rods belonging to the genera Pseudomonas, Vibrio, Aeromonas,
and Flavobacterium usually predominate on the skin of fish.

The breeding methods of fish are, and will continue to be, subject to far-reaching
changes. This is linked to the general tendency observed in animal husbandry, namely
a movement toward mass production and the maximal shortening of the breeding cycle
through the use of the latest technical and technological means. In fish breeding, this is
due to the creation of conditions that are distinctively different from natural ones. The
homeostasis developed with the adaptation period of fish to different conditions and,
consequently, their resistance to pathogenic factors, is stronger in fish living under natu-
ral conditions than in those kept under breeding conditions that have lost an appropriate,
genetically-preserved adaptation capacity. This is also the reason for a higher incidence
of diseases and the greater intensity of symptoms in farmed fish (Kolman 1999). Both
the eradication of fish-borne diseases and the protection of waters against microbiologi-
cal contamination are becoming increasingly difficult problems due to their increasing
complexity.

The current research aimed at determining the quantity of the indicator bacteria
of contamination degree (TVC 22°C and TVC 37°C) and the pathogenic potential (of
the family Enterobacteriaceae, Pseudomonas fluorescens, Pseudomonas aeruginosa,
Aeromonas hydrophila, Staphylococcus sp.) as well as statistically significant differences
in their occurrence in the water, feed, and Siberian sturgeon x Russian sturgeon hybrid in
a closed water cycle.

MATERIALS AND METHODS

In 2001, a Siberian sturgeon (Acipenser baeri Br.) x Russian sturgeon (Acipenser guel-
denstaedti Br.) hybrid was bred at the Dgat Experimental Hatchery, Inland Fisheries In-
stitute in Olsztyn. The hatchery has a closed water cycle equipped with 14 flow tanks (2.0
m- 1.0 m - 0.9 m in size), a fluid biofilter with a settling tank with a total water capacity
of approximately 5 m?, a preliminary horizontal filter with a settling tank with a capacity
of 8 m?, and two storage reservoirs (upper and lower) (Fig. 1). The average water flow is
15 dm?® - min™.

The experimental material included water collected at five selected test sites within the
cycle, a hybrid of Siberian sturgeon (Acipenser baeri Br.) X Russian sturgeon (Acipenser
gueldenstaedti Br.) that was stocked at a density ranging from 8.13 to 9.48 kg - m?, and
pelleted high-protein feed Trauvit Classic by Nutreco administered to the studied fish.
According to manufacturer data, the feed composition was as follows: protein 46%, fat
14%, carbohydrates 21.5%, ash 9.0%, and cellulose 1.5%. In addition, the feed contained
vitamins (A, C, D, and E) and mineral salts. The fish were fed with a belt feeder that de-
livered feed to the fish 24 h per day throughout the experimental period.

Samples of water were collected at five test sites within the cycle: I — tap water; II
— water after oxygenation; III — water after biofiltering; IV — water from a rearing tank;
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I tap water, II — water after oxygenation, III — water after biofiltration, IV — water from rearing tanks,
V — water discharge from tanks

Fig. 1. Diagram of the closed water cycle and sites of water sample collection.

V — water discharged from the tanks and collected at a depth of 0.3 m (Fig. 1). The water
samples were collected from the selected test sites directly into sterile glass-stoppered
bottles (250 cm?).
The fish were transported to the laboratory in bags filled with tank water and oxygen.
For microbiological analyses, samples of gastrointestinal digesta and skin surface mucus
were collected under sterile conditions. The samples of intestinal digesta were weighed
and ground in a mortar with sterile sea sand and a saline solution (0.85 % NaCl) at a ratio
of 1 : 10. The samples of mucus occurring on the fish skin were collected at the top of the
muscle above the lateral line after the fish had been rinsed with running water. The mucus
was collected from the skin with a sterile swab from a surface area of 1 cm? and fixed in
a sterile saline solution (9 ml).
Feed was sampled at the experimental site and placed in sterile measuring vessels.
A 10 g sample of feed was homogenized with 90 cm® of sterile saline solution. Measure-
ments were carried out according to Polish Standard PN-76/R-64791 for indicative mi-
crobiological analyses of feedstuffs.
Samples of water, fish (skin surface mucus and intestinal digesta) and feed were col-
lected from March to October 2001 at approximately one-month intervals.
The quantitative microbiological analyses of water, fish, and feed were conducted
with breeding methods and covered the following measurements:
* the number of bacteria from the family Enterobacteriaceae, grown on Endo medium
after 48-h incubation at a temperature of 37°C;
* the number of Pseudomonas fluorescens bacteria cultured on King B medium after
72-h incubation at a temperature of 26°C;
» the number of Aeromonas hydrophila bacteria cultured on mA medium after 20-h
incubation at a temperature of 37°C (Rippey and Cabelli 1979);
» the number of Staphylococcus sp. bacteria cultured on Chapman medium after 48-h
incubation at a temperature of 37°C.
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In addition, the samples collected from the fish (mucus and intestinal digesta) and
feeds were measured for the total number of the indicator bacteria of contamination de-
gree cultured on nutritive agar at temperatures of 22°C (TVC 22°C) and 37°C (TVC
37°C).

Inoculations were run in three parallel repetitions following general microbiological
standards. The results of analyses carried out with the plate method were converted into
colony forming units (cfu).

In measuring the counts of Aeromonas hydrophila, Pseudomonas fluorescens, Pseu-
domonas aeruginosa, and Staphylococcus sp. bacteria, consideration was given to colo-
nies grown on selective culture media that were identified based on their morphological
(cell shape, reaction to Gram staining, motility in microscope preparations), enzymatic
(capability of producing catalase and cytochrome oxidase and for oxidation or fermenta-
tion of glucose on Hugh-Leifson medium), and physiological (temperature requirements
and oxygen relationships) traits.

The number of Aeromonas hydrophila bacteria was determined by counting the yel-
low-colored colonies grown on mA medium. In the assay of Pseudomonas fluorescens
bacteria, colonies cultured on selective medium King B were analyzed under a Wood’s
UV lamp, and the counts were recorded for colonies producing fluorescein. In the as-
say of Staphylococcus sp. bacteria on Chapman medium, yellow-colored colonies were
counted that were confirmed with preparations stained according to the Gram method.
These colonies were then re-inoculated on broth-agar culture medium with the addition
of 2% glucose and 5% ram blood (Burbianka and Pliszka 1983) to examine the hemolytic
properties of the bacteria.

