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The red microalga Porphyridium purpureum (Bory de Saint-Vincent, 1797) Drew et Ross, 1965
is of great interest to researchers as a source of various biologically valuable substances, with their
content in cells being determined by cultivation conditions. Phycobiliproteins concentration in P. pur-
pureum cells depends directly on nitrogen concentration in the culture medium and cell irradiance.
Semi-continuous cultivation allows maintaining these parameters at a level given. The aim of the work
was to study P. purpureum culture growth and B-phycoerythrin (B-PE) accumulation and production
at low irradiance, with minimal rates of pigment photodestruction. P. purpureum semi-continuous
(quasi-continuous) cultivation was carried out at a specific flow rate of 0.1 and 0.2 day™' and mean
surface irradiance of 5 and 25 W-m™. P. purpureum culture productivity increased by 1.6—17 times
both with a rise in surface irradiance 5 to 25 W-m™ and an increase in the medium specific flow
rate 0.1 to 0.2 day™'. Maximum productivity values for the experimental conditions (0.21 g-L™!.day™)
were recorded at 25 W-m™ and 20 % medium specific flow rate, but those were 1.5-2 times lower than
the precalculated ones. In P. purpureum cells, protein and B-PE concentrations decreased both with
an increase in surface irradiance (by 15-20 %) and with a rise in a specific flow rate (by 1.5 times)
for all the variants. The shifts in protein and B-PE concentration in P. purpureum culture had a uni-
directional character as well; those mainly corresponded to the shift in the culture density. P. pur-
pureum B-PE productivity increased by 1.5-1.9 times with a rise in surface irradiance 5 to 25 W-m™.
Maximum B-PE productivity (13 mg-L™"-day™!) was recorded for the variants of the experiment
with a surface irradiance of 25 W-m™ (0.1 and 0.2 day™). An increase in specific irradiance of P. pur-
pureum cells 7 to 26 W-g™! resulted in a rise in biomass productivity by 2.6 times; in B-PE pro-
ductivity, by 1.8 times; and in protein productivity, by 1.7 times. In the experiment, irradiance
was the factor determining the production characteristics of P. purpureum culture, and it was confirmed
by the data obtained.

Keywords: Porphyridium purpureum, culture density, protein, phycobiliproteins, B-phycoerythrin,
productivity
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The red microalga Porphyridium purpureum (Bory) Ross is often considered as an object of both
laboratory and mass cultivation (Drobetskaya, 2005 ; Markina & Aizdaicher, 2019 ; Minyuk et al., 2008 ;
Tsoglin & Pronina, 2013 ; Fabregas et al., 1998 ; Li S. et al., 2019). The microalgae biomass can serve
as a source of several valuable physiologically active substances: extracellular sulfopolysaccharides, un-
saturated fatty acids, and pigments of the group of phycobiliproteins (hereinafter PBPs) (Biokhimiia
chervonykh vodorostei, 2007 ; Stadnichuk, 1990 ; Borowitzka, 1995 ; Fabregas et al., 1998 ; Li T. et al.,
2019). The specific composition of P. purpureum pigments is due to the fact that this species is marine:
green light penetrates to greater depths and is absorbed by B-phycoerythrin (hereinafter B-PE), which
is a part of the light-harvesting complex of chloroplasts (Stadnichuk, 1990 ; Algarra & Ruediger, 1993 ;
John et al., 1984).

P. purpureum PBPs (B-PE, R-phycocyanin, and allophycocyanin), which are included in the pho-
tosystem II, are proteinaceous pigments, and their content in cells is determined by the level of ir-
radiance and input of nutrients, primarily nitrogen. In terms of the practical use, the red pigment
B-PE is of the great interest. Its aqueous solution is pink and has pronounced orange fluorescence; pro-
teinaceous nature of the pigment and no data on its toxicity bring significant opportunities for its use
in the food, cosmetic, and healthcare industries. B-PE content can reach 85 % of the total concentration
of PBPs. B-PE specific content and production vary in a fairly wide range depending on P. purpureum
cultivation conditions; the value can be up to 40-50 mg-L™!.day™! (Fabregas et al., 1998 ; Fuentes-
Grunewald et al., 2015 ; Gudvilovich & Borovkov, 2014 ; Kathiresan et al., 2000).

Irradiance is one of crucial factors affecting the quantitative composition of microalgae pigments.
According to the literature data, microalgae with phycobilisomes and PBPs in their plastids tend to grow
better at low irradiance (~ 10 to 50 mol photons-m2-s™!), while other algae species, e. g. dinoflagel-
lates and green algae, usually require higher irradiance (~ 60 to 100 mol photons-m™2.s™") (Biokhimiia
chervonykh vodorostei, 2007 ; Stadnichuk, 1990 ; Algarra & Ruediger, 1993 ; John et al., 1984 ; Sosa-
Hernéndez et al., 2019). The slowdown in the growth rate of P. purpureum cells at excessive irradi-
ance is often considered to result from the chloroplast destruction caused by exposure to high irradiance
and by inactivation of enzymes involved in CO; fixation (Stadnichuk, 1990 ; Falkowski & Owens, 1980).
With a decrease in irradiance, the concentration of PBPs and, first of all, B-PE in P. purpureum cells
significantly increases (Stadnichuk, 1990 ; Trenkenshu et al., 1981 ; Algarra & Ruediger, 1993 ; John
et al., 1984 ; Velea et al., 2011).

As shown (Fabregas et al., 1998 ; Fuentes-Grunewald et al., 2015 ; Gudvilovich & Borovkov,
2014), B-PE content in P. purpureum cells depends on nitrogen concentration in the culture medium.
After the depletion of this mineral nutrition element, B-PE concentration sharply decreases.

When comparing the growth rate, as well as biomass, exopolysaccharide, and B-PE production
in batch and semi-continuous P. purpureum cultures, the advantage of the latter one in terms of all
the analyzed parameters was observed (Fuentes-Grunewald et al., 2015 ; Gudvilovich & Borovkov,
2014). Therefore, Porphyridium cultivation for obtaining PBPs-enriched biomass has to be carried out
in a semi-continuous mode: it allows maintaining both the culture irradiance and nitrogen concentration
at alevel given. Nevertheless, even in this mode, variation in cultivation parameters (medium specific flow
rate and irradiance) significantly alters the metabolism and direction of biosynthetic pathways in P. pur-
pureum culture (Upitis et al., 1989 ; Fabregas et al., 1998 ; Fuentes-Grunewald et al., 2015 ; Gudvilovich
& Borovkov, 2014).
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The effects of irradiance and nitrogen concentration on the growth and PBPs accumulation in P. pur-
pureum have been studied in detail, but these effects were mainly assessed separately. Moreover, most
investigations on the effect of irradiance and nitrogen concentration on B-PE synthesis in P. purpureum
cells were carried out for batch cultures. There are little data on productivity of semi-continuous Por-
phyridium cultures when varying these parameters (Fabregas et al., 1998 ; Fuentes-Grunewald et al.,
2015 ; Gudvilovich & Borovkov, 2014). So, the aim of this work was to study P. purpureum growth
and B-PE accumulation and production in a semi-continuous culture at low surface irradiance, with min-
imal rates of the pigment photodestruction.

MATERIAL AND METHODS

The work was carried out on the basis of the IBSS biotechnology and phytoresources department
(Sevastopol). The object of the study was the culture of the red microalga Porphyridium purpureum
(Bory de Saint-Vincent, 1797) Drew et Ross, 1965 (synonym: Porphyridium cruentum (S. F. Gray)
Nigeli, 1894) (Rhodophyta): IBSS-70 strain from the IBSS core facility “Collection of Hydrobionts
of the World Ocean”. Cultivation was carried out on a nutrient medium for marine red algae according
to (Trenkenshu et al., 1981). The composition was as follows (g-L_l): NaNOs, 1.2; NaH,PO4x2H,0,
0.45; EDTA-Na,, 0.037; FeCcH507x3H,0, 0.0265; MnCl,x4H,0, 0.004; Co(NO3),x6H,0, 0.0031;
(NH4)sM07024x4H,0, 0.0009; and K,Cry(SO4),x4H,0, 0.0017. The medium was prepared using
sterilized seawater.

P. purpureum culture was grown in a setup uniting four plane-parallel photobioreactors and three
systems: for supplying an air/gas mixture, thermal stabilization, and lighting. Each photobioreactor
was a glass container, with a size of 5 cm x 25 cm x 50 cm and a working thickness of 5 cm. The pho-
tobioreactors were manufactured by staff of the IBSS biotechnology and phytoresources department.
Into the gas distribution system, CO, was supplied from a cylinder with a dosing system (rotame-
ter); CO; ratio in the mixture was of 2-3 % v/v (volume percent). For the culture barbotage, the re-
sulting air/gas mixture entered the photobioreactor. The mean blowdown rate for this mixture was
of 0.5 L-min"".L™! culture. Throughout the experiment, medium pH was maintained at 8-9; the tem-
perature, at +26...4+28 °C. DRL-700 lamps were used for lighting. The mean surface irradiance
for two cultivators was 5 W-m™2; for the other two, 25 W-m™.

P. purpureum semi-continuous (quasi-continuous) cultivation was carried out in the experimental
cultivators at a medium specific flow rate of 0.1 and 0.2 day™'. A semi-continuous (quasi-continuous)
culture was obtained by regular replacing of a portion of microalgae suspension with an equivalent vol-
ume of fresh medium. Specifically, every 24 hours, 10 or 20 % of the culture volume (o = 0.1 day™
and o = 0.2 day™', respectively) was removed from the cultivators and replaced. The inoculum was in-
troduced into the cultivators so that the initial density in all the variants of the experiment was equal.
Dry matter content in the culture was determined by volumetric weight calculations (Trenkenshu
& Belyanin, 1979) and by weight method (Metody fiziologo-biokhimicheskogo issledovaniya, 1975).
P. purpureum productivity was quantified by daily culture harvesting (10 and 20 % of the cultivator
volume, respectively). Samples for calculating the concentration of pigments and protein were taken
when the culture reached the steady state.

P. purpureum culture suspension obtained in the experiment was centrifuged for 10 minutes,
a supernatant was removed, and a precipitated biomass was used to determine PBPs. B-PE con-
tent was estimated by the spectrophotometry (Stadnichuk, 1990); protein concentration, according

Mopckoii 6uosnorrueckuii xypHain Marine Biological Journal 2022 vol. 7 no. 1



6 A. B. Borovkov, I. N. Gudvilovich, T. M. Novikova, and E. V. Klimova

to (Lowry et al., 1951). To quantify B-PE in P. purpureum biomass, it was extracted with a phosphate
buffer (0.05 M; pH 7-7.5). The spectra of pigment extracts were recorded on a SF-2000 spectropho-
tometer at a wavelength range 400 to 800 nm, with a step of 0.1 nm. The optical density of the ob-
tained extracts was recorded in the area of the characteristic absorption maximums of B-PE (545 nm),
R-phycocyanin (615 nm), and allophycocyanin (650 nm), as well as at 750 nm (to consider the non-
specific absorption of the solution). Pigment content in the aqueous solution was calculated according
to (Stadnichuk, 1990) by the optical density values for the corresponding wavelengths.

The arithmetic mean (), standard deviation (SD), standard error of the mean, and confidence interval
for the mean (Ax) were calculated using the LibreOffice and SciDAVis software (significance level
a = 0.05). The table and graphs show the mean values and calculated confidence intervals (x £ Ax)

for triplicate.

RESULTS AND DISCUSSION

Under semi-continuous cultivation, P. purpureum culture density stabilized according to the spec-
ified irradiance and medium specific flow rate. The steady state was reached on the 3™ or 4" day

(Fig. 1A).

O 5Wm™?

2 A O 5wWm?
M 25 W-m™

A B 25 W

=

Fet
¥

Culture density, g-L!
p—
Productivity, g-L-'-day!
<o
—

B
e
)

0.1 0.2 0.1 0.2

Specific flow rate, day! Specific flow rate, day!

Fig. 1. P. purpureum semi-continuous culture density (A) and productivity (B) under different irradiance
conditions

The nutrient medium used in the experiment was designed to obtain 3—4 g of P. purpureum biomass
from 1 L of culture (Trenkenshu et al., 1981 ; Upitis et al., 1989). With a rise in the medium spe-
cific flow rate 0.1 to 0.2 day™!, there was a proportional increase (by 2 times) in the content of bio-
genic elements inputted into P. purpureum culture every day; it resulted in a rise in precalculated
productivity (Table 1).

Table 1. P. purpureum productivity under semi-continuous cultivation

Specific flow rate, Daily nitrogen input, Precalculated productivity, Registered productivity,
day ! mg-L! g L!.day! g L!.day™!
0.1 19.8 0.3-0.4 0.07-0.14
0.2 39.6 0.6-0.8 0.12-0.21

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2022 vol. 7 no. 1



Production characteristics of Porphyridium purpureum (Bory) Drew et Ross. .. 7

With a 2-fold increase in the flow rate (0.1 to 0.2 day™), P. purpureum culture density decreased
for irradiance of 5 and 25 W-m™ by 12 and 20 %, respectively (Fig. 1A). With a rise in sur-
face irradiance, the culture density increased: with a daily specific flow rate of 10 %, by 1.8 times;
with 20 %, by 1.6 times (Fig. 1A). P. purpureum culture productivity increased by 1.6—1.7 times
both with a rise in surface irradiance 5 to 25 W-m™ and an increase in the medium specific flow rate
0.1 to 0.2 day™! (Fig. 1B).

Importantly, P. purpureum culture productivity did not reach the precalculated values
in any of the variants of the experiment. The maximums were recorded in the variant with the highest
irradiance and medium specific flow rate, but those were 1.5-2 times lower than the precalculated
ones as well. For other variants of the experiment, observed productivity was 2.5-4 times lower
than the precalculated one (see Table 1 and Fig. 1B).

With a rise in the medium specific flow rate 0.1 to 0.2 day™' and a decrease in P. purpureum culture
density, the specific irradiance of the cells increased for all the variants. This resulted in a significant rise
in P. purpureum productivity, which indicates that the culture growth is precisely limited by irradiance
conditions. Thus, Porphyridium growth rate did not depend on the content of biogenic elements inputted
into culture every day, but was determined by the level of irradiance of the cells.

In addition to the stabilization of P. purpureum culture density, we observed the stabilization of B-PE
concentration in the culture under semi-continuous cultivation (Fig. 2B). This is due to low variability
in both the content of mineral nutrition elements and irradiance of the cells when the culture reaches
the steady state (Trenkenshu, 2017). In P. purpureum cells, B-PE concentration decreased for all the vari-
ants both with a rise in surface irradiance by 15 % and a decrease in the culture density, e. g., an in-
crease in the medium specific flow rate, by 1.5 times (Fig. 2A). Apparently, a significant rise in the cul-
ture density under irradiance increase 5 to 25 W-m™ negated the effect of the factor of irradiance
on photoacclimation processes in microalgae cells. Therefore, the shift in B-PE content was less pro-
nounced. The nature of the shifts in B-PE concentration and production in P. purpureum culture
with an increase in irradiance and medium flow rate was largely consistent with the nature of the shifts
in the culture density and productivity (Figs 1, 2B, and 2C). Specifically, B-PE content in the culture
increased by 1.5-1.9 times with a rise in surface irradiance 5 to 25 W-m™ and decreased by 1.6-2 times
with an increase in the growth rate. B-PE productivity of P. purpureum increased by 1.5-1.9 times
as well with a rise in surface irradiance. With a rise in the medium specific flow rate 0.1 to 0.2 day™!,
B-PE productivity increased by 1.25 times at 5 W-m™ and did not change at 25 W-m™.

PBPs production is known to depend on both the culture growth rate and their content in microalgae
cells (Fabregas et al., 1998 ; Gudvilovich & Borovkov, 2014). The highest B-PE productivity of P. pur-
pureum semi-continuous culture was recorded for the variants of the experiment with a surface irradiance
of 25 W-m™ (0.1 and 0.2 day™). As shown, a 5-fold rise in surface irradiance for two variants of daily
specific flow rate resulted in a significant increase in both B-PE concentration in P. purpureum culture
and pigment productivity. At the same time, an increase in the medium specific flow rate 0.1 to 0.2 day™
had a less pronounced effect on this parameter at 5 W-m™ and did not result in any noticeable shift
in B-PE productivity at 25 W-m™.

In the publication (Fabregas et al., 1998), at a comparable level of total daily irradiance of P. pur-
pureum cells, it was shown as follows: B-PE content in the culture depends on the shift in limiting factors.
Up to a flow rate of 0.1 day™, this factor is nitrogen input resulting in an increase in PBPs concentra-
tion. With further rise in the medium flow rate, the cell metabolism is controlled entirely by irradiance

Mopckoii 6uosnorrueckuii xypHain Marine Biological Journal 2022 vol. 7 no. 1



8 A. B. Borovkov, I. N. Gudvilovich, T. M. Novikova, and E. V. Klimova

conditions. In the latter case, with an increase in the medium flow rate, B-PE content in the culture de-
creases markedly. This negative relationship between irradiance level and B-PE concentration in the cells
is characteristic of P. purpureum, as well as other Rhodophyta species.

O 5Wm? 0 5Wm?
12 - ; A H 25 W.m> 1605 B W 25 W-m™
= | -
~ 10 'Ifn
SR g 120
£ ! £
=
£ 9 < 80
g = 1 -
] =
4 o
= &40 z
B2 )
0 0
0.1 0.2 0.1 0.2
Specific flow rate, day! Specific flow rate, day™
- C 0 5Wm?
z 16, B 25 W
°
7
=~ ]
= 12
g
2 I
= B
E Y .
Nt
&
=
B 401
St
="
=
0
= 0.1 0.2

Specific flow rate, day!

Fig. 2. B-phycoerythrin content in P. purpureum biomass (A) and culture (B), as well as B-phycoerythrin
productivity of P. purpureum semi-continuous culture (C) under different irradiance conditions

Thus, an increase in the medium specific flow rate in the experiment 0.1 to 0.2 day ™ at a sur-
face irradiance of 25 W-m™ led to a rise in biomass productivity and a decrease in B-PE concentra-
tion in P. purpureum cells. As a result, the shift in specific content did not have a pronounced effect
on B-PE production since it was compensated by an increase in the culture growth rate.

Protein concentration in P. purpureum cells decreased by 15-20 % with an increase in sur-
face irradiance 5 to 25 W-m™; by 1.3-1.4 times, with a rise in the medium specific flow rate
0.1 to 0.2 day™ (Fig. 3A). In general, the nature of the shift in protein content in P. purpureum
culture correlated with the shift in B-PE concentration. This tendency is consistent with the exist-
ing concepts on the correlation between the content of total protein and pigments forming protein
complexes (Drobetskaya, 2005).

Based on the experimental data obtained, it was shown that an increase in the specific irradiance
of the cells (7 to 26 W-g™!) significantly affected the productivity of P. purpureum semi-continuous
culture, with the unidirectional shifts in biomass, B-PE, and protein productivity. Specifically, with a rise
in irradiance, biomass productivity increased by 2.6 times; with a rise in B-PE productivity, by 1.8 times;
and with a rise in protein productivity, by 1.7 times (Fig. 4).
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Fig. 3. Protein content in P. purpureum biomass (A) and culture (B) under different irradiance conditions
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Fig. 4. Dependence of P. purpureum semi-continuous culture productivity (normalized to maximum
values) on specific irradiance

In the semi-continuous mode, biogenic elements are systematically inputted into the culture medium.
With a rise in a specific flow rate, the content of nitrogen and phosphorus inputted into the culture
increases proportionally; this allows maintaining the cells in the vegetative state. The content of bio-
genic elements inputted into P. purpureum culture at the medium specific flow rate of 0.2 day™
was sufficient to ensure a high culture growth rate and B-PE synthesis (see Table 1), but irradi-
ance conditions at the level specified in the experiment did not allow reaching biomass and B-PE
productivity values obtained earlier (0.5 g-L™"-day™! and 40 mg-L™".day™!, respectively) (Gudvilovich
& Borovkov, 2014). The maximum productivity values for the experimental conditions (0.21 g-L™"-day™)
were recorded for the variant with irradiance of 25 W-m™ and 20 % medium specific flow rate. Max-
imum B-PE productivity (13 mg-L™"-day™") was registered for the variants with surface irradiance
of 25 W-m™ (0.1 and 0.2 day™!). By efficiency of the expended resources, to obtain P. purpureum
biomass enriched in B-PE, the optimal growth mode was that with surface irradiance of 25 W-m™
and 10 % medium specific flow rate. A further increase in the content of mineral nutrition elements
in P. purpureum culture is ineffective since the main factor determining its production characteristics
was irradiance, which was confirmed by the experimental data obtained.
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Nevertheless, B-PE productivity of P. purpureum at 25 W-m™ recorded in the experiment cor-
relates with similar productivity at a comparable level of total daily irradiance of P. purpureum
cells, which was registered in the semi-continuous mode as well (13 and 15 mgL™'.day™, respec-
tively) (Fabregas et al., 1998). Maximum P. purpureum productivity registered in the experiment was also
comparable with the data obtained at 2-fold higher irradiance; both biomass and B-PE productivity
values (0.29 and 17.5 mg-L™!.day!, respectively) were close to the experimental data (Li T. et al., 2019).

Conclusion. The nature of the shifts in the production characteristics of P. purpureum semi-
continuous culture was determined, with varying its specific growth rate and surface irradiance. An in-
crease in irradiance 5 to 25 W-m™ caused a rise in both biomass and B-phycoerythrin productivity
of the culture by 1.5-2 times, while an increase in the medium specific flow rate 0.1 to 0.2 day™! resulted
in a similar rise in biomass productivity alone. The maximum values of biomass and B-PE productiv-
ity of P. purpureum (0.21 g-L™"-day™" and 13 mg-L™"-day™, respectively) were recorded for the variant
of the experiment with irradiance of 25 W-m™ and 20 % medium specific flow rate. However, the pre-
calculated level of P. purpureum culture productivity, corresponding to the content of nitrogen inputted,
was not recorded in any of the variants. The maximum values of productivity under the experimental
conditions were 1.5-2 times lower than the precalculated ones. Protein and B-PE concentrations in P. pur-
pureum cells decreased both with a rise in surface irradiance (by 15-20 %) and an increase in the medium
specific flow rate (by 1.5 times). In general, the shifts in protein and B-PE content in P. purpureum culture
were unidirectional, which is consistent with the existing concepts. In the experiment, a rise in specific
irradiance of the cells 7 to 26 W-g™! resulted in an increase in biomass, B-PE, and protein produc-
tivity: biomass productivity increased by 2.6 times; B-PE productivity, by 1.8 times; and protein pro-
ductivity, by 1.7 times. Thus, the photobiosynthesis of P. purpureum cells was determined by the level
of the cell irradiance. Surface irradiance was the main factor determining the production characteristics
of P. purpureum culture; it should be taken into account during intensive cultivation.

This work was carried out within the framework of the IBSS state research assignment “Investigation
of mechanisms of controlling production processes in biotechnological complexes with the aim of developing sci-
entific foundations for production of biologically active substances and technical products of marine genesis”
(No. 121030300149-0).
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IMPOJAVKIIMOHHBIE XAPAKTEPUCTUKH
MOJIYIIPOTOYHOM KVJIBTYPHI
PORPHYRIDIUM PURPUREUM (BORY) DREW ET ROSS
TP HU3KOM OCBEIEHHOCTH

©2022r. A.B.Bopoekos!, . H. T'yasuioBuny’,
T. M. HoBukosal, E. B. KimvmoBa?

'®I'BYH PUII «HCTUTYT GHOJIOriH I0KHBIX Mopeii uvenn A. O. Kopaneckoro PAH»,
Cesactono:nb, Poccuiickas ®epepanmst
2Opnosckuii rocyaapersennsiii yausepeuter umenn W. C. Typrenesa, Opén, Poccuiickas ®eneparus
E-mail: gudirina2008@yandex.ru

Kpacnaa mukposonopocis Porphyridium purpureum (Bory de Saint-Vincent, 1797) Drew et Ross,
1965 BbI3BIBAET MHTEpPEC Yy MCCAeNOBaTeNedl KaK UCTOYHUK pa3sHOOOPa3HbIX OMOJIOrMYECKH LIEHHBIX
BEILIECTB, KOJMYECTBO KOTOPHIX B €€ KJIETKAaxX OIpeAeNsieTcs YCIOBUSIMA KYJbTHBUPOBAHMUSI.
Conepxanue (PUKOOWIMIIPOTEMHOB B KJETKax P. purpureum HENOCPEACTBEHHO 3aBUCUT
OT KOHIIEHTpalMd a30Ta B KYJbTYPaJIbHOM cCpele W OT YPOBHS OCBEIIEHHOCTH KJIETOK.
[MoynpoTouHblél crOCOO KyJbTHBUPOBAHUS TIO3BOJISIET JIETKO TMOJJICPXKUBATH 3TH MapaMeTphl
Ha 3afaHHOM ypoBHe. llenbio paboThl OBLIO M3Y4YWTb POCT KYJbTYpPBl P. purpureum, HaKOIUICHUE
U NpoAyKuuio nurmeHta B-cukospurpuna (B-OD) npu HU3KOW MOBEPXHOCTHON OCBEIIEHHOCTH,
KOT/Ia CKOPOCTH MPOLIEcCOB (POTOAECTPYKLIMM MIUTMEHTOB MUHUMAJIBHBL. P. purpureum BhIpaliuBaIm
METO/IOM TIOJIYIIPOTOYHOrO (KBa3MHEMNPEPHIBHOTO) KYJbTUBUPOBAHUA MpPU YIEIbHOH CKOpPOCTH
nporoka cpemsl 0,1 u 0,2 cyr! u cpemmeii moBepXHOCTHO# ocBeméHHOCTH 5 M 25 Br-M2
IIponykTUBHOCTD KYyJbTYpHl P. purpureum ysennuumsanacb B 1,6—1,7 paza kak c pocToMm
IIOBEPXHOCTHON OCBEMEHHOCTH C 5 10 25 Br-M2 Tak M C yBeqMUeHHEM YAENbHOH CKOPOCTH
nporoka cpeabl ¢ 0,1 go 0,2 cyT"l. MaxkcuMmanbHbple 3HAYeHUs] TPOMYKTHUBHOCTU IJISl YCJIOBHM
skcriepumenta (0,21 r-n'.cyr™!) oTMeuens B BapuaHTe ¢ ocBemEHHOCTHIO 25 BT-M2 u 20%-Hoii

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2022 vol. 7 no. 1


https://doi.org/10.1016/j.biortech.2019.122048
https://doi.org/10.1016/j.biortech.2019.122048
https://doi.org/10.3390/md17020124
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.3390/md17080460
http://ibss-ras.ru/
http://ibss-ras.ru/
http://oreluniver.ru/
mailto:gudirina2008@yandex.ru

Production characteristics of Porphyridium purpureum (Bory) Drew et Ross. ..

13

CKOPOCTBIO OOMEHa Cpejibl, OJJHAKO OHM ObLIM HMKE pacdeTHBIX B 1,5-2 pasza. CoxepkaHue Oeska
u B-O3 B knerkax P. purpureum CHUXAJIOCh KaK C POCTOM IOBEPXHOCTHOW OCBEIIEHHOCTH
(Ha 15-20 %), Tak U ¢ yBeJMYEHUEM CKOpPOCTH oOMeHa cpeasl (B 1,5 pasza) mist Bcex BapuUaHTOB.
Uzmenenus conepxanus 6enka u B-®D B kynbType P. purpureum Takke UMeI OAHOHAIIPABICHHBIH
XapakTep, 1 B OCHOBHOM OH COOTBETCTBOBAJ XapaKTepy M3MEHEHHUs IUIOTHOCTH KYJIbTYphl P. pur-
pureum. TlponyktuBHOCTh Topdupuauyma o B-dD yeenmmumBanace B 1,5-1,9 paza ¢ poctom
TIOBEPXHOCTHON OCBEMEHHOCTH ¢ 5 10 25 BT-M2. MakcumaibHas OpOAyKTUBHOCT P. purpureum
no B-®3 (13 mr-nl-cyr™!) 3aperucrpupoBaHa IS BapHaHTOB SKCIEPUMEHTA C TIOBEPXHOCTHOM
oceménHocTio 25 Br-m? (0,1 u 0,2 cyT_l). [ToBbiIeHne ymeapbHOM OCBEIEHHOCTU KJIETOK
nopdupuaMymMa B 9KcriepuMente ¢ 7 10 26 BrrT! Bp3bIBANO yBeqMueHME MPOLYKTHMBHOCTH
o 6uomacce B 2,6 pasa, o B-®3 — B 1,8 paza, no 6enky — B 1,7 pa3za. [TokazaHo, 4to (hakTopom,
OTIpeesABIINM TPOAYKIIMOHHBIE XaPaKTEPUCTHUKU HWCCIEJOBAHHOW KyJIbTYpbl B OIBITE, SBJISIICS
CBETOBOM, YTO NOATBEPIKAEHO MOTyUYEHHBIMHU IKCIIEPUMEHTATIbHBIMU JAHHBIMHU.

Keywords: Porphyridium purpureum, culture density, protein, phycobiliproteins, B-phycoerythrin,
productivity
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The golden grey mullet Chelon auratus (Risso, 1810) (Mugilidae) is a valuable commercial and recre-
ational species ranking first in terms of catch volume of the Black Sea indigenous mullets. The impor-
tance of this species in the regional fishery among demersal fish requires the development of a system
for assessing its health status. Such research is based on an integrated approach involving biochemical
and pathomorphological methods: these allow to investigate the alterations in fish prior the occurrence
of visible manifestations, disruption of the processes of growth and reproduction, reduction of com-
mercial size, and decrease in abundance. The aim of our work was to study both pathomorphological
alterations and several biochemical parameters of golden grey mullet tissues for assessing its health
status. Fish visual examination and pathological autopsy were carried out. For histological analysis,
samples of the gills, liver, kidneys, gastrointestinal tract, spleen, and pancreas were fixed in Davidson’s
solution and processed by standard methods. Based on the histological studies, the fish health status
was investigated by a modified semi-quantitative analysis of alterations according to the Bernet et al.
protocol and by assessing the distribution of lesion in organs using a scoring system. We determined
the importance factors of alterations for C. auratus, the values of organ alteration indices, and the total
index of fish pathology. The biochemical studies permitted to reveal the level of protein oxidation, lipid
and urea peroxidation, and the activity of aminotransferases and alkaline phosphatase in the liver; more-
over, we quantified albumin and glucose concentration in the blood serum. In the organs of the golden
grey mullet, the histopathological alterations referring to four types of the reaction patterns were de-
tected (circulatory disorders, regressive and progressive alterations, and inflammatory processes). Fur-
thermore, parasites representing several species of different systematic groups (Protozoa, Monogenea,
Trematoda, and Nematoda) were identified. It was established that the most severe histopathological
alterations were caused by a parasitic protozoan, presumably Ichthyophonus sp. When carrying out
a semi-quantitative analysis of alterations, the mullets were conventionally divided into conditionally
healthy individuals and infected ones. Pathomorphological data were obtained, and the set of biochem-
ical parameters was compared in these two groups. Significant differences were revealed in the val-
ues of organ alteration indices in C. auratus in the kidneys, liver, gastrointestinal tract, and pancreas.
The values of the total index of fish pathology also differed significantly. The biochemical studies
revealed a significant increase in urea content in the liver of fish from the group 2, that may indi-
cate the kidney and gill excretory dysfunction (it was confirmed histologically). No significant differ-
ences were found in the level of lipid peroxidation, protein oxidation, and activity of aminotransferases
in the liver of conditionally healthy and infected fish. The results of our investigation confirm high
informativeness of the studied parameters for assessing the health status of the golden grey mullet.

Keywords: golden grey mullet, histopathological alterations, biochemical parameters, semi-
quantitative analysis, Black Sea

14


https://crossmark.crossref.org/dialog/?doi=10.21072/mbj.2022.07.1.02&domain=pdf
https://doi.org/10.21072/mbj.2022.07.1.02
http://ibss-ras.ru/
mailto:gavrt2004@mail.ru

Pathomorphological and biochemical study of the golden grey mullet Chelon auratus (Risso, 1810)... 15

The golden grey mullet Chelon auratus (Risso, 1810) (Mugilidae) is a valuable commercial and recre-
ational species ranking first among the Black Sea indigenous mullets. It is characterized by a wide geo-
graphical distribution and high productivity (Boltachev & Karpova, 2012 ; Kozhurin et al., 2018). In com-
mercial catches off the Crimean coast, the species constitutes about 95 %; Mugil cephalus, less than 5 %;
and Chelon saliens, less than 1 %. In 2000-2017, according to the literature data, the interannual dynam-
ics of Mugilidae catch in the Black Sea was characterized by a positive trend in 2000-2007, a decline
in annual catches in 2008-2010, and a rapid growth in 2011-2017, caused by an increase in the Crimean
fish stocks. Specifically, Mugilidae annual catch in 2000 was 18.8 tons; in 2017, it was 275.4 tons, almost
15 times higher (Kozhurin et al., 2018).

In the regional fishery management, high importance of the golden grey mullet among demersal fish
requires the development of a system for assessing its health status. The world experience in carrying out
this kind of research is based on the integrated approach involving biochemical and pathomorphological
methods (Kornienko et al., 2018 ; Lukina, 2014 ; Kundu et al., 2016 ; Osman et al., 2009). These allow
to study the alterations in fish (resulting from parasitic invasions and negative effect of the environment)
prior to the occurrence of visible manifestations, disruption of the processes of growth and reproduction,
reduction of commercial size, and decrease in abundance.

Considering the key role of free radical processes in the mechanisms of formation of pathologi-
cal alterations in the fish, it is recommended to assess the health of hydrobionts based on biochemical
parameters of tissue damage under oxidative stress [levels of lipid peroxidation and protein oxidation
(hereinafter LPO and PO, respectively)] (Lukina, 2014 ; Kurhalyuk & Tkachenko, 2011 ; Marcogliese
et al., 2005) and biomarkers of fish physiological state in whole (activity of aminotransferases and alka-
line phosphatase (hereinafter ALP), as well as urea, glucose, and albumin content) (Feist et al., 2015 ;
Nnabuchi et al., 2015 ; Noor et al., 2010 ; Osman et al., 2009). Moreover, to assess the fish health status,
methods of clinical and pathological examination are applied (Moiseenko et al., 2010 ; Frasca et al.,
2018 ; ICES, 2015). The most widely used parameters are skeletal deformities, fin erosion, epidermal
hyperplasia, and pathological alterations in internal organs (haemorrhagia, tumor, efc.) (Moiseenko et al.,
2010 ; Au, 2004 ; Frasca et al., 2018 ; Stentiford et al., 2009).

Methods of the histological study allow to reveal the initial stages of pathological disorders in organs
and tissues, which cannot be detected by visual examination. The applying of the methods of mod-
ern histochemistry helps in assessing the functioning features of various tissue and cellular structures,
in determining the nature and rate of metabolic processes, and in detecting pathogenic agents in fish
organs (Bruno et al., 2006 ; Frasca et al., 2018 ; Noga, 2010). Several authors have attempted to develop
a system for semi-quantitative assessment of histopathological features (Bernet et al., 1999 ; Costa et al.,
2009 ; Saraiva et al., 2015). The most used one is a semi-quantitative scoring system in accordance to Ber-
net et al. (1999), which is based on the assumption that histopathological alterations have different effect
on fish organs (they are of different relative importance or severity). Using a numerical value to the rel-
ative importance of the alteration and a degree of its prevalence, the index of the histopathological state
of each individual is obtained (Bernet et al., 1999 ; Costa et al., 2009 ; Saleh & Marie, 2016).

The helminth fauna of the golden grey mullet in the Black Sea has been described quite fully,
and the localization of parasites has been determined (Dmitrieva & Gaevskaya, 2001 ; Dmitrieva & Gera-
sev, 1996 ; Pronkina & Belofastova, 2005 ; Yurakhno, 2009 ; Yurakhno & Ovcharenko, 2014). However,
the data on the effect of pathogenic agents on biochemical processes and the state of tissues and organs
in this fish species are quite scarce (Oztiirk, 2013).
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The aim of this work was to study the pathomorphological alterations in combination with several
biochemical parameters of the liver and blood of the golden grey mullet to assess its health status. In this
regard, the following objectives were defined: to investigate the histopathological alterations in juve-
nile mullets; to carry out a gradation of the revealed alterations and their semi-quantitative analysis;
to study the set of biochemical parameters in the liver and blood serum of the individuals investi-
gated; and to determine the informativeness of applying the semi-quantitative analysis of histopatho-
logical alterations and the set of biochemical parameters for assessing the health status of the golden
grey mullet.

MATERIAL AND METHODS

The object of the study was the Black Sea golden grey mullet Chelon auratus (Risso, 1810)
(Pisces: Mugilidae) sampled in February 2018 in the Matyushenko Bay (44°37°576”N, 33°31’515”E,
Sevastopol). The fish were subjected to a standard biological analysis to determine key linear and weight
characteristics. Histological and biochemical studies were carried out on a unified sample of juvenile fish
specimens: TL 12.6-19.7 cm; TL,yerage (16.8 £ 3.99) cm; 2 years. For biochemical and pathomorpholog-
ical analysis, tissues were resected within the first hour after catching fish, i. e. the tissues of live mullets
were used. When examining the individuals for external or internal alterations, the presence of clinical
signs of pathology was recorded (Moiseenko et al., 2010 ; Frasca et al., 2018). During visual exami-
nation and autopsy, the calculation of the incidence of alterations was carried out on the entire sample
(78 specimens). Only alive individuals (33 specimens) were subjected to histological and biochemical
analysis. The fish were preliminarily “euthanized” by adding benzocaine (0.4 g per 10 L) to the aquar-
um (Zav’yalova et al., 2012); the golden gray mullets were left in the solution for at least 10 minutes
after cessation of movement.

For histological and histochemical analysis, the fish were fixed in Davidson’s solution. Further
processing of histological samples and staining of preparations with hematoxylin-eosin according
to Meyer, Romanowsky—Giemsa, Ziehl-Neelsen, and Gram were carried out by generally accepted
methods (Bancroft et al., 1990). The pathogenic agents detected in the tissues and organs of the golden
grey mullet were determined in histological sections based on the results of the histochemical re-
search and considering peculiarities of various classes of parasites (Gaevskaya, 2004 ; Bruno et al.,
2006 ; Floyd-Rump et al., 2017 ; Noga, 2010). Since the symptoms of ichthyophonosis are very sim-
ilar to pathological alterations in fish with tuberculosis caused by acid-fast bacilli and microsporidia,
the sections were stained according to Gram and Ziehl-Neelsen to detect these microorganisms
(Bruno et al., 2006 ; Noga, 2010).

Histopathological alterations were assessed according to four types of the reaction patterns (circu-
latory disorders, regressive and progressive alterations, and inflammatory processes); pathogenic agents
were taken into account as well (Bernet et al., 1999 ; Costa et al., 2009 ; Santos et al., 2014 ; Saraiva
et al., 2015). Each type of the reaction patterns included several alterations that affected either or-
gan functional units or the entire organ. Three degrees of significance (severity) of histopathological
alteration were established (importance factors): 1, minimum pathological significance, when the or-
gan damage is easily reversible; 2, moderate pathological significance, the organ damage is reversible
in most cases if the stress factor is neutralized; and 3, severe pathological significance, the or-
gan damage is usually irreversible, which results in partial or complete loss of the organ function
(Bernet et al., 1999).
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To assess the distribution of lesion in organs, a scoring system was used with the following scores:
0, absent or normal; 1, low (£ 20 %); 2, moderate (2140 %); 3, often (41-60 %); 4, very often
(61-80 %); and 5, diffuse distribution (81-100 %).
Applying the importance factor and the score, the organ alteration index (Ior,) was determined (Bernet
et al., 1999):
I,..,=%. %Y. (a,., xw

org = Sirp org X Worgrpalt) » o))
where org denotes an organ;
p, a reaction pattern;
alt, an alteration;
a, a score;
w, an importance factor.
The higher the index, the more the distribution of lesion.

To compare the general health status of the studied individuals based on the revealed histological
disorders, the total index of fish pathology (IT) was also quantified (Bernet et al., 1999):

IT =1+ I+ +1,+1,+1,, )

where I, Iy, I;, Iy, I, and I denote the indices of the gills, kidneys, liver, gastrointestinal tract, pancreas,
and spleen, respectively.

When analyzing IT values, the fish were conventionally divided into two groups: conditionally healthy
individuals and infected ones. Comparative analysis of pathomorphological data and the set of biochem-
ical parameters was carried out between these two groups.

For the biochemical studies, the liver and blood serum of the golden grey mullet were used. To ob-
tain the supernatant, the liver was repeatedly washed with cold 0.85 % saline, homogenized, and cen-
trifuged (10,000 g) for 15 minutes. The fish were bled from the tail vein. The serum was obtained
by keeping in the cold. In the liver supernatant, the content of oxidized proteins (optical units-mg!
protein) was determined by the reaction of interaction of oxidized amino acid residues of proteins
and 2,4-dinitrophenylhydrazine. The derivatives of 2,4-dinitrophenylhydrazone resulting from this re-
action were recorded at the following wavelengths (A): at 356 and 370 nm, aldehyde (Css¢) and ketone
(Cs70) neutral products; at 430 and 530 nm, aldehyde (Cy39) and ketone (Cs3) basic products (Dubinina
et al., 1995).

The content of thiobarbituric acid reactive substance (hereinafter TBARS; nmol TBA-mg™! pro-
tein) in fish liver was determined by the reaction with thiobarbituric acid (Stal’'naya & Garishvili, 1977).
Using Olvex Diagnosticum standard reagent kits (Russia), the activity of aspartate aminotransferase
(hereinafter AST; umol-h"l-mg_1 protein), alanine aminotransferase (hereinafter ALT; uvmol-h'l-mg'1
protein), and ALP (nmol-sec_l-rng_1 protein) was determined; urea content (mmol-g_1 wet tissue)
in liver supernatants was quantified; and concentration of total protein (mg-mL™), albumin (mg-mL™),
and glucose (mmol-L™!) in the fish blood serum was accessed.

The analysis was performed on a SF-2000 spectrophotometer (OKB Spektr, Saint Petersburg,
Russia). The values of the biochemical parameters of liver supernatants were recalculated per mg
of protein in a wet tissue weight, with concentration by using the Olvex Diagnosticum standard
reagent kits.
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The results were processed statistically; the arithmetic mean and standard error were calculated
(M £ m). The normality of the distribution of the sample was checked applying the Shapiro—Wilk W-test.
Differences between the samples were compared by the Mann—Whitney U-test. Differences were consid-
ered significant at p < 0.05. Statistical analysis was performed using PAST 3 and Microsoft Excel 2016

software.

RESULTS

Visual examination. No clinical signs of pathology were revealed. During visual examination, patho-
logical lesions (small white inclusions) were observed in the gills and gill cavity in 2.56 % of the golden
grey mullet. During autopsy, nematode larvae were found in the body cavity in 7.69 % of the fish;
their livers were greenish (1.28 %), and the spleens were with dark dots (1.28 %).

Histological studies. Several types of alterations were revealed. In particular, in the gills, local necro-
sis, hyperplasia of the respiratory epithelium, and adhesion of several gill lamellae were recorded (Fig. 1).
On gill lamellae, single monogenean parasites (Fig. 1A) and ciliated Trichodina sp. (Fig. 1B)
were detected; protozoan cysts were found in gill filaments.

O
¢y
4

Fig. 1. Histopathological alterations in the gills and kidneys of the golden grey mullet: A, necrosis, hy-
perplasia of the respiratory epithelium of gill lamellae, and monogenean parasite (T); B, adhesion of gill
lamellae and trichodines (T); C, local vacuolization of the renal tubule epithelium (T); D, hyaline droplet
degeneration and necrosis of nephrocytes (T) (x400, hematoxylin-eosin). Gf denotes gill filaments; gl, gill
lamellae; rt, renal tubules
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Local vacuolization (Fig. 1C), hyaline droplet degeneration and necrosis of nephrocytes (Fig. 1D),
and initial renal tubular nephrocalcinosis was observed in the kidney. In the lumen of the renal tubules,
an accumulation of plasmodia of protozoan parasites (microsporidia/myxosporidia) was found.

In the liver parenchyma, a slight inflammatory reaction around the blood vessels and bile
ducts (Fig. 2A) was revealed. Vacuolization, fatty dystrophy (Fig. 2B), nuclear pleomorphism,
and necrosis of several hepatocytes (Fig. 2C) were registered. Moreover, in fish liver, spleen, pan-
creas, and hematopoietic tissue of the kidney, deposition of ceroid / melanomacrophage centers
(hereinafter MCs) (Fig. 2D) were recorded.

v :.' i e Pyt A by 0 ‘:‘g-‘r;’-‘
3 .:::‘..;’ . - 1 ‘. = & " \. . o =, - st ,‘.,," "
ﬁ: -.-"v“.“:r .. bl L 4
R

Fig. 2. Histopathological alterations in the liver of the golden grey mullet: A, inflammatory reaction around
the bile ducts and blood vessels (T); B, fatty degeneration of hepatocytes (T); C, focal necrosis of hepato-
cytes (T); D, melanomacrophage center (x400, hematoxylin-eosin). Bd denotes bile duct; bv, blood vessel;
mc, melanomacrophage center

The analysis of the pyloric stomach and pyloric caeca revealed local cell necrosis in the mu-
cous layer, as well as edema, hyperemia (Fig. 3A), inflammatory reaction, and protozoan cysts (myx-
osporidia) in the submucosal layer (Fig. 3B). Nematodes and trematodes were found in the lumen of py-
loric caeca (Fig. 3C). In the exocrine pancreas of the infected mullets, steatosis (fatty degeneration
of cells), local hyperemia (Fig. 3D), focal cell necrosis, and hemosiderin deposition around nematodes
were detected.
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Fig. 3. Histopathological alterations in the gastrointestinal tract and pancreas of the golden grey mullet:
A, local edema (*) and hyperemia (T) of the submucosal layer of the pyloric stomach (x400); B, inflamma-
tory reaction (infiltration) and protozoan cysts (T) in the submucosal layer of the pyloric stomach (x400);
C, trematodes (T) in the lumen of the pyloric caeca (x100); D, steatosis (cell fatty degeneration), hyper-
emia (T), and melanomacrophage center in the exocrine portion of the pancreas (x400, hematoxylin-eosin).
Mc denotes melanomacrophage center; h, haemorrhagia

Invasion with a parasitic Protozoa, presumably Ichthyophonus sp., was recorded in the most vas-
cularized organs of the golden grey mullet (the kidneys, liver, and spleen) and in the pancreas.
Necrotic alterations, as well as granulomas, or fibrous capsules typical for ichthyophonosis were re-
vealed (Fig. 4A). Ichthyophonus sp. “resting spores” were surrounded by elongated radially located
epithelioid cells (Fig. 4B), or an accumulation of leukocytes and necrotic cells around the parasite
was observed. MCs were identified as well (Fig. 4C). Ichthyophonus sp. spores with signs of degener-
ation were registered (Fig. 4D). When applying histochemical methods of staining according to Gram,
Romanowsky—Giemsa, and Ziehl-Neelsen, no other pathogenic agents were detected in granulomas.