The results of microbiological tests were subjected to statistical analysis. The Krus-
kal-Wallis non-parametric ANOVA test and the test of medians (Stanisz 1998) were used.
The Kruskal-Wallis non-parametric ANOVA test was applied the verify the null hypoth-
esis assuming the same number of bacteria in the water at the test sites examined in par-
ticular testing periods.

RESULTS

Table 1 presents the population numbers of the potentially pathogenic bacteria examined
in the water from particular experimental sites.

Over the entire experimental period, no bacteria of the family Enterobacteriaceae
were detected at site I, whereas the highest number of these bacteria was reported at site
V (03.08.01; 810 cfu - cm?). Likewise, the Pseudomonas fluorescens bacteria was not
identified at site I, and occurred in the highest number (16 cfu - cm?) at site V (03.08.01).
While Aeromonas hydrophila bacteria was not observed at site 1 (24.04.01, 30.05.01,
27.06.01, 03.08.01 06.09.01) or at site V (30.05.01, 01.10.01), they occurred in the high-
est number (i.e., 267 cfu - cm™) on 23.03.01 at site V. The Staphylococcus sp. bacteria
was not detected at site [ (23.03.01, 30.05.01,27.06.01, 01.10.01) or at site IV (23.03.01),
but at site V they occurred in the highest number (30.05.01; 92 cfu - cm™) of all the water
samples analyzed.
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Table 1. Number of potentially pathogenic bacteria in the water from the studied closed water cycle (cfu - cm™)

Microorganisms | Site | 23.03.01 | 24.04.01 | 30.05.01 | 27.06.01 | 03.08.01 | 06.09.01 | 01.10.01
I 0 0 0 0 0 0 0
5 11 197 420 688 562 518 207 273
nero- m | 269 576 325 652 349 265 229
bacteriaceae
v 224 390 396 476 540 310 418
\% 339 712 648 588 810 362 354
I 0 0 0 0 0 0 0
Pseud 11 7 11 8 2 6 4 5
Seudomonas.| -y 6 8 7 6 10 1 3
Sfluorescens
v 2 1 4 2 2 2 6
\% 5 3 7 3 16 2 3
I 2 0 0 0 0 0 4
y 11 42 139 15 73 26 23 10
eromonas o | 130 92 61 220 49 105
hydrophila
v 212 179 3 56 226 13 59
\% 267 169 0 53 122 57 0
I 0 1 0 0 2 2 0
Staphylococcus 1T 17 1 35 13 38 11 11
sp. 11 1 3 34 4 57 13 1
v 0 1 30 9 33 16 66
Table 2 Number of the bacteria groups examined (cfu) in skin surface mucus (1 cm?)
and gastrointestinal digesta of fish (1 g)
. Date
Group of bacteria Sample
23.03.01 | 24.04.01 | 30.05.01 | 27.06.01 | 03.08.01 | 06.09.01 | 01.10.01
. a 0 0 150 0 540 65 50
Enterobacteriaceae
b 365 5 1660 395 325 345 410
Pseudomonas a 105 15 55 0 80 41 0
Sfluorescens b 55 0 45 30 0 0 0
Aeromonas a 31 0 0 0 1 6 5
hydrophila b 62 0 45 30 0 0
a 100 190 120 0 18 15 20
Staphylococcus sp.
b 0 5 665 275 90 215 34
a 2755 85 3805 385 2120 1535 155
TVC 22°C
b 2345000 | 45000 | 780000 | 4740000 | 1760000 | 1750000 | 2040000
a 350 35 1420 10 170 130 110
TVC 37°C
b 39000 5000 185000 | 4440000 | 73000 | 104250 | 344000

a—mucus from a lcm? area of fish skin; b — gastrointestinal digesta of fish

The occurrence of the examined groups of bacteria in mucus from the area of 1 cm? of
skin and in 1 g of gastrointestinal digesta of the fish analyzed is presented in Table 2.

Inthe mucus from 1 cm?of'skin, the number of bacteria from the family Enterobacteria-
ceaeranged from 0 cfu-cm2(23.03.01,24.04.01,27.06.01) to 540 cfu-cm(03.08.01). The
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Table 3. Number of the bacteria groups examined in the feed (cfu g)

Group of bacteria 23.03.01 | 24.04.01 | 30.05.01 | 27.06.01 | 03.08.01 | 06.09.01 | 01.10.01
Enterobacteriaceae 24 4 17 51 10 0 0
Pseudomonas fluorescens 0 0 1 0 0 1 1
Aeromonas hydrophila 0 0 0 0 0 1 0
Staphylococcus sp. 75 133 104 39 7 30 67
TVC 22°C 6225 449 1890 12438 545 1344 5961
TVC 37°C 431 164 371 725 256 157 341

minimal and maximal counts of this bacterium in intestinal digesta were 5 cfu - g (24.04.01)
and 1.6 -103 cfu - g (30.05.01), respectively. Pseudomonas fluorescens bacteria occurred
in numbers ranging from 0 cfu - cm? (27.06.01, 01.10.01) to 105 cfu - cm™ (23.03.01) of
mucus collected from the skin surface, and from 0 cfu - g (24.04.01, 03.08.01, 06.09.01,
01.10.01)to 55 cfu-g'(23.03.01) of intestinal digesta. The number of Aeromonas hydroph-
ila bacteria identified in the mucus ranged from 0 cfu - cm(24.04.01, 30.05.01, 27.06.01)
to 31 cfu-cm™(23.03.01) and that identified in the intestinal digesta of the fish ranged from
0 cfu-g'(24.04.01, 03.08.01, 06.09.01, 01.10.01) to 62 cfu - g' (23.03.01). In the case
of the Staphylococcus sp. bacteria, the number in the mucus fluctuated from 0 cfu - cm™
(27.06.01) to 190 cfu - cm?(24.04.01), whereas in the intestinal digesta the range was from
Ocfu-g'(23.03.01)to 665 cfu-g'(30.05.01). The population number of indicator bacteria
(TVC 22°C) in the skin surface mucus of the sturgeon hybrid ranged from 85 cfu - cm™
(24.04.01) to 3.8 -10° cfu - cm™ (30.05.01), whereas that of the indicator bacteria (TVC
37°C) ranged from 10 cfu - cm™ (27.06.01) to 1.4 -10° cfu - cm™ (30.05.01). In the intes-
tinal digesta, the number of the indicator bacteria (TVC 22°C and TVC 37°C) were sub-
stantially higher and ranged from 45 - 10° (24.04.01) to 4740 -10° cfu - g' (27.06.01) and
from 5-10°(24.04.01) to 4440 -10° cfu g' of intestinal digesta, respectively (27.06.01).