Summing up the importance factors of organ alterations in the mullets studied, the fish were divided
into two groups. The group 1 (conditionally healthy) included individuals with the sum of histopatho-
logical alterations ranging O to 8 conventional units (n = 22 specimens). The group 2 included fish
with the total sum 9 to 16 conventional units (n = 11 specimens). The importance (severity) factors
for each alteration and the incidence of histopathological alterations in organs and tissues in fish of each
group are given in Table 1.
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Fig. 4. Histopathological alterations in the golden grey mullet with ichthyophonosis: A, granulomas (T)
around “resting spores”; presumably, Ichthyophonus sp. in the hematopoietic tissue of the kidney (x100);
B, epithelioid cells around the parasite (T) (x1000, hematoxylin-eosin); C, melanomacrophage center
and granulomatous inflammation around the parasite; spores with signs of degeneration are visible (T)
(x400, Romanowsky-Giemsa staining); D, empty “resting spore” in the kidney (T) (x400, hematoxylin-
eosin). Rs denotes “resting spore”; gi, granulomatous inflammation; mc, melanomacrophage center

Table 1. Incidence (%) of histopathological alterations in organs and tissues of the golden grey mullet
(in each organ of one specimen, several different lesions could be detected). The importance (severity)
factor for each alteration is indicated in brackets

Incidence, %

Reaction pattern Organ Patholo,
P £ & Group 1 Group 2
Regressive Local necrosis of the respiratory epithelium cells
. . 53 18.2
alterations of gill lamellae (3)
Hyperplasia of the respiratory epithelium
Progressive , ofygillrll)amellae @ P 526 63.6
alterations Gills - .
Adhesion of gill lamellae (2) 53 9.1
Single monogenean parasites on gill lamellae (2) 15.8 18.2
Parasites Single Trichodina on gill lamellae (2) 21.1 18.2
Protozoan cysts in gill filaments (2) 53 9.1
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. Incidence, %
Reaction pattern Organ Pathology
Group 1 Group 2
Macrophage melanization around blood vessels (1) 53 9.1
Melanomacrophage centers in the hematopoietic tissue
. 53 36.4
of the kidney (1)
Regressive Local vacuolization of the renal tubule epithelium (1) 0 18.2
alterations Hyaline droplet degeneration of nephrocytes (1) 0 45.5
" Renal tubule cells necrosis (2) 0 27.3
Kidneys Necrosis of individual renal tubules (3) 0 9.1
Nephrocalcinosis (1) 10.6 45.5
Inflammation Granulomas in the hematopoietic tissue of the kidney (2) 0 27.3
Microorganisms (plasmodia of microsporidia 53 182
Parasites or myxosporidia) in the lumen of the renal tubules (1) ’ ’
Ichthyophonus sp. (2) 0 27.3
Circulat
jonaory Dilation of blood vessels (1) 53 9.1
disorders
Local vacuolization of hepatocytes (1) 57.9 27.3
Melanomacrophage centers (1) 21.1 27.3
Regressive Fatty degeneration of hepatocytes (1) 10.6 36.4
alterations _ Local deposition of ceroid in hepatocytes (1) 15.8 18.2
Liver Nuclear pleomorphism of hepatocytes (2) 0 36.4
Focal necrosis of hepatocytes (2) 5.3 27.3
Local inflammatory reaction around 579/ 81.8/
Inflammation blood vessels / bile ducts (2) 36.8 18.2
Granulomas (2) 53 27.3
Parasites Ichthyophonus sp. (2) 5.3 27.3
R -
egres.swe Local mucosal cell necrosis (2) 53 9.1
alterations
: Inflammatory reaction in the submucosal layer
Inflammation Gastro- of the pyloric stomach and pyloric caeca (2) 31.6 63.6
intestinal Nematodes in the lumen of the gastrointestinal tract (1) 53 9.1
tract . :
. Trematodes in the lumen of the pyloric stomach
Parasites . 15.8 36.4
and pyloric caeca (1)
Microorganisms in the submucosal layer of the stomach (2) 15.8 45.5
Circulat
lrcu atory Hemorrhages in the exocrine tissue (1) 0 9.1
disorders
Regressive Melanomacrophage centers (1) 31.6 36.4
. Pancreas -
alterations Steatosis (2) 0 27.3
Inflammation Granulomas in the exocrine portion (2) 5.3 54.5
Parasites Ichthyophonus sp. (2) 5.3 54.5
R -
egreS’SWG Melanomacrophage centers (1) 31.6 45.5
alterations Sol
Inflammation pleen Local granulomas (2) 53 27.3
Parasites Ichthyophonus sp. (2) 5.3 27.3
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The reaction patterns of histological response varied significantly in the analyzed organs. The most
frequent ones were regressive alterations and pathogenic agents (see Table 1). Inflammatory reactions
were recorded in all the organs, except for the gills, in which progressive alterations were revealed (hyper-
plasia of the respiratory epithelium and adhesion of gill lamellae). Circulatory disorders were observed
in the liver and pancreas only, although their incidence was insignificant (found in 5.3-9.1 % of fish).
When assessing the prevalence of alterations in the golden grey mullet organs using the scoring system,
severe lesions (these with scores 4 and 5) were not detected. In the fish of the group 1, most alter-
ations of the importance factor 1 were revealed, with the incidence ranging 5.3 to 81.8 % (Table 1),
whereas the distribution of lesion in organs did not exceed 20 % (score 1) (Table 2). The alter-
ations of the importance factor 2 (the distribution of lesion 1-2) were recorded in the gills, liver,
gastrointestinal tract, and pancreas (Table 2).

In the golden grey mullet of the group 2, alterations of the importance factors 1-3 were found, their in-
cidence in organs accounted for 9.1-63.6 % and the distribution of lesion in the organ was 1-3. In these
fish, like in the individuals of the group 1, the most frequently revealed alterations belonged to the impor-
tance factor 1, with the distribution of lesion equal to 1. The alterations characteristic of the importance
factor 2 were predominantly focal (scores 1 and 2). Histopathological alterations of the importance fac-
tor 3 were recorded in the gills and kidneys only, with the incidence ranging 18.2 and 9.1 %, respectively;
the distribution of lesion was 1 (see Table 2).

Table 2. Incidence (%) of histopathological alterations in organs and tissues of the golden grey mullet
using the scoring system for the distribution of lesion. The importance (severity) factor for each alteration
is indicated in brackets

Incidence, %
Organ Pathology Group 1 / Group 2
0* 1 2 3
LOC?ll necrosis of the respiratory epithelium cells 047/81.8 | 537182 0/0 0/0
of gill lamellae (3)
Hyperplasia of the respiratory epithelium 42.11364 | 31.6/182 | 263/454 | 0/0
) of gill lamellae (2)
Gills Adhesion of gill lamellae (2) 94.7/90.9 5.3/9.1 0/0 0/0

Single monogenean parasites on gill lamellae (2) 84.2/81.8 | 15.8/18.2 0/0 0/0
Single Trichodina on gill lamellae (2) 78.9/781.8 | 21.1/18.2 0/0 0/0
Protozoan cysts in gill filaments (2) 94.7/909 | 53/9.1 0/0 0/0
Macrophage melanization around blood vessels (1) 94.7/909 | 5.3/9.1 0/0 0/0
Melanomacrophage centers in the hematopoietic 947 /63.6 | 5.3/36.4 0/0 0/0
tissue of the kidney (1)
Local vacuolization of the renal tubule epithelium (1) | 100/ 81.8 0/18.2 0/0 0/0
Hyaline droplet degeneration of nephrocytes (1) 100/54.5 0/455 0/0 0/0
Renal tubule cells necrosis (2) 100/ 81.7 0/182 0/9.1 0/0

Kidneys | Necrosis of individual renal tubules (3) 100/90.9 0/9.1 0/0 0/0
Nephrocalcinosis (1) 89.4/54.5 | 10.6/45.5 0/0 0/0
Granulomas in the hematopoietic tissue
of the Kidney (2) 100/ 72.7 0/9.1 0/9.1 0/9.1
Mlcroorgamérr.ls (Plasmodla of microsporidia 047/818 | 53/182 0/0 0/0
or myxosporidia) in the lumen of the renal tubules (1)
Ichthyophonus sp. (2) 100/ 72.7 0/9.1 0/18.2 0/0

Continue on the next page...
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Incidence, %
Organ Pathology Group 1/ Group 2
0* 1 2 3
Dilation of blood vessels (1) 94.7/90.9 5.3/9.1 0/0 0/0
Local vacuolization of hepatocytes (1) 42.1/72.7 | 57.9/18.2 0/9.1 0/0
Melanomacrophage centers (1) 789/72.7 | 21.1/27.3 0/0 0/0
Fatty degeneration of hepatocytes (1) 89.4/63.6 | 10.6/27.3 0/9.1 0/0
Local deposition of ceroid in hepatocytes (1) 84.2/81.8 | 10.5/9.1 5.3/9.1 0/0
Liver Nuclear pleomorphism of hepatocytes (2) 100/ 63.6 0/36.4 0/0 0/0
Focal necrosis of hepatocytes (2) 94.7/72.7 | 53/27.3 0/0 0/0
Local inflammatory reaction around blood vessels (2) | 42.1/18.2 | 52.6/63.6 | 53/18.2 0/0
Local inflammatory reaction around bile ducts (2) 63.2/81.8 | 36.8/18.2 0/0 0/0
Granulomas (2) 94.7172.7 0/9.1 0/9.1 5.3/9.1
Ichthyophonus sp. (2) 97.4/72.7 0/18.2 0/0 5.3/9.1
Local mucosal cell necrosis (2) 94.7/90.9 5.3/9.1 0/0 0/0
Inﬂammatory reaction in the sub@ucosal layer 68.4/364 | 31.6/63.6 0/0 0/0
of the pyloric stomach and pyloric caeca (2)
Gastro- | Nematodes in the lumen of the gastrointestinal 947 /90.9 53/9.1 0/0 0/0
intestinal | tract (1)
tract :;Z?;Ziis ::e::};e(llu)men of the pyloric stomach 8427636 | 15.8 /364 0/0 0/0
E/fhf;;’:iii?;?i 2“)1 the submucosal layer 84.2/54.5 | 158/455 | 0/0 0/0
Hemorrhages in the exocrine tissue (1) 100/90.9 0/0 0/9.1 0/0
Melanomacrophage centers (1) 68.4/63.6 | 26.3/273 | 53/9.1 0/0
Pancreas | Steatosis (2) 100/ 72.7 0/9.1 0/18.2 0/0
Granulomas in the exocrine portion (2) 94.7/45.5 | 5.3/36.3 0/9.1 0/9.1
Ichthyophonus sp. (2) 94.7/45.5 | 53/36.3 0/9.1 0/9.1
Melanomacrophage centers (1) 68.4/54.5 | 31.6/364 0/9.1 0/0
Spleen Local granulomas (2) 94.7172.7 5.3/9.1 0/9.1 0/9.1
Ichthyophonus sp. (2) 94.7/72.7 | 5.3/9.1 0/9.1 0/9.1

Note: * denotes the distribution of lesion [0, absent or normal; 1, low (£ 20 %); 2, moderate (2140 %);

3, often (41-60 %)].

When carrying out a statistical analysis for two groups of the golden grey mullet, significant dif-
ferences in the values of organ alteration indices were registered in the kidneys, liver, gastrointestinal
tract, and pancreas (Table 3). The values of the total index of fish pathology were also significantly
different (see Table 3).

Biochemical research. No significant differences between the level of oxidized proteins and TBARS
in the liver of the mullets in the compared groups were recorded (Table 4).

There were no significant differences in the activity of aminotransferases between the groups 1 and 2.
However, the activity tended to increase in the liver of fish with more pronounced histopathological
alterations. As found, ALP activity was significantly higher, and urea content was lower in the liver
of the conditionally healthy mullets (see Table 4).

At the same time, the content of total protein, albumin, and glucose in the tissues of infected
and conditionally healthy fish did not differ significantly (Table 4).
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Table 3. Values of organ alteration indices (M * m) for the golden grey mullet

Organ alteration index Total index
Group G - — of fish
Gills, Ig Kidneys, I Liver, ], asg;)értltc;stma Pancreas, Ip Spleen, I, pathology, IT
> ot
1 2.84£3.00| 0.84 £1.50 227 +£2.21 1.16 £ 1.30 0.89x1.24 |047x051| 8.21%5.63
2 436+3.20 | 4.63+1.91"| 4.54+2.69" | 3.00+1.78" | 3.18 +2.08" | 1.36 + 1.80 | 21.09 + 6.09™

Note: indices are expressed in conventional units. In bold, the values for fish of the groups 1 and 2 are highlighted,
with significant difference at p < 0.05 (*) and p < 0.01 (¥%).

Table 4. Several biochemical parameters (M % m) in the liver and blood serum of the golden grey mullet

Parameter Group 1 Group 2
(n=22) (n=11)
Liver
TBARS, nmol TBA-mg~! protein 19.94 +2.77 18.02 £ 3.37
Cs6, optical units-mg™! protein 0.020 = 0.002 0.024 = 0.006
Cy70 Optical units-mg~! protein 0.026 + 0.004 0.027 £ 0.006
Cy30 Optical units-mg™! protein 0.016 +0.003 0.019 £ 0.004
Cs30, optical units-mg~! protein 0.008 £ 0.001 0.008 £ 0.001
ALT, umol-h~'-mg™! protein 0.091 £ 0.02 0.13+0.02
AST, umol-h™'-mg~! protein 0.21 £0.03 0.35+0.07
ALP, nmol-sec”!-mg™! protein 677114 324 + 60*
Urea, mmol~g‘1 wet tissue 0.42 £ 0.036 1.07 £ 0.25*
Blood serum
Total protein, mg-mL™! 14.59 £ 1.49 14.05 £0.71
Albumin, mg-mL™! 8.35+1.55 8.91 £0.59
Glucose, mmol-L™! 3.8+0.76 2.69+0.24

Note: * indicates significant differences between the values for fish of the groups 1 and 2, p < 0.05.

Thus, the results of the biochemical research in the tissues of the conditionally healthy mullets and in-
dividuals with more pronounced histopathological alterations allowed to establish certain peculiarities re-
sulting from both the level of parasitic invasion and the severity and nature of histopathological alterations
in fish organs.

DISCUSSION

The analysis of fish pathologies detected visually is an available method for assessing their health
status. The visual signs of pathology registered by us in juvenile mullets were negligible. The pathogenic
agents identified in the studied fish were represented by several species from different taxonomic groups:
Protozoa, Monogenea, Trematoda, and Nematoda.

Comparative statistical analysis of histological alterations in organs of C. auratus from two examined
groups revealed significant differences in the values of indices of kidney’s alterations (Table 3). Substan-
tially, it was caused by regressive alterations, with the greatest portion of MCs in the hematopoietic tissue,
hyaline droplet degeneration of nephrocytes, and renal tubular nephrocalcinosis; all with the importance
factor 1. Destructive alterations in the cells of the renal tubules (necrosis), with the importance factors
2 and 3, were detected in the group 2 alone (see Table 1).
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In the liver, the histopathology pattern is not so unambiguous. Specifically, regressive al-
terations — fatty degeneration of hepatocytes, nuclear pleomorphism, and necrosis of hepato-
cytes — were recorded much more often in the infected golden grey mullets, while an in-
flammatory reaction — infiltration — around blood vessels and bile ducts was observed in fish
from both groups (Table 1).

In the submucous layer of the pyloric stomach and pyloric caeca, the inflammatory reaction
was recorded two times more often in the infected mullets, and parasite cysts were found three times
more often. The incidence of trematodes in the lumen of the gastrointestinal tract was also two times
higher in the group 2 (see Table 1). In the pancreas in the infected fish, steatosis was a distinctive feature
of histopathological alterations.

Importantly, in the mullets of the group 2, Ichthyophonus sp. had a pathological effect on the liver,
kidneys, spleen, and pancreas. The incidence of this pathogen was the highest in the pancreas
(54.5 %) (Table 1). In conditionally healthy fish, Ichthyophonus sp. was found in the pancreas and spleen,
but its incidence was significantly lower (5.3 %).

Thus, the most severe histopathological alterations detected in the golden grey mullet were caused
by a parasitic protozoan, presumably Ichthyophonus sp. To date, Ichthyophonus sp. has been recorded
in more than 100 species of cultivated and wild fish from seawater and freshwater of middle and trop-
ical latitudes, and the list of its hosts keeps growing (Gavryuseva, 2007 ; Gaevskaya, 2004 ; Floyd-
Rump et al., 2017 ; Noga, 2010 ; Osman et al., 2015). In mullets, the disease is recorded in the waters
of Portugal, South Africa, and Japan, as well as in the North Atlantic (Gaevskaya, 2004 ; Ovcharenko,
2015). The disorders revealed in the tissues are typical for the chronic form of ichthyophonosis (Noga,
2010). As the disease progresses, an extensive granulomatous reaction leads to cirrhosis and atrophy
of the affected organs that results in replacing most normal tissue by reticuloendothelial granulation
tissue (Noga, 2010). Apparently, ichthyophonosis is a significant cause of chronic mortality in some
populations of wild marine fish (Ovcharenko, 2015). As known, the severity of ichthyophonosis course
is affected by water temperature and by fish species, sex, and age as well (Floyd-Rump et al., 2017 ;
Osman et al., 2015).

Other pathogenic agents did not cause severe, irreversible histopathological alterations. Appar-
ently, the inflammatory reaction in the submucosal layer of the gastrointestinal tract of fish resulted
from the invasion by Protozoa, presumably myxosporidia. To verify the etiological agent of the in-
flammatory process in the gastrointestinal tract, further complex parasitological and histological
studies are required. According to the literature data, 13 species of myxosporidia were identified
in C. auratus in the Black Sea (Yurakhno, 2009). Among them, three species — Myxobolus adeli n. sp.
(syn.: M. improvisus Isjumova, 1964), M. exiguus, and M. muelleri — invaded the gastrointestinal
tract of fish.

In the golden grey mullet, we found no severe disorders caused by parasitic worms. Minor alter-
ations recorded in the mucous layer were reversible. Nematodes were single, and their incidence was low
(in 5.3-9.1 % of fish). Under natural conditions, trematodes in the lumen of the gastrointestinal tract
do not cause significant damage (Gaevskaya, 2004 ; Dmitrieva & Gaevskaya, 2001).

No statistically significant histopathological alterations in the gills of the golden grey mullet were
revealed since pathogenic agents (trichodines and monogeneans) were found in both groups of fish.
Trichodines are widespread ectocommensals of the gills and skin of marine and freshwater hydro-
bionts. These parasites have strong pathogenic effect (excessive mucus secretion, destruction of gills,
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anorexia, and respiratory failure) on fish fry and juveniles in mariculture (Gaevskaya, 2004 ; Noga,
2010). In our studies, we recorded single trichodines in the gills of the mullet and moderate hyperplasia
of the respiratory epithelium of gill lamellae. Monogeneans caused more severe pathology — local necro-
sis and hyperplasia of epithelial cells of gill lamellae at the site of the parasite attachment. In some indi-
viduals, both trichodines and monogeneans were observed. Probably, synergistic effect of the mentioned
ectoparasites can aggravate pathological processes in the gills.

The histopathological disorders with the importance factor 1 revealed in the mullets were reversible;
the alterations with the importance factor 2 were local; and the disorders with the importance fac-
tor 3 were focal, i. e. only individual cells were damaged (see Table 2). According to the results
of the histological studies, the health status of the most examined fish was satisfactory.

To assess the negative effect of parasitic invasions on the health status of fish, it is recommended
to use LPO and PO parameters reflecting the level of tissue damage under oxidative stress. In particular,
an increase in the level of LPO and PO was registered for the liver of sea trout Salmo trutta in case of ul-
cerative skin necrosis caused by the bacteria Aeromonas hydrophila (Kurhalyuk & Tkachenko, 2011).
In the studies of the yellow perch Perca flavescens — both conditionally healthy fish (10 or less specimens)
and those infected with metacercariae Apophallus brevis (> 10 individuals) — from reference and con-
taminated areas, the following was stated: the level of TBARS was higher in the liver of infected fish
from both locations. The characteristics revealed were explained by the development of foci of chronic
inflammation at the site of the parasite invasion in the fish muscles and skin (Marcogliese et al., 2005).
In this work, the level of LPO and PO (Table 4) in the liver of the compared groups had no significant
differences; so, there are no biochemical signs of cytolysis in the liver of the mullets, which is consistent
with the data on pathomorphological analysis (see Table 1). The index of histopathological alterations
in the liver was significantly higher in fish from the group 2, but most recorded histopathological alter-
ations in the liver of the mullets from both groups had the importance factor 1, i. e. had no necrotic
alterations related to the disruption of the cell integrity, and were reversible.

Another important biomarker recommended for assessing the functional state of the liver is amino-
transferase enzymes. As a result of peramination catalyzed by aminotransferases, pyruvate, oxaloacetate,
and a-ketoglutarate are formed, which are necessary for the synthesis of amino acids and serve as a sub-
strate for gluconeogenesis. A compensatory increase in the activity of aminotransferases in fish liver
was shown under the effect of various stress factors (Banaee et al., 2012, 2014). At the same time,
chronic and/or rather strong effects can result in the disruption of the cell membrane integrity, “re-
lease” of aminotransferases into the blood, and decrease in their activity in fish liver (Kavitha et al.,
2010 ; Kole et al., 2014). A rise in the activity of both aminotransferases was registered in the blood
serum of the African sharptooth catfish Clarias gariepinus infected with Trypanosoma mukasai (Osman
et al., 2009). In the studies of the Chinook salmon Oncorhynchus tshawytscha, both healthy and those
with ichthyophonosis, no significant differences were found between the activity of ALT in the blood
serum of the compared groups, while the activity of AST was significantly higher in the serum of healthy
fish (Feist et al., 2015). Other authors established a rise in the activity of ALT and AST in the blood serum
of fish with complex invasion compared to the activity in uninfected individuals (Nnabuchi et al., 2015 ;
Noor et al., 2010). In our study, the activity of AST and ALT in the liver of the mullets (Table 4), as well
as the level of LPO and PO (see Table 4), did not differ significantly in the compared groups. This indi-
cates the lack of oxidative damage to hepatocytes and is consistent with the data on pathomorphological
analysis (Table 1).
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The content of urea, the end product of protein metabolism, was higher in the liver of the fish
from the group 2 (Table 4), which may result from the kidney and gill excretory dysfunction (Table 3).
An increase in the index of histopathological alterations was registered for the kidneys and gills
of the mullet from the group 2 with the significant differences for the first case. Local vacuolization
and necrosis of renal tubule cells, as well as necrosis of individual renal tubules, were recorded in 18.2,
27.3, and 9.1 % of fish from the group 2, respectively, whereas in the mullets from the group 1, these
histopathological alterations were not observed (Table 1). The ratio of individuals with histopatholog-
ical alterations in the gills (adhesion of gill lamellae, local cell necrosis, and hyperplasia of the res-
piratory epithelium of gill lamellae) was also higher in the group 2 than in the group 1 (Table 1).
In the Nile tilapia Oreochromis niloticus, an increase in serum urea content was registered in individ-
uals infected with a protozoan Trichodina sp. and monogenean Cichlidogyrus sp. (Noor et al., 2010).
The studies of Clarias gariepinus and C. anguilaris, both healthy and infected with parasites, showed
a rise in urea content in the blood serum of infected individuals. The authors attributed this to the gill
damage by the protozoan Trichodina acuta (Nnabuchi et al., 2015).

The activity of ALP was significantly lower in the liver of the mullets from the group 2 (Table 4).
The lack of shifts in the level of LPO and PO, as well as necrotic alterations in the liver of the compared
groups, excludes cytolysis of hepatocytes in the fish from group 2. At the same time, the ratio of inci-
dence of all the histological alterations was higher in the liver of the mullets from the group 2, except
for signs of the local inflammatory reaction around the bile ducts, the incidence of which was higher
in the liver of the fish from the group 1 (Table 1). Apparently, the revealed characteristics are the reason
for an increase in ALP activity, a marker of cholestasis, in the liver of fish from the group 1. It requires
further study of histopathological alterations of the gallbladder and its ducts under parasitic invasions.
In the gallbladder of mullets from Sevastopol water area and in the Black Sea, 17 species of myxosporidia
were recorded (Yurakhno, 2009 ; Yurakhno & Ovcharenko, 2014). A rise in the activity of ALP
in the blood serum of clariids was observed under complex invasion. The authors explained it by block-
age of the bile ducts by parasites (Nnabuchi et al., 2015). Other researchers did not record any significant
differences between the activity of ALP in the blood serum of healthy O. tshawytscha and individuals
with ichthyophonosis (Feist et al., 2015).

Comparative analysis of the parameters of protein metabolism (total protein and albumin) and car-
bohydrate metabolism (glucose content) in the blood serum of the mullets from two groups showed
no significant differences (see Table 4). It indicates a satisfactory health status and the reversibility
of the most of the identified histological alterations as well.

Conclusion. In the organs of the golden grey mullet, the histopathological alterations referring to four
types of the reaction patterns were detected: circulatory disorders, regressive and progressive alterations,
and inflammatory processes. Furthermore, parasites were identified. Most of the recorded alterations
belonged to the importance factor 1 (these were reversible). Such pathologies are typical for weak toxic
process, which could be initiated by both biotic factors (pathogenic agents) and abiotic ones (in particular,
anthropogenic load).

The modified scoring system of histopathological alterations and a semi-quantitative analy-
sis of the alterations revealed in juvenile mullets allowed to transform the data on qualita-
tive tissue damage into quantitative parameters and to obtain evidences about the health status
of the fish studied.
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Pathogenic agents found in juvenile mullets were represented by several species from different tax-
onomic groups: Protozoa, Monogenea, Trematoda, and Nematoda. The most severe histopathological
alterations were caused by a parasitic protozoan, presumably Ichthyophonus sp. In other mullets studied,
structural damages registered in organs and tissues were reversible, and pathogenic agents did not cause
severe histopathological alterations.

Significant differences in the values of organ alteration indices were recorded in the kidneys, liver,
gastrointestinal tract, and pancreas of the fish studied. These were reversible (in most cases, the nuclei
and cell membranes were not destroyed), and this is confirmed by the data of the biochemical studies.

In conditionally healthy and infected mullets, the level of lipid peroxidation and protein oxida-
tion and the activity of aminotransferases in the liver did not differ significantly, which also indicates
the lack of oxidative damage of hepatocytes. An increase in urea content in the liver of C. auratus
from the group 2 might result from the kidney and gill excretory dysfunction (it was confirmed histo-
logically). The concentration of total protein, albumin, and glucose in the blood serum of the mullets
from the compared groups did not differ significantly, which also is a sign of a satisfactory health status
of the fish and the reversibility of most of the identified histological alterations.

The results obtained confirm high informativeness of applying the semi-quantitative analysis
of histopathological alterations and the set of biochemical parameters for assessing the health
status of the golden grey mullet.

This work was carried out within the framework of the IBSS state research assignments “‘Regularities of for-
mation and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov — Black Sea
basin and other areas of the World Ocean” (No. 121030100028-0) and “Functional, metabolic, and toxicological
aspects of hydrobionts and their populations existence in biotopes with different physical and chemical regimes”
(No. 121041400077-1).
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INATOMOP®OJIOT'NYECKUE U BUOXUMHNYECKUE UCCJIEAOBAHUA
KE®AJIM CUHI'NJIA CHELON AURATUS (RISSO, 1810)
B AKBATOPHUH IOT'O-3AIATHOI'O KPBIMA (UEPHOE MOPE)

T. B. I'aBproceBa, T. b. CuraueBa, U. 1. YecHokoBa

®I'BYH PULL «HucTuTyT OMosiorun 10xkHbIX Mopeid umMenn A. O. Kosanesckoro PAH»,

Cesacronoss, Poccuiickas Penepanys
E-mail: gavri2004@mail.ru

Kedamb cunrune Chelon auratus (Risso, 1810) (Mugilidae) siBisieTcss eHHBIM TTPOMBICIIOBBIM BU-
JIOM, 3aHHMAIOIIUM IEPBOE MECTO M0 00BbEMaM BBUIOBA CPeIU aOOPUI€HHBIX YEPHOMOPCKUX Keda-
JIEBBIX PHI0 B KOMMEPUYECKOM M JTIOOUTETLCKOM PhIOOIOBCTBE. BhICOKAs 3HAYMMOCTL CUHTUJISI B PEru-
OHAJTLHOM TMPOMBICIIE AEMePCATbHBIX PHIO TpeOyeT pa3padOoTKY CUCTEMBbI OIIEHKH COCTOSHUS 30PO-
Bbs1 9TOr0 BUa. [IpoBeieHre MOJOOHOTO Poa UCCIIEIOBAHUI BKIIIOYAET KOMILJIEKCHOE MTPUMEHEHHe
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OUOXMMHYECKHX 1 TATOMOP(OIOrMYECKIX METOIOB, YTO O3BOJISIET U3YUUTh N3MEHEHHSI, IPOMCXO/IsI-
II[1ie B OpraHu3Me phlO, 1O MOSIBJICHUS] BUAMMBIX IIPOSIBIICHHH, HAPYIIIEHU s IPOLIECCOB POCTa U PA3MHO-
JKEHW 1, CHYOKEHHSI IPOMBICIIOBBIX Pa3MEPOB U COK pAIlieHHsI YMCJIEHHOCTH Tomy isiiuu. Llesbio paboTs
OBUIO MCCIIEIOBATh MATOMOP(DOJIOrMIEeCKe U3MEHEHUSI B COYETAHUU C HEKOTOPBIMU OMOXMMHYECKH-
MU TIOKa3aTesIMi TKaHe# Kedaau CUHIHIS [J1s1 OIIEHKHM COCTOSIHUS 300pOBbsI pbIO. Bblin MpoBeeHb!
BU3YJIbHBIA OCMOTP U MATOJIOT0aHATOMUYECKOE BCKPHITHE PhIO. [IJIs1 TMCTONIOTMYECKOro aHajmu3a Mpo-
Obl ’ka0p, MeYeHH, MOYEK, JKeJIyI0YHO-KHUIIEYHOTO TPAKTA, CeJIE3EHKH 1 TIOKETYI0YHON XKeJie3bl Obl-
7 3apUKCUpOBaHBI B pacTBope I3BuicoHa 1 00pabOTaHbI C UCTIONB30BAaHIEM CTAH/IAPTHBIX METOIOB.
Cocrosiaue opranusma C. auratus Ha OCHOBE THCTOJIOTMUECKHUX UCCIIEJOBAaHUI ONPEAEISIIN C IpUMe-
HEeHHMEeM MOJM(UIIMPOBAHHOTO MOJIYKOJIMYECTBEHHOTO aHaIn3a alibTepaliuii 1o meroauke bepHe ¢ co-
ABTOPAaMH M OLIEHKH PacTpOCTPaHEHHOCTH MOBPEXKAECHUN B OpraHax COracHoO 0ayuIbHOM cucteme. Bbl-
SICHWIH (haKTOPbl 3HAYMMOCTH BBISIBIICHHBIX TIOBPEKICHUI, 3HAUECHHSI HHEKCOB aJIbTepallii OPTaHOB
1 o0UIMIA MHEKC naTtonorun kedasei. [Ipu npoBegeHNN OMOXUMUIECKUX MCCICOBAHUNA ONpPEaesi-
JIM cofiepKaHKe TPOIYKTOB OKHCIUTETbHOW MOAN(HUKAIMN OSJIKOB, TIEPEKUCHOTO OKHCIICHHS JIUITH-
JI0B ¥ MOYEBHHBI, aKTHBHOCTh aMHHOTpaHc(epas 1 1ienoyHoi docarasbl B IEYeHH, KOHIIEHTPALIIO
abOYMMHA M [TTIOKO3BI B CHIBOPOTKE KPOBU. B opranax kedaii CHHI ISl 0OHAPYKeHBI THCTONATOJIOTH-
YecKHe N3MEHEHHUs YeTHIPEX TUIIOB (HapylleHue KpOBOOOpAIeHH s, pETPECCHBHbIC U ITPOrPECCUBHbBIE
W3MCHEHUs1, BOCTIAJIUTEbHBIE TPOLIECCHI), a TaKXe Mapa3uThl. [lapasutapHble areHThl, BHISBICHHBIC
y MOJIOIH Kehasu, MpeICTaBIeHb HECKOJIBKUMU BUIAMH Pa3HBIX CUCTEMATUYECKUX IPYIIT (TpOCTei-
111e, MOHOTE€HEH, TPEMATO/Ibl, HeMaTo ibl). Hanboiee Tsok€bie TMCTOMATONIOMMUECKHIE U3MEHEHM ST Obl-
JI1 BBI3BaHbI APA3UTAPHBIM ITPOCTEHIINM, TPEATIONOKUTENbHO Ichthyophonus sp. Ilpu nomykonmde-
CTBEHHOW OIIeHKe OOHApYKEHHBIX IbTEPAlMil PhIO YCIOBHO Pa3IeNvIM Ha JIBE IPYIMIBI — YCJIOB-
HO 3/I0POBBIX M 3apaXEHHBIX 0COOEH; MeXK1y HUMH ITPOBEJIM CPABHUTEIIbHBIN aHATIN3 MaTOMOPQOIIO-
TMYECKUX AaHHBIX M HEKOTOPHIX OMOXMMUYECKHUX IMOKazaTeneil. BhisBIeHb 10CTOBEPHBIE Pa3IUUUs
B 3HAUEHUSAX MHJIEKCOB ajbTepalluii OPraHoB Mexky AByMs rpymmnamu C. auratus B TIOYKax, MEYeHH,
KeJyIOUYHO-KUINEYHOM TPAKTe W TOKENTYJI0YHON kene3e. 3HaueHus OOIIero MHIeKca MaToJIOTUu
pBIO TaKke AOCTOBEPHO OTIMYAIUCh. [Ipr OMOXMMHUYECKMX MCCIEJOBAHUSX OIpeleieHO JOCTOBEp-
HOE yBeJIMYEeHHe COJEpKaHNsl MOYEBHHBI B TIEYEHH PhIO U3 2-I IPYMITbI, KOTOPOE MOXKET CBHUAETEIb-
CTBOBATh O HAPYIIEHWH SKCKPETOPHOH (DYHKIMH MOYEK M ka0p (MOATBEPkKIEHO IMCTOJIOTUYECKH).
3HauYMMBIX OTJIMYMA COOEP:KaHMS MPOLYKTOB MEPEKUCHOTO OKHCIIEHUS JIMIUAOB U OKUCIUTEIbHOMI
MoaupuKanuy OeNKOB, a TaKKe aKTUBHOCTH aMHHOTpaHc(epas B MEUeHU YCIOBHO 3I0POBBIX U 3a-
pPaXEHHBIX PHIO HE BBHIABIECHO. Pe3ynbTaThl padOTHl MOATBEPXKIAIOT BBICOKYI0 WH(OPMATUBHOCTD
UCCIIeJOBAHHBIX MOKA3aTeNel JIJIS OLIEHKH COCTOSHUS 310POBbs Kehasll CUHTUIIS.

KiuroueBbie ciaoBa: kedalb CHUHTHIb, TUCTONATOJIOTMYECKUE W3MEHEHUs, OMOXMMUYECKUe
MoKa3aTesu, MOJYKOIMIeCTBEHHbIN aHanmm3, YépHoe Mope
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In the Black Sea and the Sea of Azov, 140 Amphipoda species were registered belonging to 73 gen-
era, 29 families, and 3 suborders. Taxonomic diversity of amphipods from these two seas was
studied. For the investigation, average taxonomic distinctness A and its variability A™ were used,
and cluster analysis and multidimensional scaling were applied. By A" index, the taxonomic struc-
ture of the Black Sea and the Sea of Azov Amphipoda is hierarchically aligned and close to a total
taxonomic list of amphipods of these seas. By A* index, the taxonomic structure of Amphipoda both
from the Sea of Azov and the Black Sea is close to the average expected level of structure variabil-
ity of the phylogenetic tree. In the coastal areas of Turkey and Crimea, more Amphipoda species
were recorded than in other regions. Out of the Black Sea regions studied by A" and A" indices
and multidimensional scaling, two, i. e. northwestern coast and eastern coast (Caucasus), were selected
as different ones. The first one is characterized by low taxonomic diversity due to a small number
of genera and families against the backdrop of a significant number of species of the Ponto-Caspian
fauna. It is associated with the presence of estuaries of large rivers and freshened lagoons. On the con-
trary, the Black Sea eastern coast is characterized by high taxonomic diversity against the backdrop
of a small number of species. It is associated mostly with weak shelf manifestation and close slope
of depth, with loose soils being poorly represented. Cluster analysis confirmed that these two Black
Sea regions, i. e. northwestern coast and eastern coast, differ from other ones. Moreover, by cluster
analysis, the similarity of Amphipoda taxonomic composition for the Black Sea northwestern coast
and the Sea of Azov was revealed. Out of all the amphipods, Ponto-Caspian species stand out which
inhabit predominantly estuaries of large rivers and freshened lagoons. Those are characterized by a tax-
onomic structure shifted in terms of taxonomic evenness towards impoverishment; it is due to a small
number of genera and families against the backdrop of a significant number of species.

Keywords: Amphipoda, taxonomic diversity, Black Sea, Sea of Azov

In the ecosystems of sea and ocean coastal zones, Amphipoda play an important role.
It is due to a large number of species (often with a high abundance), inhabitance in almost all the biotopes,
and the fact that the amphipods are significantly involved in the food chains of marine fish and in-
vertebrates (Greze, 1977). Amphipoda have been recorded in all coastal biotopes of the Black Sea
and the Sea of Azov, where their density reaches tens of thousands of specimens per m? of condi-
tional substrate surface (Greze, 1977). After long-term studies in all the areas of the Black Sea, as well
as in the Sea of Azov, the lists of Amphipoda species, i. e. checklists, were published (Greze, 1977, 1985 ;
Grintsov, 2011 ; Kiseleva, 1981 ; Kudrenko, 2017 ; Mordukhai-Boltovskoi et al., 1969 ; Nevrova, 2013 ;
Kolyuchkina et al., 2019 ; Petrescu, 1998 ; Sezgin, 1998 ; Sezgin & Katagan, 2007 ; Uzunova, 2012).
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As a result, using the information obtained, it became possible to analyze the taxonomic composition
and structure of this group comparing the data by the Black Sea regions (western one — Bulgaria, Roma-
nia; southern — Turkey; eastern — Caucasus; northern — Crimea; and northwestern — Ukraine) and the Sea
of Azov. This article is the first for that direction in the study of the amphipods for two seas. The research
of the taxonomic composition of Amphipoda fauna is of great importance for ecological monitoring
of the biodiversity state of coastal ecosystems.

The aim of the work was to study the fauna composition and compare the structure of Amphipoda
taxocenes of the Black Sea and the Sea of Azov, as well as the Black Sea regions, by taxonomic diversity
indices, multidimensional scaling (MDS), and cluster analysis.

MATERIAL AND METHODS

To compile a list of Amphipoda species of the Black Sea and the Sea of Azov, our own material
was used, as well as the literature data (Greze, 1977, 1985 ; Grintsov, 2003a, b, 2009a, 2011 ; Kisel-
eva, 1981 ; Kudrenko, 2017 ; K”neva-Abadzhieva, 1968 ; Mordukhai-Boltovskoi et al., 1969 ; Nevrova,
2013, 2016 ; Gonliigiir, 2006 ; Grintsov & Sezgin, 2011 ; Grintsov, 2009b, 2010, 2018 ; Kolyuchkina
etal., 2019 ; Kudrenko, 2016 ; Ozbek, 2011 ; Ozbek & Ozkan, 2011 ; Petrescu, 1998 ; Sezgin, 1998 ; Sez-
gin & Katagan, 2007 ; Sezgin et al., 2001 ; Uzunova, 2012). The taxonomic diversity of the amphipods
was accessed by the statistical analysis algorithms of the PRIMER v5.2 package (Clarke & Gorley, 2001 ;
Warwick & Clarke, 1998); the index of taxonomic distinctness A* (delta) and its variability A* (lambda);
and the methods of cluster analysis and multidimensional scaling. The index of taxonomic distinctness
and its variability was calculated for each Black Sea region as well. Moreover, the data were compared
with material for the Sea of Azov. The following regions were compared: Turkey (southern region),
Bulgaria (western), Romania (western), Caucasus (eastern), Ukraine (northwestern), Crimea (northern),
and the Sea of Azov. For each of them, we took into account the lists of Amphipoda taxa compiled after
long-term studies.

To date, 140 Amphipoda species belonging to 73 genera, 29 families, and 3 suborders have been
recorded in the Black Sea and the Sea of Azov (Table 1).

Table 1. Distribution of Amphipoda in the Black Sea regions (1-5) and in the Sea of Azov (6).
Species names are aligned with http://www.marinespecies.org/ as of 20.03.2021

Amphipoda taxocene Regions
123 ]4|5]|6

Ampeliscidae
Ampelisca diadema (Costa, 1853) + |+ |+ |+ |+ |+ Atl., Med.
Ampelisca pseudosarsi Bellan-Santini & Kaim-Malka, 1977 + Med.
Ampelisca pseudospinimana Bellan-Santini & Kaim-Malka, 1977 | + Atl., Med.
Ampelisca spinipes Boeck, 1861 + Atl., Med.
Ampithoidae
Ampithoe ramondi Audouin, 1826 + |+ |+ |+ |+ |+ | Atl, Med, Ind., Pac.
Biancolina algicola Della Valle, 1893 + | + | + Atl., Med.
Cymadusa crassicornis (Costa, 1853) + | + | + Atl., Med.
Pleonexes gammaroides Spence Bate, 1856 + | + | + + | + Atl., Med.

Continue on the next page. ..
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Amphipoda taxocene Regions
112 (3|4|5]|6

Aoridae
Microdeutopus algicola Della Valle, 1893 + + Atl., Med.
Microdeutopus anomalus (Rathke, 1843) + | + + Atl., Med.
Microdeutopus gryllotalpa Costa, 1853 + |+ |+ |+ + Atl., Med.
Microdeutopus stationis Della Valle, 1893 + Atl., Med.
Microdeutopus versiculatus (Spence Bate, 1857) + | + | + + | + Atl., Med.
Atylidae
Nototropis guttatus Costa, 1853 + |+ |+ |+ |+ |+ Atl., Med., Ind.
Nototropis massiliensis (Bellan-Santini, 1975) + | + Med.
Bathyporeiidae
Bathyporeia guilliamsoniana (Spence Bate, 1857) + |+ |+ |+ |+ |+ Atl., Med.
Behningiellidae
Cardiophilus baeri G. O. Sars, 1896 + + | + PC
Calliopiidae
Apherusa bispinosa (Spence Bate, 1857) + |+ |+ |+ |+ ]+ Atl., Med.
Apherusa chiereghinii Giordani-Soika, 1949 + | + Med.
Caprellidae
Caprella acanthifera Leach, 1814 + |+ |+ | + | + Atl., Med.
Caprella danilevskii Czerniavski, 1868 + | + | + Atl., Med., Ind., Pac.
Caprella equilibra Say, 1818 + Atl., Med., Ind., Pac.
Caprella liparotensis Haller, 1879 + | + Atl., Med.
Caprella mitis Mayer, 1890 + | + Atl., Med.
Caprella rapax Mayer, 1890 + Med.
Phtisica marina Slabber, 1769 + + | + Atl., Med., Ind., Pac.
Pseudoprotella phasma (Montagu, 1804) + | + Atl., Med.
Cheirocratidae
Cheirocratus sundevallii (Rathke, 1843) + | + Atl., Med.
Cheluridae
Chelura terebrans Philippi, 1839 + Atl., Med., Ind., Pac.
Colomastigidae
Colomastix pusilla Grube, 1861 + Atl., Med., Ind., Pac.
Corophiidae
Chelicorophium chelicorne (G. O. Sars, 1895) + | + PC
Chelicorophium curvispinum (G. O. Sars, 1895) + | + PC
Chelicorophium maeoticum (Sowinsky, 1898) + | + | + PC
Chelicorophium mucronatum (G. O. Sars, 1895) + | + PC
Chelicorophium nobile (G. O. Sars, 1895) + | + PC
Chelicorophium robustum (G. O. Sars, 1895) + + | + + PC
Chelicorophium sowinskyi (Martynov, 1924) + | + PC
Corophium orientale Schellenberg, 1928 + | + | + Med.
Corophium volutator (Pallas, 1766) + + Atl., Med.
Crassicorophium bonellii (H. Milne Edwards, 1830) + | + Atl.
Crassicorophium crassicorne (Bruzelius, 1859) + |+ | + + Atl., Med.
Leptocheirus pilosus Zaddach, 1844 + + Atl., Med.