Table 3 presents results of determinations of population numbers of the bacteria
from the family Enterobacteriaceae, Pseudomonas fluorescens, Aeromonas hydrophila,
Staphylococcus sp., and indicator bacteria (TVC 22°C and TVC 37°C) in 1 g of feed ad-
ministered to the fish examined over the experimental period.

In 1 g of the feed, the number of bacteria from the family Enterobacteriaceae ranged
from 0 cfu - g' (06.09.01, 01.10.01) to 51 cfu - g' (27.06.01). Bacteria of the species
Pseudomonas fluorescens and Aeromonas hydrophila occurred sporadically, and their
numbers fluctuated from 0 cfu - g' to 1 cfu - g! of feed, depending on the date of study.
In contrast, the number of Staphylococcus sp. bacteria ranged from 7 cfu - g'' (03.08.01)
to 133 cfu g'(24.04.01). The minimal number of the indicator bacteria (TVC 22°C) was
449 cfu - g' (24.04.01), while the maximal number was 12.4 -10° cfu - g' (27.06.01).
The respective numbers of the indicator bacteria (TVC 37°C) reached 157 cfu - g
(06.09.01) and 725 cfu - g' (27.06.01).

The results of statistical analyses conducted with the Kruskal-Wallis test and a test of
medians in the water, fish, and feed are presented in figures 2-4.

The mean numbers of the potentially pathogenic bacteria in the water at particular
sampling sites within the cycle were statistically significantly different.
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Bacteria of the family Enterobacteriaceae P: domonas fluor
Kruskal-Wallis test: H (4, N = 70) = 36,18508 p = 0,01 Kruskal-Wallis test: H (4, N = 70) = 22,20346 p = 0,01
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Fig. 2. Mean numbers (+ standard deviation and + standard error) of potentially pathogenic bacteria
from the family Enterobacteriaceae (A), Pseudomonas fluorescens (B), Aeromonas hydrophila (C), and
Staphylococcus sp. (D) per 1 cm?® of water in the closed water cycle.

In the skin surface mucus of the fish, as well as in their intestinal digesta
and feed, the statistical analysis made with the Kruskal-Wallis test demonstrated signifi-
cant differences in the statistical means of the population numbers between the indicator
bacteria of contamination degree (TVC 22°C and 37°C) and all of the potentially patho-
genic bacteria analyzed.
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A Groups of bacteria in mucus from skin surface
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TVC 22 — total number of bacteria indicative of contami- E — Enterobacteriaceae,

nation degree cultured on nutritive agar at a temperature  Ps. f. — Pseudomonas fluorescens,
of 22°C A.h. — Aeromonas hydrophila,
TVC 37 — total number of bacteria indicative of contami-  Staph. — Staphylococcus sp.
nation degree cultured on nutritive agar at a temperature

of 37°C

Fig. 3. Mean numbers (+ standard deviation and + standard error) of the examined groups of bacteria in
mucus from lcm? of skin surface (A) and 1g of intestinal digesta of the fish analyzed (B).



Potentially pathogenic bacteria in water and siberian sturgeon ... 73

Groups of bacteria in fish feed
Kruskal-Wallis test: H ( 5, N = 84) = 75,59893 p = 0,01
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TVC 22 — total number of bacteria indicative of contami- E — FEnterobacteriaceae,

nation degree cultured on nutritive agar at a temperature  Ps. f. — Pseudomonas fluorescens,
of 22°C A.h. — Aeromonas hydrophila,
TVC 37 — total number of bacteria indicative of contami-  Staph. — Staphylococcus sp.
nation degree cultured on nutritive agar at a temperature

of 37°C

Fig. 4. Mean numbers (+ standard deviation and + standard error) of the examined group of potentially
pathogenic bacteria in 1 g of feed.

DISCUSSION

In the water samples examined, irrespective of the site or testing period, the highest popu-
lation numbers were reported for the bacteria of the family Enterobacteriaceae (0-810 cfu
-cm™), whereas the lowest ones were reported for Pseudomonas fluorescens and Staphy-
lococcus sp. bacteria (0-92 cfu - cm?). In fish and feed, the minimal counts were noted
in the case of Pseudomonas fluorescens and Aeromonas hydrophila bacteria (0-105 cfu),
and the maximal counts were noted in indicator bacteria (TVC 22°C and/or TVC 37°C).
Significant differences in the quantitative distribution of most of the microorganisms ex-
amined in particular habitats were demonstrated statistically. Bacteria of the family En-
terobacteriaceae are an important indicator of the evaluation of the sanitary condition of
waters. In this study, the highest numbers of these bacteria were observed in waters dis-
charged from the tanks (10° cfu - cm™). Bacteria belonging to this family colonize the gas-
trointestinal tract but are also capable of surviving outside that habitat, hence they were
detected in the water. Sugita et al. (1990) demonstrated that the alimentary tract of carp,
tilapia, and crucian carp was predominated by bacteria of the family Enterobacteriaceae,
which was also confirmed in a study by Esteve and Garay (1991) carried out on Euro-
pean eel. The latest research (Harnisz et al. 2004) on the presence of Gram-negative rods
conducted during intensive rearing of European wels (Silurus glanis L.) also confirmed
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the occurrence of this group of bacteria in the aquatic habitat. These microorganisms are
transferred to waters with fish feces.

The widespread occurrence of Pseudomonas bacteria is linked to their ability to
adapt to specific environmental conditions. According to Niewolak (1990), these bacteria,
which are similar to Aeromonas, demonstrate a higher resistance to the activity of bacteri-
cidal substances secreted by algae. Liao and McCallus (1998) investigated Pseudomonas
and Aeromonas rods and demonstrated their proteolytic and ammonifying properties. In
addition, they reported that the growth of these bacteria was enhanced by residues of feed
not utilized by fish and present in the water of the closed water cycle. Moreover, the high
population numbers of these bacteria in waters exploited for fishery purposes are likely
to result from the fact that they constitute the dominant microflora of the gastrointestinal
tract of fish, and high numbers of them are excreted into the water via fish feces (Gennari
et al. 1988). This was reflected in the elevated numbers of these bacteria in the water at
all the sites within the closed water cycle as compared to the water flowing into the rear-
ing tanks (site I).

During the tank water analyses conducted for the current study, Aeromonas hydrophi-
la bacteria were not detected or occurred in numbers reaching 10%cfu - cm?, which corre-
sponded with values reported in the literature (Zmystowska et al. 2003a) from microbio-
logical studies performed in other systems of intensive fish rearing. Aeromonas hydrophila
is one of the more important species that is relatively pathogenic to fish (Zmystowska
et al. 2004), especially freshwater species. It is characterized by widespread occurrence
which, according to Esteve and Garay (1991), is likely to evoke epizootics in eels. A
number of species from the genera Aeromonas and Pseudomonas, commonly isolated
from various aquatic systems, are potently infectious to fish under specific environmental
conditions and in the presence of factors that determine their pathogenicity (Rogulska
et al. 1994). According to Siwicki et al. (2004), the conditionally pathogenic or even
non-pathogenic bacteria occurring in the aquatic habitat are likely to induce pathologic
changes in fish affected by stress factors or in the period of post-stress recovery. Simulta-
neously, the stress factors predispose the activation of the virulence of pathogens inhab-
iting fish. The observations Kolman (1999) conducted during controlled fattening have
demonstrated that under those conditions, ganoid fish might be susceptible to infection
with bacteria of the genus Aeromonas sp. As postulated by the present authors, in ganoid
fish, these bacteria are also likely to induce hemorrhagic lesions of the gastrointestinal
tract and hepatonecrosis with symptoms similar to those that occur in the Cyprinidae and
Salmonidae fish.

In the current experiment, either the lack or very low numbers (10! cfu - cm™ water)
of the Staphylococcus sp. bacteria was reported at particular test sites and slightly higher
numbers of these bacteria (10 cfu - g or cfu - cm™) were noted in samples collected from
fish, which was probably due to temperature and their survivability. Studies by Lésel
and Péringer (1993) have demonstrated similar correlations. Plumb (1999) reported that
bacteria from the genera of Staphylococcus sp. were detected in diseased wels; however,
they did not have any impact on the health status of this species. Campbell and Buswell
(1983) claimed that the microflora of fish was affected by the type of feed consumed and
the microflora it contained. The current study demonstrated that similar bacterial taxons
dominated in water, fish, and feed, which suggests that a high concentration of protein en-
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hanced the development of the same physiological groups of microorganisms, regardless
of environment. The microbiological assays of the fish focused on the indicator bacteria
(TVC 22°C) measured in the intestinal digesta and showed that they occurred in very high
population numbers. According to Zaleski (1985), the microflora of the gastrointestinal
tract of the prey fish is rich quantitatively but not diversified qualitatively. The qualitative
diversity of the evolution in the intestinal and mucus microflora of the fish is commen-
surate to the microflora of water and fish feed (Zmystowska and Krause 2003). The data
available in the literature indicate that these bacteria occur in the highest numbers on the
skin surface and in the gastrointestinal tract of the fish (Zmystowska et al. 2000). This
is an indication of the capacity of these bacteria to adapt rapidly to conditions of various
environments (internal and external), and, consequently, they occur to be the dominant
microflora of this environment.

The microbiological status of the feed applied was determined by the quality of its
particular components, the course of the technological process, and conditions of storage
- mainly temperature and humidity (Zmystowska and Lewandowska 2000). By imple-
menting appropriate fish feeding systems, as well as methods for feed production and
storage, it is possible to reduce considerably the negative impact of the microbiological
contamination of fish and the aquatic habitat (Mamcarz et al. 1992).
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The relationship between the zooplankton structure of some
coastal lakes and their trophic states
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University of Warmia and Mazury, Oczapowskiego 5, 10-957 Olsztyn, Poland

Abstract. The qualitative and quantitative analysis of the zooplankton of coastal lakes was based on
materials collected in the months of July and August from 1985 to 1988. It was found that the numbers
of zooplankton species and their abundance and biomass were greatly variable and depended on abiotic
factors and the trophic state of the lakes. An analysis of the structural characteristics of the zooplankton
for potential bioindicators of eutrophication in these coastal lakes revealed the presence of some species
of rotifers and crustaceans in the zooplankton community that could be considered good indicators of
trophic state. The progressive eutrophication of the lakes was accompanied by a constant increase in the
numbers and biomass of Rotifera and Crustacea. In the majority of the lakes zooplankton abundance was
determined primarily by rotifers and biomass by crustaceans. The zooplankton-related trophic state indices
enabled classifying most of the investigated lakes as eutrophic or mesoeutrophic.

Key words: coastal lakes, estuaries, zooplankton, zooplankton-related trophic state indices.

INTRODUCTION

The lakes of the Polish Baltic coastal zone are estuarine water bodies (i.e., water bodies
that are either permanently or periodically connected to the sea) that differ from inland
lakes in terms of hydrology and ecology. The ecological characteristics of the lake biota
are related closely to the hydrological characteristics, which include a low mean depth
(1.5 m), a low lake volume to shoreline length ratio, no thermal-oxygen stratification,
oxygen deficiency, surface elevation slightly above sea level, and a two-layer structure
caused by varied water salinity (Mikulski 1972, Dethier 1992, Jasifiska 1993). Despite
similar origin, evolution, and geomorphological type, these various water bodies are char-
acterized by different hydrological (Mikulski 1972) and hydrochemical (Trojanowski et
al. 1991) conditions that are affected by the relative dominance of terrestrial or marine
factors. The impact of terrestrial factors is related to the size of the catchment area and
the water inputs from this source, while the significance of marine factors is dependent
upon the contact between the lake and the sea, specifically the degree of water exchange
between the two.

In coastal lakes zooplankton are strongly affected by abiotic environmental factors,
such as temporal and spatial variations in salinity, water temperature, oxygen saturation,
nutrient availability, water chemistry, wave-induced resuspension, and the inflow of nu-
trient substances from the sea or river catchment (Irvine et al. 1990, Hall et al. 2002).
These factors influence the species composition, densities, and biomass of zooplankton
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and, potentially, the occurrence of indicator species. According to Radwan (1976), Hill-
bricht-Ilkowska (1977), Karabin (1985a), and Matveeva (1991), zooplankton are good
bioindicators of the physical and chemical conditions of aquatic environments.

Coastal lakes are prone to degradation caused by anthropogenic factors, such as
drainage and the increased input of organic wastes and solids, most of which contribute
to progressive eutrophication (Karabin and Ejsmont-Karabin 1993, 1996). On the other
hand, the intrusion of marine waters into estuaries can inhibit eutrophication (Trojanows-
ki 1990).

This paper presents the results of studies on the species structure, abundance, and
biomass of zooplankton in the followings lakes: Sarbsko, Dotgie Wielkie, Dolgiec Mate,
Wicko, Kopan, Bukowo, Resko Przymorskie, Liwia Luza, Koprowo, and Wicko Wielkie.
It also examines their relationship with abiotic environmental factors. The aim of the
study was to test the hypothesis that an understanding of the zooplankton communities
of coastal lakes can provide a basis for determining their current trophic states and thus
probable susceptibility to anthropogenic stress.