Continue on the next page...
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Amphipoda taxocene Regions
21 3|4|51|6

Medicorophium runcicorne (Della Valle, 1893) + | + | + + Med.
Monocorophium acherusicum (Costa, 1853) + |+ | + Atl., Med., Ind., Pac.
Monocorophium insidiosum (Crawford, 1937) + | + Atl., Med., Pac.
Dexaminidae
Dexamine spiniventris (Costa, 1853) + Atl., Med., Ind.
Dexamine spinosa (Montagu, 1813) + |+ |+ |+ |+ |+ Atl., Med.
Dexamine thea Boeck, 1861 + Atl., Med.
Tritaeta gibbosa (Spence Bate, 1862) + | + Atl., Med.
Gammarellidae
Gammarellus angulosus (Rathke, 1843) + Atl., Med.
Gammarellus carinatus (Rathke, 1837) + + BS
Gammaridae
Amathillina cristata (G. O. Sars, 1894) + + | + + PC
Chaetogammarus placidus (G. O. Sars, 1896) + PC
Chaetogammarus olivii (H. Milne Edwards, 1830) + |+ | + |+ Atl., Med.
Dikerogammarus villosus (Sowinskyi, 1894) + + + PC
Dikerogammarus haemobaphes (Eichwald, 1841) + + PC
Dikerogammarus gruberi Mateus & Mateus, 1990 + + PC
Dikerogammarus istanbulensis Ozbek, 2011 + PC
Echinogammarus foxi (Schellenberg, 1928) + | + | + Med.
Echinogammarus ischnus (Stebbing, 1899) + + + Atl.
Echinogammarus karadagiensis Grintsov, 2009 + BS
Echinogammarus warpachowskyi (G. O. Sars, 1894) + PC
Gammarus aeqiucauda (Martynov, 1931) + | + + + Med.
Gammarus crinicornis Stock, 1966 + | + | + Atl., Med.
Gammarus insensibilis Stock, 1966 + |+ | + | + Atl., Med.
Gammarus subtypicus Stock, 1966 + |+ |+ |+ Med.
Gmelina costata G. O. Sars, 1894 + + PC
Gmelinopsis tuberculata G. O. Sars, 1896 + PC
Kuzmelina kusnezowi (Sowinskyi, 1894) + PC
Shablogammarus subnudus (G. O. Sars, 1896) + PC
Yogmelina pusilla (G. O. Sars, 1896) + + PC
Hyalidae
Apohyale crassipes (Heller, 1866) + Atl., Med.
Apohyale perieri (Lucas, 1849) + + Atl., Med., Pac.
Apohyale prevostii (H. Milne Edwards, 1830) + + Atl., Med.
Hyale pontica Rathke, 1836 + |+ |+ |+ + Atl., Med.
Parhyale aquilina (Costa, 1857) + Med., Pac.
Parhyale taurica Grintsov, 2009 + BS
Protohyale (Boreohyale) camptonyx (Heller, 1866) + Atl., Med.
Protohyale (Protohyale) schmidti (Heller, 1866) + | + Atl., Med.
Iphigenellidae
Iphigenella acanthopoda G. O. Sars, 1896 + PC
Iphigenella andrussowi G. O. Sars, 1894 + + PC
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Amphipoda taxocene Regions
1 3141516

Iphigenella shablensis Carausu, 1943 PC
Ischyroceridae
Centraloecetes dellavallei (Stebbing, 1899) + + + Atl., Ind., Med.
Ericthonius difformis H. Milne Edwards, 1830 + |+ |+ |+ Atl., Med.
Ericthonius punctatus (Spence Bate, 1857) + Atl., Ind., Med.
Ericthonius rubricornis (Stimpson, 1853) + Atl., Med., Pac.
Jassa marmorata Holmes, 1905 + Atl., Ind., Pac., Med.
Jassa ocia (Spence Bate, 1862) + + | + + Atl., Med.
Jassa pusilla (G. O. Sars, 1894) + Atl., Med.
Kuriidae
Micropythia carinata (Spence Bate, 1862) + + Atl.
Leucothoidae
Leucothoe spinicarpa (Abildgaard, 1789) + Atl., Ind., Pac., Med.
Lysianassidae
Nannonyx propinquus Chevreux, 1911 + Atl.
Nannonyx reductus Greze, 1975 BS
Megaluropiidae
Megaluropus agilis Hoek, 1889 + + Atl., Ind., Med.
Megaluropus massiliensis Ledoyer, 1976 + Med.
Melitidae
Melita palmata (Montagu, 1804) + + | + + Atl., Pac., Med.
Microprotopidae
Microprotopus longimanus Chevreux, 1887 + |+ |+ |+ Atl.
Microprotopus maculatus Norman, 1867 + + Atl., Med.
Oedicerotidae
Deflexilodes gibbosus (Chevreux, 1888) + + + Atl., Med.
Deflexilodes griseus (Della Valle, 1893) + Atl., Med.
Perioculodes longimanus (Spence Bate & Westwood, 1868) + + | + | + | + | Atl,Ind., Pac., Med.
Synchelidium maculatum Stebbing, 1906 + + | + Atl., Med.
Phoxocephalidae
Harpinia crenulata (Boeck, 1871) + Atl., Med.
Harpinia dellavallei Chevreux, 1910 + Atl., Med.
Photidae
Megamphopus cornutus Norman, 1869 + + Atl., Med.
Photis longicaudata (Spence Bate & Westwood, 1862) + Atl., Pac., Med.
Pontogammaridae
Compactogammarus compactus (G. O. Sars, 1895) + PC
Euxinia sarsi (Sowinsky, 1898) + + PC
Euxinia weidemanni (G. O. Sars, 1896) + + PC
Niphargogammarus intermedius (Carausu, 1943) + + PC
Niphargoides corpulentus G. O. Sars, 1895 + PC
Obesogammarus crassus (G. O. Sars, 1894) + + PC
Obesogammarus obesus (G. O. Sars, 1894) + + PC
Pandorites podoceroides G. O. Sars, 1895 + PC

Continue on the next page...
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Amphipoda taxocene Regions
11234 |5]|6

Paraniphargoides motasi (Carausu, 1943) PC
Pontogammarus abbreviatus (G. O. Sars, 1894) + PC
Pontogammarus aestuarius (Derzhavin, 1924) + PC
Pontogammarus maeoticus (Sovinskij, 1894) + | + PC
Pontogammarus robustoides (G. O. Sars, 1894) + PC
Stenogammarus compressus (G. O. Sars, 1894) + PC
Stenogammarus deminutus (Stebbing, 1906) + + PC
Stenogammarus kereuschi Derzhavin & Pjatakova, 1962 + PC
Stenogammarus (Stenogammarus) macrurus (G. O. Sars, 1894) + PC
Stenogammarus similis (G. O. Sars, 1894) + PC
Turcogammarus aralensis (Uljanin, 1875) + PC
Turcogammarus turcarum (Stock, 1974) + + PC
Uroniphargoides spinicaudatus (Carausu, 1943) + PC
Stenothoidae
Stenothoe marina (Spence Bate, 1856) + + + Atl., Med.
Stenothoe monoculoides (Montagu, 1813) + |+ |+ |+ | + Atl., Med.
Talitridae
Britorchestia brito (Stebbing, 1891) + Atl., Med.
Cryptorchestia cavimana (Heller, 1865) + Atl., Med.
Deshayesorchestia deshayesii (Audouin, 1826) + Atl., Med.
Orchestia bottae H. Milne Edwards, 1840 + + + Atl.
Orchestia gammarellus (Pallas, 1766) + | + | + Atl., Med.
Orchestia mediterranea Costa, 1853 + | + | + Atl., Med.
Orchestia montagui Audouin, 1826 + | + + Atl., Ind., Med.
Platorchestia platensis (Krgyer, 1845) + | + Atl., Ind., Pac., Med.
Speziorchestia stephenseni Cecchini, 1928 + Med.
Talitrus saltator (Montagu, 1808) + Atl., Med.
Tryphosidae
Orchomene humilis (Costa, 1853) + | + | + + Atl., Med.

Note: 1 denotes Turkey, southern region; 2, Crimea, northern region; 3, Bulgaria, Romania, western region;

4, Ukraine, northwestern region; 5, Caucasus, eastern region; 6, the Sea of Azov. Atl. denotes the Atlantic
Ocean; Ind., the Indian Ocean; PC, Ponto-Caspian fauna; Med., the Mediterranean Sea; Pac., the Pacific Ocean;

BS, the Black Sea (endemic species).

The distribution of the number of Amphipoda species in the regions of the Black Sea and the Sea

of Azov is shown in Fig. 1.

The largest number of species is characteristic of two regions: the southern area of the Black Sea

(Turkey) and the Crimean coast (see Fig. 1). The number of species in other regions is significantly lower.

The coast of Turkey is characterized by a variety of biotopes contributing to survival of a larger number

of Amphipoda species than in other Black Sea regions. Moreover, this region is primarily invaded by or-

ganisms from the Mediterranean Sea. Specifically, several species have been registered off the coast
of Turkey alone (see Table 1). In Crimea, all the variants of substrates are represented: from the vast
shelf in the west, with clearly defined biotopes of loose soils, to the rocky coastline from the southwest

to the southeast, with abundant biotopes of solid substrates, which allows a larger number of species

to inhabit the coastal zone.
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Fig. 1. Number of Amphipoda species recorded in the coastal areas of the Black Sea and the Sea of Azov
(the boundaries of the regions are indicated by dotted lines)

Analysis according to (Uzunova, 2012) of the average taxonomic distinctness A* (delta) and the index
of variability A* (lambda) for the amphipods of the Black Sea and the Sea of Azov revealed the follow-
ing peculiarities. By A* values, all Amphipoda of both seas are located almost on the line of the av-
erage expected value (a dotted line in Fig. 2) for the total list of the amphipods for the Black Sea
and the Sea of Azov (Fig. 2). This characterizes these taxonomic structures as hierarchically aligned
and close in vertical architectonics to structure of all Amphipoda of the Sea of Azov and the Black Sea.
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Fig. 2. Average taxonomic distinctness A* (A) and its variability A* (B) for Amphipoda taxocene
from the Black Sea and the Sea of Azov (based on total species list for both seas)

By A* values (Fig. 2B), the taxocene of all the amphipods of both seas is close to the average expected
structure of a taxonomic tree of the entire Sea of Azov — Black Sea region (Fig. 3).

By the index of the average taxonomic distinctness A*, two regions fall outside the 95 % probability
funnel: the Black Sea northwestern coast and the eastern coast (Caucasus). Each region is characterized
by its own specificity, and this imprints on Amphipoda taxonomy. In the Black Sea northwestern coast,
due to the presence of estuaries of large rivers (Danube and Dnieper) and freshened lagoons, the salinity
is lower. As a result, out of all the Black Sea regions, the greatest diversity of the Ponto-Caspian fauna
was recorded in the northwestern one. However, the Ponto-Caspian fauna is characterized by a low

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2022 vol. 7 no. 1



Taxonomic diversity of Amphipoda (Crustacea) from the Black Sea and the Sea of Azov 41

diversity of genera and especially families. Several genera are represented by a significant number
of species. Specifically, the greatest diversity is noted at the level of Chelicorophium, Pontogammarus,
and Stenogammarus. All this resulted in a shift of the dot of the Black Sea northwestern coast to the area
of A* graph (Fig. 3A) below the 95 % probability funnel.
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Fig. 3. Average taxonomic distinctness A* (A) and its variability A* (B) for Amphipoda taxocene
from the regions of the Black Sea and the Sea of Azov. Azov denotes the Sea of Azov; East, Black
Sea eastern coast (Caucasus); West, Black Sea western coast (Bulgaria, Romania); Northwest, Black Sea
northwestern coast (Ukraine); North, Black Sea northern coast (Crimea); South, Black Sea southern
coast (Turkey)

The Black Sea eastern coast (Caucasus) is characterized by a close slope of depth and weak shelf
manifestation. Among biotopes of the coastal area, rock formations, boulders, and stones prevail, while
loose soils are poorly represented. This led to an impoverishment of Amphipoda fauna as a whole. In con-
trast to Amphipoda fauna of the Black Sea northwestern coast, the fauna of the eastern coast is repre-
sented by a relatively large number of genera and families against the backdrop of a small number
of species, and the greatest diversity is recorded precisely at the level of families. All this contributed
to a shift of the dot of the Black Sea eastern coast to the area of A* graph (Fig. 3A) above the 95 %
probability funnel.

Other Black Sea regions, as well as the Sea of Azov, fall within the 95 % probability funnel. It allows
applying the results obtained to these regions.

By A" values (Fig. 3B), two regions fall outside the 95 % probability funnel as well: the Black Sea
northwestern and eastern coasts. The reasons are pointed out above, when analyzing the index of average
taxonomic distinctness A*.

The results of multidimensional scaling (MDS ordination, Fig. 4A) revealed certain differences
in the position of the Black Sea regions and the Sea of Azov.

According to the cluster analysis data, two regions are located most closely: Crimea and western re-
gion (Bulgaria, Romania). At a zero level of the stress function, the coincidence was recorded of the sim-
ilarity of the species composition in nature and the similarity of the species composition on the graph.
The differences revealed between the regions are confirmed by the data of the cluster analysis carried out
based on the Bray—Curtis similarity in the “presence/absence” mode (Fig. 4B).

According to the cluster analysis data, at the level of the Bray—Curtis similarity value of 45 %,
three clusters are distinguished. Cluster I covers the region of Caucasus — the area with a relatively
small number of species, but with a high taxonomic diversity (Fig. 4B). The reasons are given above,
in the analysis of the index of average taxonomic distinctness A*. Cluster II unites three Black Sea regions:
southern one (Turkey), western one (Bulgaria, Romania), and Crimea. This cluster can be characterized
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as covering the largest part of the Black Sea water area and having great taxonomic diversity and a rel-
atively large number of species. Cluster III covers the freshened shallow Black Sea area (northwestern)
and the Sea of Azov (more freshened basin than the Black Sea). This cluster has low taxonomic diversity
against the backdrop of the highest species diversity of Ponto-Caspian Amphipoda.
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Fig. 4. MDS ordination plot (A) and dendrogram of similarity (B) for the regions of the Black Sea

and the Sea of Azov (Bray—Curtis index, presence/absence, stress 0). The designations are the same
as in Fig. 3

The Ponto-Caspian fauna of amphipods of the Black Sea and the Sea of Azov differs from other
zoogeographic groups of Amphipoda in terms of distribution and ratio of the number of families, gen-
era, and species. Specifically, Ponto-Caspian species inhabit predominantly estuaries of large rivers
and freshened lagoons and are characterized by few families and genera against the backdrop of a large
number of species. Due to these peculiarities, the Ponto-Caspian fauna can be analyzed separately
from other zoogeographic groups of Amphipoda: Atlantic, Mediterranean—Atlantic, Black Sea endemics,

worldwide spread, and Mediterranean—Black Sea [the zoogeographic groups are named according
to (Greze, 1977)] (Fig. 5).
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Fig. 5. Average taxonomic distinctness A* (A) and its variability A* (B) for Ponto-Caspian Amphipoda

and Amphipoda of other zoogeographic groups of the Black Sea and the Sea of Azov (PC and other,
respectively)

By the index of average taxonomic distinctness A™ (Fig. 5A), the Ponto-Caspian fauna falls out-
side the 95 % probability funnel. This fauna, as mentioned above, is characterized by low diversity
due to a small number of genera and especially families. Three genera (Chelicorophium, Pontogam-
marus, and Stenogammarus) are represented by a significant number of species, i. e. the greatest diversity
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is recorded at the level of genera. This characterizes the taxonomic structure of the Ponto-Caspian am-
phipods as shifted in terms of taxonomic evenness towards impoverishment; this affects the position
of the dot of the Ponto-Caspian fauna on the graph (Fig. SA). The values for other Amphipoda perfectly
match the average expected taxonomic evenness and fall within the 95 % probability funnel.

By A" values (Fig. 5B), the Ponto-Caspian fauna of amphipods is distinguished as well.
Due to the above-mentioned peculiarity in taxonomy, the position of the dot for this group
on the graph corresponds to a low variability in the taxonomic composition. Other amphipods fall within
the 95 % probability funnel and almost on the line of the average expected value for the Black Sea
and the Sea of Azov.

Conclusions:

1. In the Black Sea and the Sea of Azov, 140 Amphipoda species have been registered belonging
to 73 genera, 29 families, and 3 suborders.

2. The taxonomic structure of Amphipoda fauna of the Black Sea and Amphipoda fauna of the Sea
of Azov is hierarchically aligned by the ratio of taxa and close to a total taxonomic list of amphipods
of these two seas.

3. Taking into account the results of the multivariate statistical analysis, two regions were selected
as different ones: northwestern coast (characterized by low taxonomic diversity due to a small number
of genera and families against the backdrop of a significant number of species) and eastern coast
(characterized by the highest taxonomic diversity against the backdrop of a relatively small number
of species).

4. The cluster analysis revealed the similarity of Amphipoda taxonomic composition in the freshened
water areas: the Black Sea northwestern coast and the Sea of Azov. Ponto-Caspian species inhabit-
ing predominantly estuaries of large rivers and freshened lagoons are characterized by a taxonomic
structure shifted in terms of taxonomic evenness towards impoverishment. This is due to a small
number of genera and families against the backdrop of a significant number of species.

This work was carried out within the framework of IBSS state research assignment “Investigation of mechanisms
of controlling production processes in biotechnological complexes with the aim of developing scientific foundations
for production of biologically active substances and technical products of marine genesis” (No. 121030300149-0).
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TAKCOHOMUNYECKOE PABHOOBPA3UE AMPHIPODA (CRUSTACEA)
YEPHOI'O ¥ A3OBCKOI'O MOPEN

B. A. I'puniios

®I'BYH PUILL «MucTuTyT GHosoruu 10xkHbX Mopei uvMenn A. O. Koanesckoro PAH»,
Cesactonosb, Poccuiickas ®enepanms
E-mail: vgrintsov@gmail.com

Ha ocHOBe cOOCTBEHHBIX U IUTEPATYPHBIX JaHHBIX YCTAHOBJICHO, YTO B HAcCTOsIIIee BpeMsi B UEpHOM
1 A30BCKOM MOpsIX 3aperucTprpoBano 140 BumoB aM@uIoa, OTHOCAIMXCA K 73 pojam, 29 ceMeit-
ctBaM U 3 noporpsaaM. TakcoHOMUYecKoe pasHooOpasue aM@UIIO MCCIIE0BAHO C UCTIONb30BAHH-
€M HHJIEKCa TAKCOHOMHUUECKOH oTmmuuTeibHocTH AY (nenbra) u ero BapuabensHocT At (j1sm0O/a),
a Takke ¢ MPUMEHEHHWEM KJIACTEPHOTO aHaM3a ¥ MHOTOMEpHOro mikaiaupoBanus. ITo uxmekcy A*
OTMEYEHO, YTO TAKCOHOMHUYECKas CTPYKTypa amdurnon YEpHOro Mopst 1 AZ0BCKOTO MOPS UepapXu-
YeCKM BBIPOBHEHA M OJIM3Ka K 00mIeMy CIicKy amdunon 3tux mopeid. [To uHaekcy A* TakcoHoMH-
JecKasi CTpyKTypa amguIo] Kak A30BCKOro, Tak U Y€pHoro Mopsi 6JaM3Ka K CpeJHEOKRUAAEMOMY
YPOBHIO BapuaOeslbHOCTH CTPYKTYpPbl TAKCOHOMUYECKOTO JipeBa. B paitone Typuum u Kpeima 3ape-
TUCTPUPOBAHO OOJIBbINE BUIOB aM(HIIOJ, YeM B JIPYTHX perroHax. M3 npoaHaIM3upoBaHHBIX paifOHOB
Yéproro mopst mo A*, A* u MeToy MHOTOMEPHOIO IKAIMPOBAHUS BBIICJIEHO 1BA OTIMYAIOIINXCS
pernoHa — ceBepo-3anafHas yacTh U BocTouHoe npuopexbe (KaBkaz). [lepBolii xapaktepusyercsi
c1abbIM TaKCOHOMHMUECKMM Pa3HOOOpa3ueM BCIIEJICTBUE MAJIOTO YUC/Ia POJIOB U CEMEUCTB Ha (poHe
3HAYUTEJIBHOTO YMCa BUJIOB TMOHTO-KacnuicKoil payHsl. [IpuunHON 3TOrO fABIsAETCA HAJIMUYUE SC-
TyapHeB KPYIHBIX PeK W paclpecHEHHBIX JTUMaHOB. BoctouHoe mpubpexbe, HAMPOTUB, XapakTepu-
3yeTcst OONBIIMM TAKCOHOMHYECKUM pa3HOOOpa3ueM Ha (POHEe OTHOCHTENILHO MAaJloro YMCia BHUIOB.
OpHa u3 npuunH — cadast BEIPaXeHHOCTD enbga W OJM3KHN CBAJ TITyOWHBI, YTO COMTPOBOXK/IAET-
Cs1 MaJIOW MPECTABJIEHHOCTHIO PHIXJIBIX TPYHTOB. KitacTepHbIl aHaIM3 TOATBEPAUI OTJIMYHS CEBEpO-
3anaaHor yactu Y€pHoro Mopsi u BocTouHOro npudpexbs (KaBkas) ot npyrux peruoHo. Kpome To-
ro, 1o METOAy KJIACTEPHOTO aHa/lIn3a BBISBJIEHO CXOJCTBO TaKCOHOMHYECKOro cocraBa Amphipoda
ceBepo-3anaga YeépHoro Mopsi ¢ TakoBbIM A30BCKOro Mopsi. M3 Bcex amumnos BbIAEIEHbI MOHTO-
KAaCITUICKUE BUJIBI, OOUTAIOIIHE TIOYTH UCKITIOUUTENILHO B SCTYapHAX KPYITHBIX PEK M B pACTIPECHEHHBIX
mimaHax. OHH, BCJEICTBHE MAJIOTO YKCA POJIOB M CEMEUCTB Ha (pOHE 3HAYMTENHHOTO YHCIIa BU/IOB,
XapaKTepU3ylTCs TAKCOHOMHUYECKOH CTPYKTYypOM, CIBHHYTOM IO OTHOIIEHHWIO K TaKCOHOMUYECKOU
BBIPOBHEHHOCTHU B CTOPOHY OO€/THEHHSI.

KuroueBrpie croBa: Amphipoda, TakcoHoMU4Yeckoe pasHooOpasue, YepHoe Mope, A30BCKOE MOpe
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Three species of the genus Phyllodistomum Braun, 1899 are identified infecting marine teleost fishes
from Sinop coast (southern Black Sea, Turkey). Those are Phyllodistomum acceptum from Parablennius
sanguinolentus; Phyllodistomum crenilabri from Symphodus tinca and Symphodus ocellatus; and Phyl-
lodistomum sp. from Gobius cruentatus. Standard parasitological investigation methods were imple-
mented, and morphological diagnostic features of these species were studied in detail under both light
microscope and scanning electron microscope. The measurement data of all morphological diagnos-
tics are provided; photomicrographs of each part of the parasites are presented. Infection prevalence
and intensity values are given, as well as morphometric data for each parasite species. This research
is the first on Phyllodistomum sp. presence in Gobius cruentatus. Moreover, this study is the first one,
in which the tegumental surface of P. acceptum and P. crenilabri was examined by scanning electron
microscopy.

Keywords: Gorgoderidae, Phyllodistomum acceptum, Phyllodistomum crenilabri, Blenniidae, Labridae,
Gobiidae, Black Sea

Phyllodistomum spp. Braun, 1899 are digenetic trematodes of the family Gorgoderidae, subfamily
Gorgoderinae; those are commonly called bladder flukes because of their preference for the urinary blad-
der and ureters (Goodchild, 1950). They have also been reported in the swim bladder and ovary. Usu-
ally, adult individual parasites prefer marine and freshwater fishes, but they occasionally infect amphib-
ians and reptiles (Cribb, 1987). This cosmopolitan Trematoda genus contains about 120 species (Cribb
et al., 2002). In the previous studies, 27 Phyllodistomum species were reported in 17 teleost fish fam-
ilies (Ho et al., 2014), but Cutmore & Cribb (2018) noted that species richness of this genus is likely
to be far greater than presently known. As the researchers have explained, the reason is that the fish
species infected with these parasite species are studied rarely or accidentally. Members of this genus
do not have a well-defined host specificity pattern. Moreover, in terms of morphological features,
Phyllodistomum species significantly differ from each other, but generally their large body appears
like a leaf-shaped (Namuleno & Scholz, 1994). The genus is characterized by having a more-or-less
foliate and broad hindbody, simple blind caeca, oblique two testes in the widest part of hindbody,
and a slender excretory vesicle, I-shaped (Campbell, 2008). This Trematoda genus has complex life cycle,
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and there is not enough research on it (Stunzénas et al., 2017). These species have more than one inter-
mediate host; they show a variety of life cycles with two or three hosts. Furthermore, one individual may
serve as both first and second intermediate host (Goodchild, 1950).

Phyllodistomum species are distributed in marine water and freshwater worldwide. Despite the fact
that these species infecting fishes in the Palaearctic realm have been studied for a very long time,
data on Phyllodistomum existence and morphology in Turkish Black Sea coastal areas are rather limited.

In this paper, information is presented about morphology employing both light and scanning electron
microscopic observations of three Phyllodistomum species in marine fish species (Parablennius sanguino-
lentus, Symphodus tinca, Symphodus ocellatus, and Gobius cruentatus) from Turkish Black Sea coasts.
This study is the first detailed research on P. acceptum and P. crenilabri morphology, and it would serve
as a basis for future investigation.

MATERIAL AND METHODS

Fishes were sampled by gill net from the southern Black Sea of Sinop in Turkey (42°01°55”N,
35°16’36”E) June 2016 to May 2017. Fish samples were transported to the laboratory and examined
for the presence of Phyllodistomum trematodes. Throughout the research study, 34 fish species belonging
to 26 different families were examined, and only 4 fish species from 3 families were found to be infected
with Phyllodistomum spp. Phyllodistomum spp. specimens were recovered from fish urinary bladders.
Individuals were set out in a Petri dish containing physiological saline and washed. Morphological di-
agnostic features of three Phyllodistomum species were studied in detail under light and scanning elec-
tron microscopes (hereinafter LM and SEM, respectively). Parasite specimens were studied when they
were alive and later fixed and preserved in 70 % ethanol and Trump’s fixative. Alive individuals were
placed between slide and cover glass without pressure; some preparations were stained in acetocarmine
and then examined under an Olympus BX51 microscope and photographed with DP-25 digital cam-
era. For scanning electron microscopy, specimens preserved with Trump’s fixative were placed in 1 %
osmium tetroxide (OsOy) in cacodylate buffer for 3 hours and then dehydrated in graded ethanol se-
ries. Species were dried in an E3100 critical point dryer (Quorum Technologies) using liquid carbon
dioxide, then attached on stubs with double-sided adhesive tape, sputter-coated with gold/palladium,
and examined under a Quanta FEG 250 SEM (FEI).

The infection parameters, prevalence (share, % of infected fish), mean intensity (mean number of par-
asites per infected fish), and abundance (mean number of parasites per examined fish), were calculated
following Bush and co-authors (1997). The parasites were identified based on morphological criteria,
according to (Opredelitel” parazitov pozvonochnykh, 1975) and (Gaevskaya, 2012).

RESULTS AND DISCUSSION

Three Phyllodistomum species were identified from fishes sampled from the coastal area off Sinop,
Black Sea, Turkey. Those were Phyllodistomum acceptum Looss, 1901 from Parablennius sanguino-
lentus; Phyllodistomum crenilabri Dolgikh & Naidenova, 1968 from Symphodus tinca and S. ocella-
tus; and Phyllodistomum sp. from Gobius cruentatus. Hosts, site of infection, prevalence, and inten-
sity of infections are presented, as well as morphological and morphometric features of each recorded
digenean species.
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Phyllodistomum acceptum Looss, 1901 (Figs 1 and 2).

Syn.: Phyllodistomum (Catoptroides) acceptum Looss, 1901.

Hosts: Parablennius sanguinolentus (Perciformes: Blenniidae).

Site in host: urinary bladder.

Prevalence: 40 %.

Mean intensity: 11.50.

Abundance: 4.60.

Infected/Examined fish number: 2/5.

Geographical distribution: Adriatic Sea (Pigulewsky, 1953); Balearic Sea (Campos & Carbonell,
1994); Aegean Sea (Papoutsoglou, 1976); and Black Sea (Korniychuk, 2001 ; Osmanov, 1940 ; Oztiirk
& Giiven, 2020).

Description: measurements are of 10 gravid specimens. Body spatulate in shape; adult specimens’
body slightly narrower at anterior end and broader and rounder at posterior end (Figs 1A, 2A, and 2B);
length 3.94—4.70; maximum width 1.50-2.00 at level of anterior testis (Fig. 1A). Tegumental surface
covered with knob-like protuberances (Figs 1D and 2E). Edges of body slightly serrated or straight.
Oral sucker opening subterminally (Fig. 1C), rounded; length 0.32-0.38; width 0.29-0.34; bearing
irregular developed papillae (Fig. 2C). Ventral sucker (Figs 1A and 2D) in second quarter of body,
rounded; length 0.28-0.34; width 0.28-0.35; bearing six well-developed papillae. Oral sucker / ventral
sucker length and width ratios: 1:0.91 to 1:0.97 and 1:0.89 to 1:1.12, respectively. Prepharynx
and pharynx absent. Oesophagus length 0.26-0.37. Testes oblique, well separated, slightly lobed
testes (Fig. 1A) located in the widest part of hindbody. Posterior testis is usually bigger than anterior
one and covers large part of hindbody. Posterior testis greatest width 0.69-0.94; anterior testis
greatest width 0.65-0.75. Genital pore (Fig. 2a) opening between bifurcation and ventral sucker.
Ovary (Fig. 1A) globular, slightly lobed or slightly indented, located behind ventral sucker and at level
of anterior testes; greatest width 0.40-0.44. Eggs (Fig. 1B) oval; length 0.32-0.70; width 0.20-0.40.
Vitellarium (Fig. 1A) from 2 compact lobed glands; right gland (Fig. 1A) greatest width 0.35-0.47; left
gland greatest width 0.35-0.40. Distance between vitelline glands 0.18-0.26. Excretory pore (Fig. 2b)
median; dorso-subterminal posterior notch clearly invisible.

ap

100 pm

Fig. 1. Light micrographs of Phyllodistomum acceptum. A, body of mature worm, ventral view; B, forebody,
ventral view showing eggs and genital pore; C, oral sucker; D, protuberances on body surface. Os denotes
oral sucker; gp, genital pore; ¢, cecum; vs, ventral sucker; vg, vitelline glands; o, ovary; at, anterior testis;
pt, posterior testis; p, protuberances
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Fig. 2. Scanning electron micrographs of Phyllodistomum acceptum specimen. A, adult, ventral view;
B, dorsal view; C, oral sucker showing irregular papillae; D, ventral sucker showing three pairs of papil-
lae; E, protuberances on body surface; a, genital pore on anterior ventral surface with extruding sperm;
b, subterminal excretory pore opening at posterior end of body, dorsal side

To date, Labridae (Symphodus tinca, S. ocellatus, and S. cinereus) are typical hosts for Phyllodisto-
mum acceptum (Ho et al., 2014 ; Korniychuk, 2001, 2004 ; Nikolaeva & Solonchenko, 1970 ; Radu-
jkovi¢ & §undié, 2014). Serranus scriba, Mullus barbatus, and Parablennius tentacularis were reported
to be P. acceptum hosts in the Black Sea as well (Gaevskaya & Korniychuk, 2003 ; Kornyychuk
et al., 2016). In this study, P. acceptum was detected in urinary bladder of Parablennius sanguinolentus.
Prevalence and intensity values calculated to be 40 % and 1-22, respectively.

Phyllodistomum crenilabri Dolgikh & Naidenova, 1968 (Figs 3 and 4).
Hosts: Symphodus tinca and Symphodus ocellatus (Perciformes: Labridae).
Site in host: urinary bladder.

Prevalence: 44 % and 50 %, respectively.

Mean intensity: 10.75 and 2.00, respectively.

Abundance: 4.78 and 1.00, respectively.

Infected/Examined fish number: 12/27 and 1/2, respectively.
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Geographical distribution: Black Sea (Dolgikh & Naidenova, 1968 ; Nikolaeva & Solonchenko,
1970 ; Oztiirk & Giiven, 2021).

Description: measurements are of 5 gravid specimens. Body of mature specimens elongated
in shape (Figs 3A, 3B, and 4A); length 2.40-3.37; maximum width 0.73-1.08 at level of anterior
testis. Tegument aspinose (Fig. 3E). Oral sucker (Figs 3A, 3C, and 4B) opening subterminally, oval;
length 0.22-0.30; width 0.21-0.26; papillae not observed. Ventral sucker (Figs 3A and 4C) rounded;
length 0.20; width 0.25. Oral sucker / ventral sucker length and width ratios: 1:0.73 to 1:0.83
and 1:0.95 to 1:0.96, respectively. Prepharynx and pharynx absent. Oesophagus length 0.18-0.27.
Testes (Fig. 3A and 3B) oval, oblique, well separated, in the widest part of the hindbody. Poste-
rior testis is usually bigger than anterior one and covers large part of hindbody; posterior testis
0.25-0.51 x 0.20-0.32; anterior testis 0.22—-0.43 x 0.15-0.32. Genital pore (Figs 3A and 4B) open-
ing between bifurcation and ventral sucker, 0.3 from anterior end. Ovary (Fig. 3B) oval or slightly lobed,
in left side of body opposite to anterior testes; greatest width 0.15-0.20. Vitellarium from 2 elliptical
lobed glands; each lobe irregularly indented (Fig. 3B). Eggs small and elongate (Fig. 3D). Excretory
pore (Fig. 4D) median, terminal.

Dolgikh & Naidenova (1968) described P. crenilabri in Symphodus tinca from the Black Sea
and stated the following: in this species, “the body surface is covered with spines”. It might happen
since they were wrong and misinterpreted the papillae covering the body surface as spines. In fact, based
on our LM and SEM examinations, we did not observe spines on the surface of any specimens stud-
ied. Moreover, in our LM observations, we detected that the body surface of the specimens was cov-
ered with tegumental protuberances and that there were shallow transverse tegumental ridges. However,
in our SEM observations, shallow transverse tegumental ridges and papillae were not clearly apparent
on the body surface.

Fig. 3. Light micrographs of Phyllodistomum crenilabri. A, body of mature worm, ventral view; B, dorsal
view (phase contrast micrograph); C, oral sucker; D, eggs; E, protuberances on body surface. Os denotes
oral sucker; gp, genital pore; c, cecum; vs, ventral sucker; vg, vitelline glands; o, ovary; at, anterior testis;
pt, posterior testis
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Fig. 4. Scanning electron micrographs of Phyllodistomum crenilabri specimen. A, adult, ventral view;
B, oral sucker and genital pore; C, ventral sucker; D, terminal excretory pore

Phyllodistomum crenilabri was detected in urinary bladders of S. tinca and S. ocellatus. Prevalence
and intensity values calculated to be 50 % and 1-50 for S. finca and 50 % and 11 for S. ocellatus, re-
spectively. This Trematoda species was reported in S. tinca, S. ocellatus, and S. cinereus in Black Sea
waters from (Korniychuk, 2001). When the studies compared, infection values detected are higher
in this research.

Phyllodistomum sp. (Fig. 5).

Hosts: Gobius cruentatus (Gobiidae).

Site in host: urinary bladder.

Prevalence: 20 %.

Mean intensity: 18.00.

Abundance: 3.60.

Infected/Examined fish number: 1/5.

Description: measurements are of 3 gravid specimens. Body elongated in shape; length 1.8-2.1; maxi-
mum width 0.8—1.0; greatest width at level of posterior part of anterior testes (Fig. 5A and 5B). Tegument
smooth, aspinose. Oral sucker (Fig. SA and 5C) terminal, with lip; length 0.22; width 0.20. Pharynx ab-
sent; oesophagus short; length 0.5-1.0; intestinal cecum (Fig. 5B) simple, broad, undulant, terminating
near posterior end of testes or little beyond. Ventral sucker (Fig. 5A and 5C) 0.31-0.35 x 0.30-0.35.
Oral sucker / ventral sucker length ratio: 1 : 1.5. Testes (Fig. 5A) asymmetrical or oblique, tandem in posi-
tion, deeply lobed. Right testis 0.25-0.40 x 0.20-0.25, with 4-6 loculi; left testis 0.40-0.42 x 0.20-0.25,
with 4-6 loculi. Seminal vesicle free in parenchyma. Genital pore opening (Fig. SA and 5C) be-
tween bifurcation and ventral sucker, 0.4 from anterior end. Ovary (Fig. 5A) in right side of body,
slightly indented, close to vitellarium; 0.15-0.17 x 0.10. Vitellarium (Fig. 5A) from two glands, ir-
regularly lobed or entire; right gland 0.06-0.07 x 1.0-1.25; left gland 0.75 x 0.10. Eggs (Fig. SD)
0.026-0.030 x 0.018-0.020. Excretory pore median, notch from the ventral side.
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Fig. 5. Light micrographs of Phyllodistomum sp. A, body of mature worm, ventral view; B, phase contrast
micrograph of mature worm (ventral view); C, forebody, ventral view showing oral sucker, genital pore,
and ventral sucker; D, eggs. Os denotes oral sucker; gp, genital pore; c, cecum; vs, ventral sucker; vg, vitelline
glands; o, ovary; at, anterior testis; pt, posterior testis

Phyllodistomum sp. was found in urinary bladder of only one of the fishes examined. No Phyllodis-
tomum species have been registered in G. cruentatus so far, and this is its first report. The morphol-
ogy of the species was quite different from that of the previously reported Phyllodistomum species
in the Black Sea. Considering that G. cruentatus is a gobiid of Mediterranean origin, the parasite
has a high potential to become a new species. Unfortunately, suitable photographic images were
not obtained from Phyllodistomum sp. specimens examined under SEM.

Although more detailed investigations are needed on these species, this is the first study on the mi-
cromorphology and tegumental surface topography of P. acceptum and P. crenilabri containing useful
data for their identification.

Conclusion. Three species — Phyllodistomum acceptum, P. crenilabri, and Phyllodistomum sp. — were
detected in urinary bladder of four fish species, namely Symphodus tinca, Symphodus ocellatus, Para-
blennius sanguinolentus, and Gobius cruentatus. In the present study, we provided the first compre-
hensive data on both light and ultrastructural observations of Phyllodistomum acceptum and P. creni-
labri in the Turkish Black Sea coasts. While tegumental papillac were observed in detail in P. ac-
ceptum samples in scanning electron microscopy examinations, we could not get appropriate results
in P. crenilabri samples. This may be related to the fact that sputter coating, wavelength, and fixation
time suitable for SEM examinations differ depending on Phyllodistomum species. All the illustrations
and morphometric data presented contribute to our current knowledge and will also provide a base
for further studies.

This study contains a part of the project supported financially by the Scientific and Technological Research
Council of Turkey (TUBITAK) (project No. 2150224).
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MOP®OJIOI'NMYECKUE OCOBEHHOCTHU
TPEX BUJIOB PHYLLODISTOMUM (TREMATODA: GORGODERIDAE)
OT HEKOTOPBIX MOPCKHX PbIB B I0;KHOM YACTH YEPHOI'O MOPSI

A.Twosen!, T. O3TI0pK?

'Vuupepcurer Manatbs Typryt Osan, Beicinas npocdeccronanbhas mkosia Baxan Kyayk, Manatss, Typuus

2CuHoMNCKuMiA YHUBEPCHTET, (haKyIbTET PHIOOJIOBCTBA M BOAHBIX Hayk, Cunomn, Typrms

E-mail: arzu.cam86@gmail.com

Onpepenensl Tpu BUJa TpeMatos poga Phyllodistomum Braun, 1899, nopaxaroimue MOPCKUX KOCTH-
CTBIX pbIO y nobepexpss Cunona (10:kHas yactb Yeépnoro mopst, Typuus): Phyllodistomum acceptum
u3 Parablennius sanguinolentus; Phyllodistomum crenilabri u3 Symphodus tinca w Symphodus ocellatus;
Phyllodistomum sp. u3 Gobius cruentatus. [IpuMeHeHbl CTAaHIAPTHBIE METOJIBI MTAPA3UTOJIOTHIYECKOTO
WCCIIeIOBaHUST; MOP(OJIOTUYECKHE IMATHOCTUYECKHE OCOOEHHOCTU STUX BHUIOB JIETAILHO WU3yYeHbI
C HCIOJIb30BAaHMEM CBETOBOTO M CKAHMPYIOLIETrO JIEKTPOHHOTO MUKPOCKONOB. [IpenocTaBneHsl MOp-
omerpuueckue 1 MOpdoIOruYecKre JaHHble, a Takxke MUKpodoTorpaduu 3Tux napasutos. I1pu-
BeJICHBI [TOKa3aTeNn 3apaXEHHOCTH TpeMaTodaMu pblo-xo3sieB. [lapasutuposanue Phyllodistomum sp.
y 6b1ukoB Gobius cruentatus oTMedeHo BriepBble. Kpome Toro, TerymeHT P. acceptum v P. crenilabri
BIIEPBBIE UCCIIEA0OBAH C ITOMOIIBI0 CKAHUPYIOLIEN JIEKTPOHHON MUKPOCKOITUH.

Kumrouessle cnoBa: Gorgoderidae, Phyllodistomum acceptum, Phyllodistomum crenilabri, Blenniidae,

Labridae, Gobiidae, Y€pHoe Mope
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For the first time, the activity and pH dependence of digestive enzymes were studied in fish inhabit-
ing the Mekong Delta: duskyfin glassy perchlet Parambassis wolffii, smallscale croaker Boesemania
microlepis, catfish Pangasius macronema, and representatives of the family Cyprinidae. Significant
interspecific differences were revealed in the level of peptidase and glycosidase activity providing hy-
drolysis of protein and carbohydrate food components. The greatest interspecific differences are char-
acteristic of glycosidases: the level of enzymatic activity in Cyprinidae fish exceeds that in P. wolffii
by 13.6 times. The differences in the level of peptidase activity in fish of different species are lower:
in the case of the activity of stomach enzymes in P. wolffii, the values are 1.8 times higher than those
in P. macronema, and in the case of total activity of stomach and intestinal enzymes in the same species,
the values are 1.5 times higher. The data obtained confirm the concept that the digestive hydrolase activ-
ity depends on the fish feeding spectrum. The activity of intestinal enzymes decreases more significantly
in the acidic pH zone than in the basic one. Consequently, acidification of the intestinal environment
will negatively affect the digestive processes in these fish species.

Keywords: Vietnam, digestive enzymes, Parambassis wolffii, Boesemania microlepis, Pangasius
macronema, Cyprinidae
In the Mekong Delta, there are two large ecosystems — freshwater and estuarine ones. To date,
due to reduction in river flow, climate changes, and several other natural and anthropogenic factors,
an extreme salinization of water in the Mekong Delta occurs (Tuan et al., 2007). Therefore, the anal-
ysis of various aspects of biology and physiology of freshwater indicator species is of great interest.
As one of such fish species inhabiting the Mekong River, the duskyfin glassy perchlet Parambassis wolf-
fii (Bleeker, 1850) is suggested: the fish regularly migrate from spawning and feeding spots in the flood-
plain to deeper areas in the main riverbed. These fish are ichthyophages — facultative benthophages,
with the diet including small pelagic fish, crustaceans, and insects (Rainboth, 1996 ; Tran et al., 2013).
Unlike the duskyfin glassy perchlet P. wolffii, the smallscale croaker Boesemania microlepis
(Bleeker, 1858) is a non-migratory species and a constant inhabitant of freshwater areas. It feeds
mainly on crustaceans (shrimps), fish, and insects (Baird et al., 2001). The catfish Pangasius macronema
is an euryphage, with the diet including benthic species, inter alia molluscs, as well as zooplankton,

55


https://crossmark.crossref.org/dialog/?doi=10.21072/mbj.2022.07.1.05&domain=pdf
https://doi.org/10.21072/mbj.2022.07.1.05
https://ibiw.ru/
http://tropcenter.ru/
http://tropcenter.ru/
mailto:elena.slynko.76@mail.ru

56 V. V. Kuz'mina, E. E. Slynko, E. A. Kulivatskaya, E. P. Karpova, and Dinh Cu Nguyen

algae, small fish, and detritus (Kottelat & Widjanarti, 2005 ; Taki, 1978). Amidst the most abun-
dant migratory species of the Mekong River, representatives of the Cyprinidae family stand out: Heni-
corhynchus lobatus Smith, 1945, Henicorhynchus siamensis (Sauvage, 1881), and Barbonymus gonionotus
(Bleeker, 1849) — a species performing regional migrations (Jasmine & Begum, 2016). Henicorhynchus
fish feed on benthic species and, to a lesser extent, on zooplankton (Baird et al., 2003). B. gonionotus
prefers vegetation and, to a lesser extent, small invertebrates (Mohsin & Ambak, 1983).

Importantly, such significant differences in fish feeding spectrums affect the digestion processes.
In fish, the digestion processes are traditionally assessed by the level of enzyme activity in the mu-
cous membrane of the stomach and intestines (Kuz'mina, 2018 ; Ugolev & Kuz'mina, 1993 ; Bakke
et al., 2011 ; Fange & Grove, 1979 ; Kapoor et al., 1975). At the same time, the mucous mem-
brane of the stomach and intestines includes not only the monolayer epithelium, but also the submu-
cosa or stroma, which is based on a collagen scaffold (Verigina & Zholdasova, 1982 ; Kapoor et al.,
1975). When comparing the enzyme activity in the epithelium and stroma, their levels were close;
in the case of dipeptidases, the enzyme activity could be higher in the stroma than in the epithe-
lium (Ugolev & Kuz'mina, 1992). Initially, it was assumed that stromal enzymes perform a protective
function (Kuz’'mina, 1995); subsequently, that they are also involved in the processes of post-epithelial
digestion (Kuz’'mina, 2018).

As known, enzymes of a prey are involved in the induced autolysis and play a significant role
in fish gastric digestion, while enzymes of the enteric microbiota are important for intestinal diges-
tion (Kuz'mina, 2018 ; Ugolev & Kuz'mina, 1993). At the same time, lysosomal enzymes of various
tissues of a prey play the crucial role in the induced autolysis, in particular cathepsins which hydrolyze
protein components (Vysotskaya & Nemova, 2008 ; Ashie & Simpson, 1997 ; Wang et al., 2000). More-
over, there is much evidence that different strains of the enteric microbiota have enzymes similar to those
of fish. Specifically, bacteria of the genera Pseudomonas, Aeromonas, Bacillus, Vibrio, Acinetobacter,
and Enterobacter have proteolytic activity (Askarian et al., 2012 ; Austin, 2006 ; Belchior & Vacca,
2006 ; Esakkiraj et al., 2009 ; Ganguly & Prasad, 2012 ; Hoshino et al., 1997 ; Ray et al., 2012), while
representatives of the genera Acinetobacter, Bacillus, Pseudomonas, Moraxella, and Micrococcus have
amylolytic activity (Austin, 2006 ; Ganguly & Prasad, 2012 ; Izvekova & Plotnikov, 2011 ; Ray et al.,
2012 ; Sugita et al., 1997). Since there are no data on the status of the enzyme systems of the diges-
tive tract of Vietnamese fish, it seemed reasonable to evaluate the integral characteristics of enzymes
providing hydrolysis of protein and carbohydrate food components in the stomach and intestines of fish
from the area of Vietnam.

The aim of the work was to assess the activity of peptidases and glycosidases providing hydrolysis
of protein and carbohydrate food components in the stomach and intestines of Vietnamese fish within
a wide range of pH values.

MATERIAL AND METHODS

The material was sampled in the Bassac River (a distributary of the Mekong River) during the flood
period, 12 to 17 October, 2019. Stomach fish were studied — three species representing different families:
1) Pangasiidae — the catfish Pangasius macronema (4 ind., 15.6-16.5 g);
2) Sciaenidae — the smallscale croaker Boesemania microlepis, the only monotypic species of the genus
Boesemania (7 ind., 29.5-34.1 g);
3) Ambassidae — the duskyfin glassy perchlet Parambassis wolffii (18 ind., 39.5-74.8 g).
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Stomachless fish of the family Cyprinidae were studied as well — mainly representatives of the genera
Barbonymus and Henicorhynchus (13 ind., 6.9-10.7 g).

Cyprinidae fish and the catfish P. macronema were sampled in the An Giang province, Long Xuyén
region. The trawling coordinates were as follows (start —end): N10.48851°, E105.34119° - N10.47775°,
E105.35133°. The duskyfin glassy perchlet and smallscale croaker were sampled in the Can Tho
province, Thot Not region. For the first species, the trawling coordinates were the following:
N10.29886°, E105.52441° — N10.25485°, E105.57977°. For the second species, the coordinates were
as follows: N10.26297°, E105.54821° — N10.21951°, E105.58443°. The bottom water temperature
was of +30.3...434.1 °C.

In the fish groups studied, the intestinal mucous membrane and chyme (in total) were used as en-
zyme preparations. The mucous membrane and chyme were thoroughly mixed; to prepare a homogenate,
an aliquot was taken and weighed. The intestines of each fish, except for P. wolffii and Cyprinidae repre-
sentatives, were examined individually. In the case of P. wolffii, the material was divided into 7 samples,
2-3 individuals in each. In the case of Cyprinidae fish, it was divided into 4 samples, 3—4 individuals
in each. Each total sample was considered as one biological sample.