RESEARCH AREA

There are between ten and twenty coastal lakes in the immediate vicinity of the Baltic Sea
in Poland (Mikulski 1970); ten of these were the subject of ecological surveys conducted
in the 1985-1988 period (Table 1, Fig. 1). A brief description of each one follows:
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Fig. 1. Estuaries of Polish coastal area of the Baltic Sea.
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Table 1. Morphometric characteristics of the studied coastal lakes (Janczak 1997)

Lake

Sarbsko
Dotgie
Wielkie
Dotgie*
Mate
Wicko
Kopan
Bukowo
Resko
Przymorskie
Liwia Luza
Koprowo
Wicko
Wielkie

Parameters

Geographic latitude 54°46° | 54°427 | 54°41° | 54°327|54°297| 54°21° | 54°08” | 54°05’ | 54°58 | 53°52°
Geographic longitude| 17°38 | 17°12°| 17°10” | 16°37°| 16°27°| 16°17” | 15°22” | 15°05° | 14°39°| 14°25°
Elevation m asl (m) 0.50 1.50 1.10 0.20 | 0.10 | 0.10 0.30 0.30 | 0.10
Area:

Surface area (ha) 651 156 6 1058 | 790 | 1747 | 577 211 487 | 1200
Catchment area (km?) | 213.3 6.6 2.5 107.7 | 38.5 | 102.8 | 315.2 | 1755 | 51.1
Depth:
maximum (m) 32 2.9 1.7 6.1 3.9 2.8 2.5 1.7 3.1 3.0
mean (m) 1.2 1.4 0.7 2.7 1.9 1.8 1.3 0.9 1.6 1.0
Volume (mln m?) 7.82 | 2.15 | 0.04 | 285 | 14.8 | 32.1 7.7 1.9 7.8

* Unpublished data, Inland Fisheries Institute in Olsztyn (from the 1958-1963 period)

Lake Sarbsko is in the catchment basin of the Leba River. The Chelst River flows
through the lake and into the Leba River just 700 m before the latter flows into the Baltic
Sea. The lake is supplied with water by over 25 channels and drainage ditches that dry
out periodically. The direct catchment of the lake is made up of arable land (30%), forest
(50%), and grassland and barren land (20%).

Lake Dolgie Wielkie and Lake Dolgie Male are mid-forest water bodies situated in
Stowinski National Park. Their combined catchment area is comprised of forest (73%)
and grassland (5%) with the remainder comprised of barren land and other open waters.
In contrast to the other coastal lakes described here, these two lakes have no direct con-
nection with the Baltic Sea. However, low concentrations of chloride ions have been
recorded due to marine water percolation through dune sands.

Lake Wicko is located within the catchment basin of the Gtoéwnica River, which
connects it to the Baltic Sea. The lake is divided into two by marshes and swamps on
the southern side, while the western part is supplied with fresh water by the Klasztorna
River.

Lake Kopan is a coastal lake whose basin is a cryptodepression with a water-surface
elevation of 0.1 m above sea level. The lake is connected to the Baltic Sea by a channel
about 400 m long. The underground spillway is no longer in use. The water system of
Lake Kopan is connected to Lake Wicko by a drainage ditch. Water is supplied by inter-
mittent streams in the south.

Lake Bukowo is located in the basin of the Szczuczy Channel next to Lake Jamno.
Formerly, these two lakes formed a single large coastal lagoon. Today, lakes Bukowo and
Jamno are only connected by a drainage ditch through which water from the former may
overflow into the latter when water levels are high. The lakes are connected to the Baltic
Sea by a channel about 500 m in length that is often filled with debris.

Lake Resko Przymorskie lies at the confluence of the Stara Rega, Luzanka, and
Blotnica rivers so the inflow of fluvial waters is considerable. The ratio between the an-
nual fluvial inflow and lake volume is 10. The lake is connected to the Baltic Sea by a
channel.
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Lake Liwia Luza is the smallest of all the coastal lakes studied here. It is connected
to the Baltic Sea by a channel about 1 km in length. Freshwaters are brought by some
small rivers that flow into the southwestern part of the lake. The ratio between the annual
fluvial inflow and lake volume of 20 is the highest of the lakes described here.

Lake Koprowo is situated within the Dziwna Strait. The lake is supplied with about
10% of the water from the Oder River that flows through the Dziwna Strait from the Szc-
zecin Lagoon. In turn, the waters of Lake Koprowo flow into the Kamienski Lagoon via
the Lewinska Struga River. The immediate catchment area of the lake is bare of vegeta-
tion and non-urbanized.

Lake Wicko Wielkie is located south of Wolin Island in Wolin National Park within
the zone of water exchange between the Szczecin Lagoon and the Bay of Pomerania. It
constitutes a Szczecin Lagoon bay. This lake, which is situated within the reverse delta of
the Swina River, is gradually becoming overgrown and shallower.

MATERIALS AND METHODS

An analysis of the zooplankton of the coastal lakes studied here (Fig. 1) was based on
materials collected in the months of July and August from 1985 to 1988 (Table 2). Zoo-
plankton samples were collected with a 5-liter Ruttner sampler from the water column at
intervals of one meter from the surface to the bottom or at intervals of 0.5 m at shallow
sites. Between 25 to 50 liters of water were collected at each sampling site. The zooplank-
ton samples were concentrated by pouring them through a plankton net with a mesh size
of 60 ym. They were preserved initially with Lugol’s iodine solution and then with 2-4%
formaldehyde. The samples were collected at sites representing three different habitats in
each of the lakes investigated (i.c., those dominated by the inflow of freshwaters, which
are typical of the central part of lakes, and those dominated by mixed fresh and salt wa-
ters). Water temperature and Secchi disc visibility were determined in each of the lakes
Table 2. The coastal lakes studied, the years in which they were studied, during each sampling event,

and the total number of samples collected at each lake and water samples were col-
lected for subsequent chem-

ical analysis using standard

No. Lake Years of study | Number of samples
1985 5 methods (Standard Methods
1. | Sarbsko 1987 5 1976). A total of 51 zoo-
T 1985 1 plankton samples were col-
2. | Dotgie Wielkie 1986 3 lected throughout the study
3. | Dolgie Male 1986 2 period.