The analysis was carried out at a temperature of +25 °C within a wide range of pH values: in the case
of the stomach, 2.0 to 4.0 with an interval of 1.0; in the case of the intestines, 5.0 to 11.0 with an interval
of 1.0. Proteolytic activity (total activity of trypsin, EC 3.4.21.4; chymotrypsin, EC 3.4.21.1; and dipep-
tidases, EC 3.4.13.1 — EC 3.4.13.11) was assessed by an increase in the tyrosine concentration using
the Folin—Ciocalteu reagent (Kuz’mina et al., 2019). Amylolytic activity (total activity of o-amylase,
EC 3.2.1.1; y-amylase, EC 3.2.1.3; and maltase EC 3.2.1.20) was determined by an increase in hex-
oses using an arsenic-molybdenum reagent (Ugolev & lezuitova, 1969). When assessing pH dependence
of enzymes, the activity was determined in 5 replicates for each point (considering the initial amounts
of tyrosine or hexoses in the sample) and expressed in pmol-g!-min™!.

The results were statistically processed using a standard software package (Microsoft Excel) and pre-
sented as follows: mean value * standard error of the mean (SE). The distribution of the studied
parameters did not differ from the normal one (the Shapiro—Wilk test). Therefore, the significance
of the differences was assessed using the Student’s z-test for small samples at p < 0.001; p < 0.01;
and p < 0.05.

RESULTS

Enzyme activity. Peptidase activity in the stomach differs significantly in fish of the species
studied (Table 1).

Table 1. Activity of peptidases and glycosidases in the digestive tract of fish inhabiting the Mekong Delta

Enzyme activity, umol-g~!'-min~!
Fish species Stomach Intestines P/G
Peptidases Peptidases Glycosidases
Pangasius macronema 9.73 £2.09% 5.35 £ 1.04% 2.80 £ 0.10** 1.9
Boesemania microlepis 13.86 £ 0.42%* 8.05+0.94 1.85 + 0.32%* 4.4
Parambassis wolffii 17.82 £ 0.61 493 +£0.77* 0.88 £ 0.17%** 5.6
Cyprinidae sp. - 7.88 £0.26 12.0 £ 0.83 0.7

Note: gastric enzymes were studied at pH 3.0; intestinal enzymes, at pH 7.4. P/G is the ratio of peptidases and gly-
cosidases in the intestines. The differences between the maximum and other values in the column are statistically
significant at p < 0.05 (*); p < 0.01 (¥*); and p < 0.001 (**%*).

Mopckoii 6uosnorrueckuii xypHain Marine Biological Journal 2022 vol. 7 no. 1



58 V. V. Kuz'mina, E. E. Slynko, E. A. Kulivatskaya, E. P. Karpova, and Dinh Cu Nguyen

Specifically, peptidase activity in the stomach of the duskyfin glassy perchlet P. wolffii was 1.3 times
higher than that of the smallscale croaker B. microlepis and 1.8 times higher than that of the catfish
P. macronema. In its turn, peptidase activity in the stomach of the smallscale croaker was 1.4 times
higher than that of the catfish. The maximum peptidase activity in the intestines was registered
for the smallscale croaker B. microlepis, and the minimal one — for the duskyfin glassy perchlet
P. wolffii. At the same time, the total activity of peptidases in the stomach and intestines in this
species was the highest — 22.75 pmol-g '-min~!. The total activity of peptidases of the stomach and in-
testines in the smallscale croaker B. microlepis from the same province (Can Tho) was extremely close
to that of the duskyfin glassy perchlet P. wolffii — 21.91 umol-g""-min™'; in the catfish P. macronema,
the value was lower — 15.08 umol-g '-min~'. Glycosidase activity was significantly higher in stomachless
fish than in stomach ones. The maximum differences (by 13.6 times) were revealed when comparing
the level of enzyme activity in Cyprinidae fish and in the duskyfin glassy perchlet P. wolffii.

The ratio of peptidases and glycosidases in the intestines (P/G) was quantified. With activity
of all peptidases of the gastrointestinal tract in Cyprinidae fish taken into account, the value remained
equal to 0.7. In stomach fish, P/G value was significantly higher: 25.9 in the duskyfin glassy perch-
let P. wolffii (the maximum one); 5.4 in the catfish P. macronema (the minimum one); and 11.8
in the smallscale croaker B. microlepis. When comparing the ratio of glycosidase activity to peptidase
activity, it turned out that the shift in the parameter is of the opposite nature: 0.2; 0.08; and 0.04 in these
three species, respectively.

pH dependence of enzymes. The maximum activity of stomach peptidases in the smallscale
croaker B. microlepis and duskyfin glassy perchlet P. wolffii was recorded at pH 3.0: (12.85 £ 0.26)
and (14.44 + 0.12) pumol-glmin™' for the first and second species, respectively (Fig. 1).
However, at pH 2.0, the level of activity in both cases was lower than the maximum one only by 1.1 times.
At pH 4.0, greater differences were revealed: in the first species, the activity decreased by 2.4 times
compared with that at pH 3.0; in the second species, it decreased only by 1.4 times. The nature of pH de-
pendence of digestive enzymes differs significantly from that of the stomach. The maximum activity
of intestinal peptidases in the smallscale croaker B. microlepis and duskyfin glassy perchlet P. wolffii
was registered at pH 7.0: (4.08 = 0.3) and (5.20 % 0.4) umol-g""-min™!, respectively. At the same time,
the level of activity in both cases decreased sharply in the acidic zone and smoothly in the basic one.
Importantly, at pH 6.0 and 5.0, there were no statistically significant species differences in the level
of peptidase activity; in the basic zone, the level of peptidase activity was higher in the duskyfin glassy
perchlet P. wolffii than in the smallscale croaker B. microlepis. In this case, the degree of differences
sequentially increased from 1.2 at pH 8.0 to 2.2 at pH 11.0.

pmol-g~-min~"' pmol-g~-min™*

16 1

Y ——

12 ¢

0 . 'PHo- pH

2 3 4 5 6 7 8 9 10 11

Fig. 1. Effect of pH on peptidase activity in the stomach (a) and intestines (b) in Boesemania microlepis (1)
and Parambassis wolffii (2) from the Mekong Delta
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Since the amount of sampled material was small, pH dependence of glycosidases was determined
in the representatives of the family Cyprinidae alone (Fig. 2).

At pH 7.0, the maximum activity was recorded (see Fig. 2): (13.46 £ 0.69) umol-g”"-min~". At pH 8.0,
the level of enzymatic activity was close to that at pH 7.0: (12.88 * 0.56) umol-g "-min!. In the zone
of acidic pH values, glycosidase activity decreases more sharply than in the zone of basic pH values.
At pH 5.0, the minimum activity was registered: (1.88 + 0.20) pmol-g -min™!. At pH 11.0, the level
of enzymatic activity was slightly higher than that at 5.0: (2.11 £ 0.40) umol-g'-min™".

pmol-g™' - min~!

15 r

12

Fig. 2. Effect of pH on intestinal glycosidase activity in Cyprinidae fish from the Mekong Delta

DISCUSSION

The obtained results indicate significant species differences in the levels of peptidase and glycosi-
dase activity, and this corresponds with the data on fish feeding spectrums. Specifically, in the duskyfin
glassy perchlet P. wolffii, the activity of stomach peptidases is 1.3 times higher than in the smallscale
croaker B. microlepis and 1.8 times higher than in the catfish P. macronema. However, the dif-
ferences in the level of the total activity of peptidases in the stomach and intestines are much
lower. In the first species, the activity exceeds that in the third species only by 1.5 times; between
the first and second species, the differences are practically absent. These data indicate the follow-
ing: in the feeding spectrums of the duskyfin glassy perchlet and smallscale croaker, fish prevail,
while the feeding spectrum of the catfish is not limited by fish alone (there are other food items,
in particular invertebrates).

Glycosidase activity is significantly higher in stomachless fish than in stomach ones. At the same
time, P/G value in stomachless fish of the family Cyprinidae is below 1 (0.7), while in stom-
ach fish, it is above 1 (1.9-5.6). All this corresponds with numerous data obtained in stud-
ies of other fish species (Kuz’'mina, 2018 ; Ugolev & Kuz'mina, 1993 ; Bakke et al., 2011 ;
Fange & Grove, 1979). Importantly, the group of stomach fish is characterized by the follow-
ing peculiarity: the maximum glycosidase activity in the catfish P. macronema is 1.5 times higher
than in the smallscale croaker B. microlepis and 3.2 times higher than in the duskyfin glassy per-
chlet P. wolffii. The value of the ratio of the total activity of peptidases in the stomach and in-
testines to the activity of glycosidases, which is maximum in the duskyfin glassy perchlet P. wolf-
fii, exceeds that in the smallscale croaker B. microlepis by 2.2 times and that in the catfish
P. macronema by 4.8 times. These data confirm that in the diet of the duskyfin glassy perchlet P. wolf-
fii, the amount of fish is higher than in the diets of the smallscale croaker B. microlepis and especially
catfish P. macronema.
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The results obtained on pH dependence of enzymes correspond with the literature data (Kuz’mina,
2018 ; Ugolev & Kuz’mina, 1993 ; Bakke et al., 2011). Indeed, in most fish species, optimum pH val-
ues of stomach acid peptidases are in the range 2 to 4 (Gawlicka et al., 2001 ; Natalia et al., 2004).
Optimum pH value of stomach peptidases being 3.0 for the species studied, close values of enzymatic
activity at pH 2.0, and a slight decrease at pH 4.0 indicate the following: in fish, in addition to pepsin,
other peptidases synthesized by gastrocytes are functioning, as well as various cathepsins of prey tissues.
Enzymes of food items can also play a certain role.

In most fish species, optimum pH values of pancreatic intestinal peptidases (mainly trypsin and chy-
motrypsin) range 7.5 to 10 (Castillo-Yariez et al., 2005 ; Garcia-Carrerio et al., 2002 ; Hau & Benjakul,
2006 ; Hidalgo et al., 1999 ; Kishimura et al., 2008 ; Krogdahl et al., 2015 ; Kumar et al., 2007 ; Kuz’mina
etal., 2011, 2017 ; Natalia et al., 2004). In the smallscale croaker B. microlepis and duskyfin glassy per-
chlet P. wolffii, optimum pH value of intestinal peptidases is 7.0; apparently, this is due to the activity
of pancreatic peptidases and eponymous hydrolases of the enteric microbiota (the activity of the enteric
microbiota results from high abundance of bacteria in the Mekong Delta). Low activity of peptidases
in the zone of acidic pH values seems to be due to the fact that trypsin is not stable at pH < 6 in most
fish species (Hau & Benjakul, 2006 ; Pavlisko et al., 1999).

Optimum pH values of glycosidases, in particular a-amylase providing the initial stages of hydrol-
ysis of polysaccharides, are in a narrower range compared to that of peptidases: 6.5 to 8.5 (Ushiyama
et al., 1965) or 7.0 to 8.0 (when used for preparation of homogenate and substrate of balanced salt
solutions) (Ugolev & Kuz'mina, 1993). Optimum pH value of glycosidases of the enteric microbiota
is 7.0 (Kuz’'mina et al., 2011). In the absolute majority of fish species investigated by us under the same
methodological conditions, optimum pH value of glycosidases corresponded to 7.0. Accordingly,
it can be expected that in fish inhabiting freshwater basins of Vietnam, the nature of pH dependence
is close to that revealed in our work.

Conclusion. The studied fish species inhabiting the Mekong Delta are characterized by high activ-
ity of peptidases and glycosidases providing hydrolysis of protein and carbohydrate food components.
The greatest interspecific differences are revealed when analyzing glycosidase activity. In Cyprinidae
fish, the level of enzymatic activity exceeds that in the duskyfin glassy perchlet Parambassis wolffii
by 13.6 times. In the level of peptidase activity, the differences in the investigated species are lower.
Specifically, in the case of the activity of stomach enzymes in P. wolffii, the values are 1.8 times higher
than those in Pangasius macronema. In the case of total activity of stomach and intestinal enzymes
in the same species, the values are 1.5 times higher. The obtained data correspond with the information
on the fish feeding spectrums. The material concerning pH dependence of intestinal enzymes indicate
that the activity of enzymes of both chains decreases more significantly in the acidic pH zone than
in the basic one. Consequently, significant acidification of the enteric environment will negatively affect
the digestion processes in these fish species.

The work was carried out within the framework of the state research assignments ‘Systematics, variety, bi-
ology, and ecology of aquatic and seaboard invertebrates; the structure of populations and communities in conti-
nental waters” (No. 121051100109-1) and “Population, morphological, structural, and physiological adaptations
of parasites of freshwater hydrobionts in changing environmental conditions” (No. 121051100100-8), as well
as within the framework of the Ekolan E-3.4 project “The Mekong River ecosystem under global climate changes

and anthropogenic load’.
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AKTUBHOCTD IIEIITNUIA3 U INIMKO3U/JIA3 IININEBAPUTE/IbHOI'O TPAKTA
Y HEROTOPBIX BU/I0B KOCTUCTbBIX Pblb BbETHAMA
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"Mucturyt 6uonorun BHyTpennux Bog uvenn M. JI. IMananusa Poccuiickoii akageMun Hayk, mioc. Bopok,
Poccuiickaa ®enepanus
2J0sxH0e otenenne COBMECTHOIO POCCHICKO-BbeTHAMCKOTO TPOIIUECKOTO HAyYHO-HCCIIeJ0BATE hCKOTO
Y TEXHOJIOTMYECKOI0 LIEeHTpa, XOUIMMIH, BreTHaM
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Bnepseie ucciieoBaHsl aKTUBHOCTh M pH-3aBUCHMOCTD NUIIEBAPUTENIBHBIX (PEPMEHTOB Y pblO, 00u-
TalOUIMX B AenbTe P. MEKOHT: CTEKISIHHOTO OKYHs1 Parambassis wolffii, MeKOYeyiHOro roposuist
Boesemania microlepis, nanracuyca Pangasius macronema v nipeactaButesnen cemeiictsa Cyprinidae.
BeisiBIeHB! 3HAUMTENbHBIE MEXBUIOBBIE Pa3IWYMs B YPOBHE aKTMBHOCTHM MENTHA3 M TIMKO3MIA3,
00eCreurBaIIX THAPOIU3 OEJKOBBIX M YIVIEBOAHBIX KOMIIOHEHTOB Muiy. HauOosbimie mex-
BUJIOBbIE Pa3/IM4Msl XapaKTepHB! ISl TJIMKO3W/a3: ypOBeHb (DEPMEHTATHMBHON AKTUBHOCTH y PHIO
cem. Cyprinidae npeBbIIIa€T TAKOBOH Yy CTEKJISIHHOTO OKYHs P. wolffii B 13,6 pa3a. Paznuuus B ypoBHe
AKTMBHOCTH IENTH/IA3 Y PHIO Pa3HBIX BUJIOB HUKE: B CIIy4ae aKTMBHOCTH (DEPMEHTOB KeTyJKa y CTEeK-
JITHHOTO OKYHs P. wolffii 3HaueHus Bblllle TAaKOBBIX AJIA MaHracuyca P. macronema B 1,8 pa3a, B City-
Yae CyMMapHOW aKTUBHOCTH (hepPMEHTOB XKeJy/JKa U KUILeUHNKa y TeX ke BUIoB — B 1,5 pasa. [loiny-
YeHHbIE JaHHbIE TIOATBEPXKIAIOT IIPEICTABICHHS O 3aBUCUMOCTH aKTUBHOCTH MHUIIEBAPUTEbHBIX THI-
poJIa3 OT CIEKTpa MUTaHUS PbI0. AKTUBHOCTH (DEPMEHTOB KUIIIEUHUKA 3HAUUTENIbHEE CHUKACTCS B KHC-
Joii 30He pH, yem B wenouHoi. CienoBaTtesbHO, 3aKUCIEHUE SHTEPAIbHON cpesibl OyAeT HEraTUBHO
BJIMATH Ha IPOLIECCH MUILEBAPEHUS Y STUX BUIOB PbIO.

KaioueBnie ciaoBa: BrerHam, mumieBaputenbHble (hepMeHTHl, Parambassis wolffii, Boesemania
microlepis, Pangasius macronema, Cyprinidae
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Out of the morphological criteria for the fish species, the meristic (countable) characters are of the key
role, in particular the number of rays in the fins. It is one of the stable signs of fish morphotype not
subjected to size and age variability. At the same time, it is a clear taxonomic criterion. The aim
of the work was to study the variability in the number of rays in the dorsal fin and to specify its formula
for the black scorpionfish inhabiting the Black Sea off the coasts of the North Caucasus and Crimea.
In total, 232 individuals of the black scorpionfish were investigated; those were sampled from six ar-
eas of the Black Sea off the coasts of the North Caucasus (Bolshoi Utrish, Magri, Loo, and Adler)
and Crimea (Sevastopol and Feodosiya). The number of rays in the dorsal fin of each fish was counted,
with dividing them into hard (unbranched) and soft (branched) ones. As established, the total num-
ber of rays in the dorsal fin of the black scorpionfish inhabiting the coasts of the North Caucasus
and Crimea averaged (22.1 £ 0.02); the number of hard rays, (12.0 £ 0.01); and the number of soft rays,
(10.1 £0.03). All three indicators are characterized by low variability (coefficient of variation is lower
than 10 %). Fish caught off the coasts of the North Caucasus and Crimea differ statistically significantly
from each other in the number of soft rays in the dorsal fin [(10.1 £ 0.03) and (10.0 £ 0.04), respec-
tively] and in the total number of rays in the dorsal fin [(22.1 £ 0.03) and (22.0 = 0.04), respectively].
The analysis of the results obtained reveals six possible variants of the dorsal fin formula for the black
scorpionfish. Those are: D X1 10; D XI 11; D XI19; D XII 10; D XII 11; and D XIII 10. The most com-
mon variant is D XII 10 averaging 83.2 % (75.0-88.9 % depending on the area). The updated dorsal fin
formula for the black scorpionfish inhabiting the coasts of the North Caucasus and Crimea has the fol-
lowing form: D (XI) XII (XIII) (9) 10 (11). The formula can be used when compiling the species
guides of the Black Sea fish. The results obtained were compared with those of other researchers.
The causes for the disagreement between the results were analyzed.

Keywords: black scorpionfish Scorpaena porcus, dorsal fin formula, Black Sea, soft rays, hard rays,
North Caucasus, Crimea
In recent years, due to development and significant expansion of the scope of molecular genetics
methods, the leading role in evolutionary biology in general and fish taxonomy in particular belongs
to molecular biological criteria of the species. Undoubtedly, those are of great importance, but the key
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role of traditional morphological criteria has to be taken into account as well. Molecular genetics meth-
ods are based on the study of a part of the genotype, while the morphotype, despite its variability,
is a concentrated manifestation of the genotype as a whole.

Out of the morphological criteria for the fish species, the meristic (countable) characters are the most
significant ones, in particular the number of rays in the fins. Their number, as shown in many studies,
1s laid in the early stages of development; the final number is usually formed by the end of the first month
of life (Makeeva, 1992 ; Novikov & Ruban, 1951 ; Reshetnikov & Popova, 2015 ; Sidorov & Reshet-
nikov, 2014). Therefore, the number of rays in the fin is one of the most stable signs of fish morphotype
not subjected to size—age variability, which makes it a reliable taxonomic criterion.

In this work, we analyzed the variability in the number of rays in the dorsal fin of the black scor-
pionfish Scorpaena porcus Linnaeus, 1758: one of the common fish species of the coastal Black Sea
shelf. When studying the morphological features of this fish caught off the coast of the North Caucasus
and Crimea, the authors drew attention to the following: the number of rays in the dorsal fin of the black
scorpionfish often differed from that indicated in the corresponding species guides of the Black Sea fish.

The aim of this work was to study the variability in the number of rays in the dorsal fin of the black
scorpionfish inhabiting the Black Sea off the coast of the North Caucasus and Crimea, as well as to specify
the dorsal fin formula.

MATERIAL AND METHODS

The work is based on the results of the analysis of the number of rays in the dorsal fin of the black scor-
pionfish from several areas of its range in the Black Sea, as well as on the analysis of the corresponding
literature data.

In total, 232 specimens of the black scorpionfish from six areas of the Black Sea off the coast
of the North Caucasus and Crimea were studied, infer alia: from Sevastopol, 22 specimens;
from Feodosiya, 58; from Bolshoi Utrish, 46; from Magri, 44; from Loo, 18; and from Adler, 44 (Fig. 1).

The material was random samples of the black scorpionfish from the catches of fishing brigades
engaged in coastal fishing with fixed seines and gill nets. Fish were caught on spinning rods with different
types of equipment as well. The black scorpionfish were sampled in different seasons in 2017-2019.
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Fig. 1. Map of sampling points for factual material: 1, Sevastopol; 2, Feodosiya; 3, Bolshoi Utrish; 4, Magri;
5, Loo; 6, Adler
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Using a dissecting needle, the total number of rays in the dorsal fin and the number of hard
(unbranched) and soft (branched) rays were counted in each fish specimen. The last two rays
of the soft part of the dorsal fin, which were located on a common base, were counted as sepa-
rate ones. According to the recommendations of Yu. Reshetnikov and O. Popova (2015), the rays
were counted twice; in the case of a discrepancy between the results obtained, the rays were counted
once more. When counting the rays in small fish, we used an MBS-9 binocular microscope with 4x
to 8x magnification.

The obtained results were mathematically processed with the methods of variation and multivariate
statistics in the Statistica package ver. 10.0 for Windows.

RESULTS

The analysis showed that the mean value of the total number of rays in the dorsal fin of the black
scorpionfish inhabiting the Black Sea off the coast of the Caucasus and Crimea was (22.1 = 0.02),
with the variation range 21-23. The modal group included fish with 22 rays (85.3 %).

The mean number of hard (unbranched) rays in the dorsal fin was (12.0 = 0.01); the mean num-
ber of soft (branched) rays was (10.1 + 0.03). The ranges were 11-13 and 9-11 rays, respectively.
By the number of hard rays, the modal group included fish with 12 rays (96.6 %); by the number
of soft rays, it included specimens with 10 rays (83.6 %).

The coefficients of variation of the number of rays had the following values: the total number of rays,
1.71 %; the number of hard rays, 1.54 %; and the number of soft rays, 3.91 %. So, the analyzed param-
eters were referred to features with a low degree of variation; this allowed using them as a reliable
morphological marker of species affiliation.

In fish from six water areas, the differences between the mean values of the number of rays in the dor-
sal fin were insignificant (Table 1). The effect of the “catchment area” factor on the values given
in Table 1 was assessed by the one-way ANOVA. It revealed the lack of statistically significant rela-
tionships between the habitat area and such factors as “total number of rays in the dorsal fin” (F = 1.9
and p = 0.079) and “number of hard rays in the dorsal fin” (F = 1.2 and p = 0.308), with a parallel
effect of the catchment area on the “number of soft rays in the dorsal fin” factor (F = 2.4 and p = 0.032),
which was simultaneously characterized by a higher degree of variation.