Wicko 1988 5 The zooplankton abun-
] 1985 4 dance (indiv. - dm3) was

5. Kopan . .
1987 4 estimated using the Hensen
6. | Bukowo 1987 5 formula (Starmach 1955).
7. | Resko Przym. 1988 5 The biomass of rotifers and
8. | Liwiatuza 1988 4 crustaceans (mg - dm™) was
9. | Koprowo 1988 5 estimated with the indirect
10. Wicko Wielkie 1988 3 method recommended by
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Hillbricht-Ilkowska and Patalas (1967) and Bottrell ef al. (1976). The Shannon indicators
of species diversity and uniformity of species distribution concur with Odum (1982) and
Krebs (1996). Zooplankton-related trophic state indices concur with Radwan (1976) and
Karabin (1985a, b) and lake trophic state indices (TSI) with Carlson (1977).

The results of the study, in the form of the calculated indices, were analyzed statisti-
cally using Statistica PL 6.0 software and interpreted as recommended by Stanisz (1998).
The relationship between the quantitative characteristics of the zooplankton populations
and environmental variables was determined with principal component analysis (PCA).
The aim of the analysis was to verify the statistical significance of correlations between
zooplankton population characteristics and environmental variables. In order to deter-
mine significant sources of variation (p < 0.05), the means were compared with the HSD-
based Tukey test.

RESULTS

The number of zooplankton species (either all Rotifers or Crustacea) of the coastal lakes
examined varied widely from 9 to 20 (Table 3), and throughout the survey period 18 roti-
fer taxa and 8 crustacean species were recorded.

Several species of rotifers and crustaceans considered to be good indicators of the
trophic state of lakes (Karabin 1985a, b, Radwan 1976) were found in the zooplankton
communities (Table 3). Of the rotifers that comprised ecological group II (species whose
proportion of the total biomass of a given community is very high; their domination
and percentage of the plankton increase along with increasing trophic levels), there were
five species indicators of a high trophic status (Karabin 1985a): Brachionus angularis,
Keratella cochlearis f. tecta, and Keratella quadrata were recorded in all lakes, while
Filinia longiseta and Trichocerca pusilla were not present in Lake Dolgie Mate or Lake
Liwia Luza. Among crustaceans, four species indicators of high trophic status (Karabin
1985a) were noted, which comprised ecological group II: Bosmina coregoni, Bosmina
longirostris, Chydorus sphaericus, and Diaphanosoma brachyurum. The occurrence of
these species was highly variable.

The zooplankton abundance in the coastal lakes studied was determined primarily by
rotifers, while biomass was determined by crustaceans. The only exceptions were lakes
Liwia Luza and Dotgie Wielkie, where crustaceans dominated both zooplankton abun-
dance and biomass (Table 4). Very high densities of rotifers in lakes Kopan and Resko
Przymorskie (3417 and 1127 indiv - dm?, respectively) indicated the high trophic levels
of these water bodies, where all the species indicators of this trophic state were recorded.
In the other lakes the numbers of Rotifera ranged between just 127 and 704 indiv.- dm?, thus
they made an insignificant contribution to total zooplankton biomass. The high numbers
and biomass of crustaceans (2812 indiv - dm™ and 24.697 mg - dm*) in Lake Liwia Luza
were accompanied by low species diversity (Shannon index), which indicated progres-
sive eutrophication. The zooplankton species diversity in other lakes was also low and
thus typical of eutrophic waters.

The trophic state of coastal lakes was also assessed on the basis of zooplankton-
related trophic state indices, both basic and supplementary (Table 5). One of the key
indices that permits estimating the degree of lake eutrophication is the trophic state index



EwA PATUREJ

84

(eg861 urqerey]) Aydomn jo sioyedrpur sa1dads -

It

IS

$3193ds [ejo],

o+ o+ o+ o+ o+ o+ o+ +

+ o+

o+ o+ o+ o+t

+

+ o+ o+ o+

(1e101 Ut papnout jou) ‘Anf epodado)
uruel]n) snuidia sdojod)

00 111puly v.iopordaT

LUWIAQIT wnandyonaq vwosouvydniq
s1eg vivnond pruydoq

SIOIMIN'T O snoravyds sniopdy)
LIO[MIN' O SMIS0415U0] DUlUSOg
«PIIeg 1052100 vULUSOG
IO Stvndun.iponb vuoyy
HERIN Rig)

+

+ o+ o+ o+ o+ o+

+ o+

+ o+ o+ o+ o+

+ + o+ o+ o+

+ o+ o+ o+ o+

+ +

+ o+ o+ o+

ot o+ o+

+

+ o+ o+ o+ +

+ o+

+ o+ o+ o+ + o+

+

+

sutoqioe | vjjisnd p2.4230yd1L[
JoywIy poLpuIjAd D2UII0YILLT
SeLIRyIRZ 10 DYS[OZISIAN DUIONdDd D2.4200YILL]
1919SSNOY §1]1.1071] DI2DYIUAS
Sroquaryyg o pq v1avyIUlg

uos[ap] n.a1doys1jop viy1iDA]Og
S1oquaryyg vrvuIunoy nJOYION
IOIMIN' A" bunj aund27

LIOININ' A" O Pivaponb vy
£9SSOD) D122} °§ SLIDIYI0D D|IDAdY]
9SSOD) SLIDA[YI0D SLIDA[YI0D DJ[2IVLDY
N001[[0Y] purdsi3uo) vip0d112Y
*BI0quUaIYY ppasiSuo] vy
Sroquoyyg »vivivj1p stunjyonsy
SNORUUIT SLID]O2ILN SNUOLYIDAG
UURWLIOY snipjuapLipvnb snuonon.ig
Se[[ed SMLO}YidA]DDd snuonov.Ig
49SSOD) SLIDINSUD SHUOIYIVIG

9sson) vyuoporid vuydoudsy
(BIRINOY

anfeIm
oyo1M

omoidoy]

vZ0g BT

‘wAkzig
[OEEN

omoyng

uedoy|

OOIM

OFeIN
A1soq

AT
A1sroq

oysqies

ey

sa1adg

(16 = sordues jo roquinu [€303) poLiad §861-G86 AU} UL PAIPNIS SAE[ [BISLOD Y} U JOWWNS ) Ul pajou s210ads uopjueidooz ueaoeisni) pue I9J10y Jo IS ¢ 9[qe],




The relationship between the zooplankton structure ... 85

10} S
- ..'Tgy Sg T
. AQ o T,
BA .
) . DaC 0 N
+7 0 BoL o o CyV S
L 4 ° Boc *chlo SR
05 in o ¢ / \1
{0 chs \
' ©  «spv| pis \
{ O Na
+ PD \ K !
»go.o-l S
N VR SL '
2 ' BC KQO f
& \ oY tem) © )
o~ LeK P TC f
L 05 i II‘?OBQ TP ¢
- o
\ J
\.\. /
« . . . -
My . - - -
ol -~ |-
-1.0 -0.5 0.0 0.5 1.0

F 1(29.97%)

Fig. 2. Diagram of PCA results — zooplankton species occurrence in coastal lakes in the 1985-1988 period as
dependent on environmental factors.

Taxa abbrevations of active variables: *4splanchna priodonta (AP); Brachionus angularis (BA);
Brachionus calyciflorus (BC); Brachionus quadridentatus (BQ); Brachionus urceolaris (BU); Euchlanis
dilatata (ED); Filinia longiseta (FL); Kellicotia longispina (KL); Keratella cochlearis (KC); Keratella
cochlearis t. tecta (KCt); Keratella quadrata (KQ); Lecane luna (LL); Notholca acuminata (NA);
Polyartha dolichoptera (PD); Synchaeta baltica (SB); Synchaeta littoralis (SL); Trichocerca capucina
(TC); Trichocerca cylindrica (TCy); Trichocerca pusilla (TP); Alona quandrangularis (AlQ); Bosmina
coregoni (BoC); Bosmina longirostris (BoL); Chydorus sphaericus (ChS); Daphnia cucullata (DaC);
Diaphanosoma brachyurum (DiB); Leptodora kindtii (LeK); Cyclops vicinus (CyV).

Enviromental variables: temperature (temp); oxygen (oxyg); chlorides (chlo); Secchi Disk Visibility (SDV)
* Rotifera are in bold.

based on Secchi disk transparency (TSI,). The values of this index indicated the poly-
trophic character of the lakes studied. The contribution of ecological group II of Rotifera
to the biomass of the indicator community indicated the mesoeutrophic character of the
lakes. The only exception was Lake Resko Przymorskie, in which polytrophication was
confirmed by the Keratella cochlearis population being comprised nearly exclusively of
the fecta form. With the exception of Dotgie Wielkie and Dolgie Mate, the contribution
of the tecta form indicated polytrophication in all of the lakes. The numbers of rotifers
increased along with an increase in the trophic status of the lake. The high abundance of
these (exceeding 2000 indiv. - dm) was recorded in the polytrophic Lake Kopan, where
the trophic state was also confirmed by the proportion of ecological group II of Crustacea.
The number of rotifers was typical of the eutrophic status in other coastal lakes.
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Fig. 3. Diagram of PCA components and the order of zooplankton samples collected from coastal lakes
in the 1985-1988 period.

Although the other basic indices, which are based upon the structural characteristics
of the crustacean population (Table 5), can be applied primarily to stratified lakes, they
can also be useful tools to confirm the trophic state of non-stratified lakes. Their role as
bioindicators is indeed less important in such lakes. The contribution of ecological group
IT of Crustacea to the biomass of the indicator community in the coastal lakes indicated

Table 4. Mean abundance (indv. - dm” —N), biomass (mg - dm” — B), and species diversity in the numbers (H,)
and biomass (H,) of Rotifera and Crustacea in coastal lakes in the 1985-1988 period

Lake Rotifera Crustacea q H

N sd* B sd* N sd* B sd* N B
Sarbsko 692 4437 0.151 0.140 | 595 244.6 4.193  2.185 1.65| 0.74
Dotgie Wielkie 872 226.7 0.554 0.203| 954 192.4 26.704 10.165 2.02 | 1.24
Dotgie Mate 127 111.7 0.019 0.011 106 57.4 1264 0.552 1.7 1.13
Wicko 298 221.5 0.112 0.074| 128 453 1.120 0.341 2.15| 1.57
Kopan 3417  1830.6 1.937 0917 | 293 43.8 1.294 0.568 1.93 | 1.97
Bukowo 450 185.3 0.078 0.039| 239 62.0 1.976 0.675 2.02 | 1.24
Resko Przymorskie | 1127 174.1 0.682 0318 | 102 24.6 1.208 0.317 0.61 | 0.95
Liwia Luza 542 202.4 0.103 0.035| 2812 1276.6 24.697 11.953 0.98 | 0.93
Koprowo 440 145.3 0.066 0.024 | 418 152.4 9.138 4.995 1.99 | 1.11
Wicko Wielkie 704 419.8 0223 0.169| 303 88.7 4.157 1.784 2.17 | 1.42

*standard deviation
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eutrophic states in lakes Sarbsko and Bukowo, mesoeutrophic states in lakes Dotgie Wiel-
kie, Resko Przymorskie, Liwia fuza, and Koprowo, and finally mesotrophic states in
lakes Dotgie Mate and Wicko Wielkie. Taking into account the other crustacean-related
indices, such as the contribution of Cyclopidae to the biomass of Crustacea and the ratio
between the Cyclopiid biomass and the Cladoceran biomass, permitted dividing the lakes
into two groups, namely eutrophic (Dotgie Wielkie, Wicko and Resko Przymorskie) and
mesotrophic (all the remaining lakes).

The other elements of zooplankton population structure, referred to as supplementary
indices, can only be used to determine water eutrophication stages to a limited degree.
Total zooplankton abundance indicated the polytrophic character of Lake Kopan and the
eutrophic character of the other lakes. The remaining structural characteristics of the zoo-
plankton populations, specifically those of the crustaceans, suggested the eutrophic state
of coastal lakes.

Among the factors analyzed with PCA (Fig. 2), factors 1 and 2 (the correlation be-
tween the occurrence and abundance of zooplankton species and environmental param-
eters, respectively) together explain 54.5% of the variation in the data. The analysis of
environmental variables with PCA show that the occurrence of zooplankton species in
particular years of the study is correlated negatively with water transparency, water oxy-
gen content, and temperature and positively with salinity. The diagram of PCA results
(Fig. 2) shows that among the zooplankton groups examined in the study, the occur-
rence of rotifers in coastal lakes depended on water temperature and oxygen content
(p = 0.000), whereas the occurrence of crustaceans depended on water transparency and
the concentration of chloride ions (p = 0.000). A strong negative correlation (values ap-
proaching — 1.0) was observed for the rotifer and crustacean indicator species of high
trophic levels, namely Filinia longiseta, Keratella quadrata, Keratella cochlearis f. tec-
ta, Bosmina longirostris, Bosmina coregoni, and Chydorus sphaericus, while a positive
correlation (values approaching 1.0) was recorded for two rotifer species — Brachionus
angularis and Trichocerca pusilla — and one crustacean species — Diaphanosoma brachy-
urum.

The results of the PCA analysis of the occurrence and abundance of zooplankton
species in particular lakes (Fig. 3) indicated that in lakes Dotgie Wielkie and Kopan they
were negatively correlated with variation-explaining factors, while they were positively
correlated in the other lakes. These relationships were strong in Lake Kopan but weak in
the other lakes.

Thus, the analysis of the structural characteristics of the zooplankton populations as
bioindicators of lake eutrophication provided the basis for classifying the coastal lakes
as follows:

— Lake Kopan — polytrophic with symptoms of eutrophication;

— lakes Resko Przymorskie and Liwia Luza — eutrophic with symptoms of polytro-
phication;

— lakes Sarbsko, Dotgie Wielkie, Dotgie Mate, Wicko, Bukowo, Koprowo, Wicko
Wielkie — eutrophic and mesoeutrophic, but the high contribution of the fecta form to the
Keratella cochlearis population indicated polytrophication (except for Dotgie Wielkie
and Dotgie Male).
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DISCUSSION

In order to explain the functioning of lake ecosystems, it is essential to understand the sig-
nificance of eutrophication factors. Eutrophication is related primarily to the load of nutri-
tive substances supplied to a given water body within a specified period of time, as well as
to the ecosystem’s resistance to external impacts, most of which are anthropogenic. The
resistance of coastal lakes to such impacts depends primarily on hydrological conditions
(the relative dominance of terrestrial or marine impacts) and morphological conditions
(surface area, depth) (Kudelska ef al. 1994, Trojanowski et al. 1991).

Zooplankton is a crucial component of the trophic and functional structures of the
biocenosis of coastal lakes. The species structure and abundance of the zooplankton
have a significant effect on organic matter transformation and the energy flow in these
ecosystems. Key ecological factors affecting the biocenosis of estuarine waters, includ-
ing changes in the quantitative and qualitative composition of zooplankton, are salinity
(Remane 1934, Guttowa 1956, Rézanska 1964, 1972, Hall e al. 2002), water temperature
(Adamkiewicz-Chojnacka et al. 1985, Rézanska et al. 1985, Zmudzinski ef al. 1990, Pa-
turej et al. 2000), and lake trophic status (Gliwicz 1969, 1974, 1977, Hillbricht-Ilkowska
1977, Matveeva 1991, Rogozin 2000). Irregular intrusions of marine waters cause con-
siderable fluctuations in salinity levels and thermal conditions and permit the invasion
and establishment of estuarine organisms (Hall et al. 2002, Telesh 2004). In the current
studies on coastal lakes, species abundance was negatively correlated with water tem-
perature and positively with temporally variable salinity (Fig. 2).

Reductions in the number of species accompanied by the dominance of a very lim-
ited number of them are typical features of the progressive eutrophication of brackish-
water lakes (Remane 1934 and Karabin 1985a, b). Only a small number of species was
recorded in the coastal lakes in the current study, but some of them (primarily those that
are recognized indicators of the trophic state of waters) comprised large populations that
dominated both total abundance and biomass. This was also demonstrated by Rogozin
(2000) who analyzed lakes differing in trophic status.

Some researchers have determined the trophic state of lakes based on faunal analysis
alone (i.e., through the absence or presence of specific indicator species). Such studies
include those by Bowkiewicz (1938) of lakes situated in the Suwatki Lakeland and in
the Wilno region and by Widuto (1987, 1989) in lakes Mutek and Bgskie. Other authors
(Patalas 1954, Radwan 1973) demonstrated that in order to rely on bioindicators, faunal
analysis must first be combined with an understanding of the relationships between the
trophic states of lakes and the numerical population characteristics of zooplankton. Geo-
graphical differences in species occurrence should also be taken into account.

In the current study, the structural characteristics of zooplankton, when employed
in the trophic state indices proposed by Radwan (1976) and Karabin (1985a, b), were
found to be good tools for lake classification. One of the key indices applied to lakes
representing various limnological types is the trophic state index based on Secchi disk
transparency (Carlson 1977). Further, according to Hillbricht-Ilkowska (1977) and Kara-
bin (1985a), one of the most reliable indices that permits determining the precise trophic
state of lakes is the proportion of the fecta form in the Keratella cochlearis population,
which increases along with an increasing trophic state. Calculating these two indices for
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the coastal lakes examined in the present study indicated that they could be classified as
polytrophic (except for lakes Dotgie Wielkie and Dotgie Mate).

The zooplankton densities in the coastal lakes of the current study varied widely
(233-3710 indiv - dm™). The relative abundance and biomass of zooplankton can serve
as criteria for assessing the trophic state of lakes (Karabin 1985a, Radwan 1976); this
conclusion was also confirmed by Parpala et al. (2003) in their study of Lake Balaton and
by Lovik and Kjellberg (2003), who examined the Norwegian Lake Mjosa. Zooplankton-
related trophic state indices calculated in the present study revealed various correlations
between the numbers and biomass of rotifers and crustaceans and the trophic status of
the lakes. According to Karabin (1985a), the abundance of rotifers increases along with
the increasing trophic status of a lake, whereas the abundance of crustaceans increases
only between the mesotrophic and mesoeutrophic states. These observations were also
confirmed in the present study (in lakes Kopan and Resko Przymorskie). In nine of the
lakes analyzed, zooplankton abundance was determined primarily by rotifers while zoo-
plankton biomass was determined by crustaceans. Only in lakes Liwia Luza and Dolgie
Wielkie were zooplankton abundance and biomass determined by crustaceans. Straile
and Geller (1998) studied crustacean zooplankton in Lake Constance where trophic status
changed from oligotrophic to mesoeutrophic, and these authors found that the biomass of
crustaceans increased several times over this period. A similar situation was observed in
the present study with regard to Lake Liwia Luza, which was classified as eutrophic with
certain symptoms of polytrophication. In addition, the species diversity of zooplankton
in Lake Liwia Luza was low, which was indicated by the dominance of a single species
accompanied by low proportions of other taxa.

It should be stressed that the group of crustacean indicators of high trophic status did
not include copepods in these coastal lakes. According to Kajak (2001), the contribution
of Copepoda to the zooplankton community increases in oligotrophic waters.

According to Karabin and Ejsmont-Karabin (1993, 1996), advanced eutrophication
may occur readily in shallow, polymictic lakes (e.g., estuaries), while deep, stratified lakes
(like those located in the Suwatki Lakeland) are much more resistant to eutrophication. It
is very important that coastal lakes, like those investigated in the present study, and their
catchments are protected from degradation through reclamation, drainage, and increased
organic inputs. With their variety of physical and biological assimilation mechanisms,
coastal lakes comprise an effective biological buffer zone that prevents the transport of
excess organic and associated toxic substances into the Baltic Sea.
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