Table 1. Mean, minimum, and maximum values of the number of rays in the dorsal fin of the black
scorpionfish from different areas of the Black Sea (Sevastopol, Feodosiya, Bolshoi Utrish, Magri, Loo,
and Adler)

Parameter Number of rays
TEmg min—-max
Sevastopol (22 ind.)
Number of hard rays 12.0 £ 0.00 12-12
Number of soft rays* 9.9 £0.09 9-11
Total number of rays 21.9+£0.09 21-23
Feodosiya (58 ind.)
Number of hard rays 12.0 £ 0.02 11-13
Number of soft rays 10.0 £ 0.04 9-11
Total number of rays 22.0+0.04 21-23

Continue on the next page...
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Parameter Number of rays
TEmg min—max
Bolshoi Utrish (46 ind.)
Number of hard rays 11.9+£0.04 11-12
Number of soft rays 10.2 £ 0.06 9-11
Total number of rays 22.1 £0.06 21-23
Magri (44 ind.)
Number of hard rays 12.0 £ 0.02 11-12
Number of soft rays 10.2 £0.07 9-11
Total number of rays 22.2+0.07 21-23
Loo (18 ind.)
Number of hard rays 12.0 £ 0.00 12-12
Number of soft rays 10.1 £0.10 10-11
Total number of rays 22.1+£0.10 22-23
Adler (44 ind.)
Number of hard rays 12.0£0.02 11-12
Number of soft rays 10.1 £0.05 9-11
Total number of rays 22.1+0.05 21-23

Note: * — hereinafter, when presenting our own data on the number of rays in the dorsal fin, we considered the last two,
located on a common base, rays of the soft part of the dorsal fin as separate rays.

However, at a higher level of geographic generalization, when uniting four water areas (Bolshoi
Utrish, Magri, Loo, and Adler) into the “North Caucasus” group and two (Sevastopol and Feodosiya)
into the “Crimea” group, it turned out that the number of rays in the dorsal fin of the black scorpionfish
from these areas could significantly differ. Specifically, the differences were registered when analyzing
the geographic variability of the number of soft rays in the dorsal fin (F = 7.3 and p = 0.008) and when an-
alyzing the variability of the total number of rays in the dorsal fin (¥ = 4.1 and p = 0.043). Fish inhab-
iting the Black Sea off the coast of the Caucasus are characterized by higher mean values of the num-
ber of soft rays and total number of rays in the dorsal fin in comparison with fish caught off the coast
of Crimea (Table 2).

Table 2. Mean, minimum, and maximum values of the number of rays in the dorsal fin of the black
scorpionfish from different areas of the Black Sea (North Caucasus and Crimea)

Parameter Number of rays
TEmyg ‘ min—-max
Crimean shelf of the Black Sea (Sevastopol and Feodosiya)
Number of hard rays 12.0 £ 0.02 11-13
Number of soft rays 10.0 £ 0.04 9-11
Total number of rays 22.0+0.04 21-23
North Caucasian shelf of the Black Sea (Bolshoi Utrish, Magri, Loo, and Adler)
Number of hard rays 12.0 £ 0.02 11-12
Number of soft rays 10.1 £0.03 9-11
Total number of rays 22.1+0.03 21-23
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The mean values of the number of soft rays in the dorsal fin of the black scorpionfish inhabiting
the coast of Crimea varied depending on the water area 9.9 to 10.0. For the fish sampled off the coast
of the North Caucasus, those were slightly higher: 10.1 to 10.2. The mean value of the total number
of rays in the dorsal fin was characterized by a similar dependence: 21.9-22.0 for the “Crimean” fish
and 22.1-22.2 for the “North Caucasian” specimens (Table 2).

This fact, in our opinion, can be considered as a manifestation of the clinal variability of the number
of rays in the dorsal fin of the black scorpionfish.

The geographic variability in the number of rays in the dorsal fin of the studied species was con-
firmed by the results of the cluster analysis (Ward’s method) as well. The mean values of three pa-
rameters for different water areas (the total number of rays in the dorsal fin, the number of hard rays
in the dorsal fin, and the number of soft rays in the dorsal fin) were subjected to clustering. Importantly,
the samples quite clearly differed in terms of geography (Fig. 2). At a distance of about 0.52 conventional
units, two groups were formed: the “North Caucasian” and “Crimean” ones. In its turn, the “North Cau-
casian” group at a distance of about 0.22 conventional units formed two subgroups: “Utrish-Magri”
(these water areas are located to the west within the North Caucasian shelf) and “Loo—Adler” (located
to the east).

Based on the analysis of the number of hard and soft rays in each individual, we revealed six possible
variants of the dorsal fin formula for the black scorpionfish inhabiting the coast of the North Caucasus
and Crimea: D XI 10; D XI 11; D XII 9; D XII 10; D XII 11; and D XIII 10. The frequency of their
occurrence in different water areas and on average in two areas is given in Table 3.

Obviously, the variant D XII 10 was the most widespread one, both in the sample in gen-
eral and in each of the analyzed water areas. Moreover, the individuals with the variant D XII 11
were registered in each water area, although in relatively small numbers (from 4.6 % in the Sevas-
topol area to 20.4 % in the Magri area). Other “morphotypes” — D XI 10; D XI 11; D XII 9;
and D XIII 10 — were recorded not in all the areas studied and were rather rare. The exception
was the water area of the Sevastopol Bay: 13.6 % of the individuals analyzed had the fin formula D XII 9.
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Fig. 2. Results of the cluster analysis by the number of rays in the dorsal fin of the black scorpionfish
(groups from different areas of the Black Sea) (Ward’s method)
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Table 3. Frequency of occurrence of different variants of the dorsal fin formula for the black scorpionfish
off the coasts of the North Caucasus and Crimea

Water area Ratio of fish with different dorsal fin formulas, %
XI 10 XI11 XII9 XII 10 X 11 XIII 10
Sevastopol 0.0 0.0 13.6 81.8 4.6 0.0
Feodosiya 0.0 1.7 34 88.0 5.2 1.7
Bolshoi Utrish 2.2 6.5 2.2 80.4 8.7 0.0
Magri 0.0 2.3 2.3 75.0 20.4 0.0
Loo 0.0 0.0 0.0 88.9 11.1 0.0
Adler 0.0 2.3 2.3 86.3 9.1 0.0
Mean 04 2.6 35 83.2 9.9 04

The number of hard rays in the dorsal fin in the studied black scorpionfish varied from 11 (3.0 %
of fish) to 13 (0.4 % of fish), with a significant prevalence of specimens with 12 rays (96.6 %) (Table 2).
The number of soft rays in the dorsal fin of the analyzed black scorpionfish varied from 9 (3.5 %)
to 11 (12.5 %), with a prevalence of individuals with 10 rays (84.0 %) (Table 2).

Thus, the specified formula of the dorsal fin for the black scorpionfish inhabiting the Black Sea
off the coast of the North Caucasus and Crimea has the following form: D (XI) XII (XIII) (9) 10 (11).

DISCUSSION

The first description of the black scorpionfish as a biological species according to the principles
of binary nomenclature was carried out by C. Linnaeus in his classic work “Systema naturae...” (1758).

He gave four descriptions, with the following notes and dorsal fin formulas:

12.
222

Muf. Ad. Fr. 1. p. 68. Zeus cirris fupra oculos & nares. D %;

Art. gen. 47. fun.75. Scorpaena pinnulis ad oculos & nares. D %;

Haffelgv. itin. 330. idem. D 13”.

Importantly, in three out of four descriptions by C. Linnaeus (1758), it is indicated that the dor-
sal fin of the black scorpionfish has 21 rays, including 12 hard and 9 soft ones. According to the fourth

description, the dorsal fin has 22 rays (12 hard and 10 soft ones).

M. E. Bloch (1787) pointed out the following formula of the dorsal fin for the black scorpionfish:
D XII/XXI (in total, 21 rays; out of them, 12 are hard and 9 are soft). At the same time, in the illustrated
atlas (Bloch, 1785-1795), the dorsal fin of the black scorpionfish is drawn with 12 hard and 11 (not 9,
as indicated in the description) soft rays (Fig. 3A).

“S. cirri ad oculos neresque. D

J. Cuvier and A. Valenciennes (1829) did not give any number of rays in the fins of the black scor-
pionfish, but indicated that it is similar to the number in Scorpaena scrofa (this species has 12 hard
and 9 soft rays in the dorsal fin). At the same time, this work is the first one with a note that the last
soft ray of the dorsal fin in the black scorpionfish is split into two.

Referring to (Cuvier & Valenciennes, 1829), J. E. De Kay (1842) described the dorsal fin of S. porcus
as having 12 hard and 9 soft rays — D XII 9 — as well. However, the researcher did not specify that the last
soft ray is split into two.
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In the classical works of Soviet ichthyologists (Knipovich, 1939 ; Promyslovye ryby USSR, 1949),
the dorsal fin of the black scorpionfish was described as having 12 hard rays and 9 soft ones:
D XI.I 9 and D XII 9, respectively. There were no notes on any morphological features of the last
soft ray. At the same time, in the drawing of the black scorpionfish in the book “Commercial
Fish of the USSR” (Promyslovye ryby USSR, 1949), the fish had 9 soft rays, with the last one
being not split into two (Fig. 3B). Later, a similar formula for the dorsal fin of the black
scorpionfish — D XII 9 — was given by V. Lebedev et al. (1969) and E. Vasil’eva (2007).

J. Cadenat (1943) pointed out the following formula of the dorsal fin for the black scorpi-
onfish: XII 9-10. The description was accompanied by the drawing of a fish with 10 soft rays
in the dorsal fin (Fig. 3C).

Fig. 3. View of the soft part of the black scorpionfish dorsal fin in various species guides (rays
were numbered by the authors of this article): A, M. E. Bloch (1785-1795); B, Commercial Fish

of the USSR (Promyslovye ryby USSR, 1949); C, J. Cadenat (1943); D, A. N. Svetovidov (1964);
E, A. 1. Smirnov (1986)

A. Svetovidov (1964) gave an extended formula of the dorsal fin for the Black Sea black scorpionfish,
with the variability of the number of rays specified: D (XI) XII (8) 9. The morphology of the last ray
was not detailed. The description was accompanied by the drawing of a fish with 12 hard rays
and 9 soft ones. Importantly, the last soft ray was shown split into two at the base (Fig. 3D).

A similar formula of the dorsal fin for the species analyzed — D (XI) XII (8) 9 — was in-
dicated by A. Boltachev and E. Karpova (2017). A close one — D XI-XII 8-9 — was specified
by N. Myagkov (1994).

In Table 4, the data are given on the number of rays in the dorsal fin of the black scorpionfish
according to various researchers.
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Table 4. Generalized literature data of the dorsal fin formula for the black scorpionfish

Reference Dorsal fin formula Note
Linnaeus, 1758 E B B E The numer.ator is.the number of hard rays;
22°921°21° 21 the denominator is the total number of rays

The numerator is the number of hard rays;

Bloch, 1787 XIE the denominator is the total number of rays. .
XXI In the Atlas (Bloch, 1785-1795), on the drawing

by L. Schmidt, there are 12 hard rays and 11 soft ones
Cuvier & Valenciennes, 1829 X9 As specified, the last soft ray is split into two (p. 291)
De Kay, 1842 XI19 -
Knipovich, 1939 XLI9 -
Slastenenko, 1939 XI-XII,1(9) 10 (11) -
Cadenat, 1943 XII9-10 In the drawing of a fish (p. 544), there are 10 soft rays
Promyslovye ryby USSR, 1949 X9 The lst soft ey s not sl o s+
Svetovidov, 1964 (XT) XII (8) 9 ’Ilflh‘;hlz :ltr:(\)xgni ;)fl Sasglsi}tl 1(304;:3, there are 9 soft rays.
Jardas, 1996 XI19-10 -
Lebedev et al., 1969 XII9 -
Eschmeyer, 1969 XII9 As specified, the last soft ray is split into two (p. 84)
Smirnov, 1986 X-XII 8-10 -
Fischer et al., 1987 XI19-10 -
Myagkov, 1994 XI-X1I 8-9 -
Basusta et al., 1997 XII 11 —
La Mes, 2005 XII 8-11 —
Vasil’eva, 2007 XII9 -
Ferri et al., 2010 XII 10 -
Boltachev & Karpova, 2017 (XI) XII(8)9 -
Fricke et al., 2018 XII7-9 As specified, the last soft ray is split into two (p. 172)

D (XI) XII (XIII) When considering two last soft rays located
Authors’ data 9 10(11) on a common base as separate rays
b (Xg)XQI I( 5)0()1 D When considering two last soft rays as one ray

E. Slastenenko (1939) and A. Smirnov (1986) gave the most variable formulas for the dorsal fin
of the black scorpionfish: D XI-XII, I (9) 10 (11) and D X-XII 8-10, respectively. In the second
reference, the description was accompanied by the drawing of a fish with 12 hard and 10 soft rays
in the dorsal fin (Fig. 3E).

Obviously, the published data differ in the number of rays in the dorsal fin of the black scorpi-
onfish, especially in its soft part. Moreover, in most cases, when describing the formula of the dor-
sal fin for the species studied, neither rare morphotypes nor ranges of variation of the criterion values
are indicated.

Our data (Table 3) cover rare morphotypes and a range of variation in the number of rays
in the dorsal fin, both soft and hard (see Tables 1 and 2). This information can be used in species
guides for the Black Sea fish when compiling identification keys and giving generalized morphological
characteristics of the species.
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Let us consider in more detail the issue of the number of rays in the soft part of the dorsal fin
of the black scorpionfish. As mentioned above, some researchers indicate that its last soft ray is split
into two, but most authors do not comment on this morphological feature.

Fig. 4 shows the soft part of the dorsal fin of the black scorpionfish inhabiting the Black Sea. Visually,
there are 10 soft rays. However, a study of the fin skeleton allows concluding that the last two rays
have a common base (Fig. 5). Due to this anatomical feature, the authors could use different approaches
when counting the number of soft rays in the dorsal fin.

Apparently, it is the reason of the differences in the number of soft rays in the dorsal fin of the black
scorpionfish indicated by researchers: 8, 9, 10, or 11 (Table 4).

G. Sidorov and Yu. Reshetnikov (2014) draw attention to this feature of counting the number
of rays in fins. The authors specified: “usually, the last branched ray in dorsal and anal fins is split
and is considered as one ray”.

Fig. 4. View of the typical soft part of the black scorpionfish dorsal fin (May 2019, Feodosiya area, Q)

Fig. 5. Typical skeleton structure of the soft part of the black scorpionfish dorsal fin (photo by the authors)
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In our opinion, since during visual inspection (without removal of soft tissues from the fin skele-
ton), the last rays of the dorsal fin look like two separate ones, they are better considered separately:
e. g., Fig. 6A, 10 soft rays; Fig. 6B, 11 soft rays; and Fig. 6C, 9 soft rays. However, when describing
the fin formula, it is necessary to indicate that the counting of the number of rays was carried out without
preliminary removal of soft tissues from the skeleton and that the last two rays may have a common base.

Fig. 6. Soft part of the black scorpionfish dorsal fin with different number of soft (branched) rays: A, 10;
B, 11;C, 9

Conclusions:

1. In the dorsal fin of the black scorpionfish inhabiting the Black Sea off the coast of the Cauca-
sus and Crimea, the mean values of the total number of rays, the number of hard (unbranched)
rays, and the number of soft (branched) rays are (22.1 + 0.02) (the variation range 21 to 23);
(12.0 £ 0.01) (11 to 13); and (10.1 = 0.03) (9 to 11), respectively. All three considered criteria
are the features with low variability (coefficient of variation is < 10 %).

2. Fish inhabiting the coast of the North Caucasus and Crimea statistically significantly differ
in the number of soft rays in the dorsal fin: (10.1 £ 0.03) and (10.0 £ 0.04), respectively. They statisti-
cally significantly differ in the total number of rays in the fin as well: (22.1 £ 0.03) and (22.0 £ 0.04),
respectively. According to the results of the cluster analysis by three criteria (the total number of rays
in the dorsal fin, the number of hard rays, and the number of soft rays), the samples quite clearly
differ in terms of geography: there are the “North Caucasian” and “Crimean” groups.

3. In the black scorpionfish inhabiting the coast of the North Caucasus and Crimea, six possible vari-
ants of the dorsal fin formula are revealed: D XI 10; D XI 11; D XII 9; D XII 10; D XII 11;
and D XIII 10. The most common variant is D XII 10: depending on the water area, it was registered
in 75.0-88.9 % of fish.

4. The specified formula of the dorsal fin for the black scorpionfish (with separate counting of the last
two branched rays located on one base) has the following form: D (XI) XII (XIII) (9) 10 (11).
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W3MEHYUBOCTD YUCJIA JIVUEN
N YTOYHEHUE ®OPMVJIbI CIIMHHOTI'O IINTABHUKA MOPCROI'O EPIITIA
SCORPAENA PORCUS LINNAEUS, 1758 (PISCES: SCORPAENIDAE),
OBUTAIOIIEI'O B YEPHOM MOPE
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KioueBast posib cpenu MOpGOJIOrHYeCKUX KPUTEPUEB BUIA Y PHIO MPUHAICKUT MEPUCTUIECKUM
(Cu€THBIM) NIpU3HAKAM, B YACTHOCTH YHUCJIy JIydel B IUIABHUKAX. DTO OAMH U3 HauboJiee CTaOUIbHBIX
MPU3HAKOB MOP(OTHUIA PHIO, HE TIOABEPKEHHBIH pa3MepHO-BO3PAaCTHON M3MEHUYMBOCTH. [Ipu 3TOM
OH MOXET SIBJIATHCS YETKUM TAKCOHOMUYECKUM KputepreM. Llesbio paboTsl ObUTO M3YYUTh U3MEHYH-
BOCTb KOJIMUECTBA JIyueil B CIIMHHOM IUIAaBHUKE MOPCKOTO epiia, odbuTamiero B Yépaom mope y oe-
peroB CesepHoro Kaekaza u Kpeima, a Takke yTouHUTh ero (popmyity. B OCHOBY paGOTHI MOJIOKEHBI

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2022 vol. 7 no. 1


https://doi.org/10.3989/scimar.04824.17A
https://doi.org/10.3989/scimar.04824.17A
https://doi.org/10.1017/S0025315405012415
http://www.achfglavrybvod.su/
https://sfedu.ru/
http://azniirkh.vniro.ru/
http://azniirkh.vniro.ru/
mailto:polin_a_a@mail.ru

Variability in the number of rays and specification of the dorsal fin formula...

7

pe3ynbTaThl HccreqoBaHus 232 ocobeil 3TOro BUAa U3 IIECTH y4acTKOB YEPHOro MOpsi, HAXOJAIIMX-
cs1y 6epero Ceseproro Kapkaza (Bosbmmoit Ypui, Marpu, Jloo u Anniep) u Kpeima (CeBacromnosns
u Peonocus). Y KakI0i pbIObl IPOCYUTHIBAIN KOJMUECTBO JIyueld B CIIMHHOM IUIABHUKE C pa3fiesieHu-
€M HX Ha XECTKUE (HEBETBUCTHIE) U MSATKHUE (BETBUCTHIE). YCTAHOBJIEHO, YTO Y MOPCKOTO epliia, 001Ta-
toriero y 6eperos CesepHoro Kaekasa u KpbiMa, cpeiHue 3HaueHHs1 0OIIero KoJIM4ecTBa JTy4uei B CIIMH-
HOM TUTaBHUKe cocTaBisioT (22,1 + 0,02), kommuectBa k€ctkux gydeir — (12,0 + 0,01), Markux —
(10,1 £ 0,03). Bce Tpu mokazareis XapakTepu3ylOTcsl HU3KOH CTEeTleHbI0 BapbrpoBaHus (Koadhuiim-
eHT Bapuanu — Menee 10 %). PriObl, omnoBneHHble y 6eperoB Cepepraoro Kaekasa u Kpbima, cratu-
CTUYECKHU JIOCTOBEPHO OTIIMYAIOTCS JPYT OT Apyra Mo KOJIMYECTBY MATKUX Jy4ell B CIMIHHOM IUIaBHU-
ke [(10,1 £ 0,03) u (10,0 = 0,04) coorBeTcTBeHHO] U O OOIIEMY UnCiy Jtyueit B HEM [(22,1 £ 0,03)
u (22,0 £ 0,04) cooTBeTCTBEHHO]. Y M3YYEHHBIX PHIO BHISIBJICHO CYLIECTBOBAHKE IIECTH BO3MOXHBIX
BapuaHTOB (popmMyJibl cimHHOrO TtaBHuKa: D X1 10; D X1 11; D XI19; D XII 10; D XII 11; D XIII 10.
Haubonee pacnipocrpanénnbiM siisiercs Bapuant D XII 10 — B cpennem 83,2 % (75,0-88,9 % B 3a-
BUCHMOCTH OT YJacTKa). YTouHEHHast (hopMyJia CITMHHOTO TUIABHUKA MOPCKOTO epIlia, OOUTAIOIIEro
y 6eperoB CeepHoro KaBkaza u Kpeima, nmeer cnenyrommii sum: D (XI) XII (XIID) (9) 10 (11).
®dopmyily MOKHO MCIIOJIB30BATh NP COCTAaBIEHUH omnpenenuteneid ppid YépHoro mops. Ilposene-
HO CpaBHEHME MOJyYEeHHbIX aBTOpaMM JaHHBIX 110 YHCIY JIydell B CIIMHHOM IUIaBHHUKE MOPCKOIO ep-
II1a ¢ pe3yjbTaTaMH APYrux ucciepoBateneil. IlpoaHann3npoBaHsl IPUYMHBI UMEIOMIUXCA OTINYUI
C TOYKHM 3PEHHS PA3HHUIBI B IPUMEHSIEMBIX METOANYECKUX MOJAX0aX K MOJACUYETY KOJIMYECTBA Jydei
B MATKOH YacTH IITaBHHKA.

KiirodeBrble cjioBa: MOpcKo# €pi Scorpaena porcus, hbopMyna CIIMHHOIO IJIaBHUKA, YEpHOE Mope,
MATKHUe JTy4du, kecTkue nyur, CeBepHblii KaBkasz, Kpeim
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WIND EFFECT ON ZOOPLANKTON DISTRIBUTION
IN THE ESTUARY OF THE PREGOLYA RIVER (THE BALTIC SEA BASIN)
AFTER TECHNOGENIC TRANSFORMATION OF ITS RIVERBED

©2022 Ju. Ju. Polunina® and Zh. I. Stont'

IShirshov Institute of Oceanology of RAS, Moscow, Russian Federation
’Immanuel Kant Baltic Federal University, Kaliningrad, Russian Federation
E-mail: jul_polunina@mail.ru

Received by the Editor 04.02.2021;  after reviewing 15.06.2021;
accepted for publication 24.12.2021;  published online 22.03.2022.

In 2014-2018, large-scale hydrotechnical works were carried out in the estuary of the Pregolya River.
The structural changes in the summer zooplankton in the river mouth in 2019 were revealed in compari-
son with the data obtained prior the riverbed transformation. In June 2019, zooplankton total abundance
and biomass were of (136 + 111) thousand ind.-m™ and (860 + 840) mg-m™>, respectively. It is com-
parable with mean annual data of 1996-2006: (71 + 66) thousand ind.-m™ and (664 + 337) mg-m™>,
respectively. In the summer of 2019, for the first time, the euryhaline species Eurytemora affinis in-
habiting the Vistula Lagoon was recorded in the Novaya Pregolya branch. The presence of this species
in the river branches, as well as the values of water salinity, may result from an increase in the frequency
or intensity of water surges into the river from the Vistula Lagoon. In this regard, the wind conditions
in 1998-2006 and 2011-2019 were analyzed. In 2011-2019, there was no increase in the frequency
of winds acting along the effective surge direction (southwest and west ones) compared with those
in 1996-2006. However, a rise in the frequency of storms was noted, infer alia in summer. Westerly
storm winds cause upstream water inflow from the Vistula Lagoon and channel. Probably, the destruc-
tion of river macrophyte communities, concreting of embankments, and a change in the channel bottom
configuration affected the intensity of water inflow from the lagoon into the river branches during surges
and became the main factor affecting the distribution of euryhaline species from the lagoon in the river
branches.

Keywords: zooplankton structure, surges, storm activity, wind direction, Pregolya River, Baltic Sea
basin

The Pregolya River is a medium, slowly flowing river with a total length of 123 km (with tribu-
taries, 292 km). It is the key freshwater object of the Kaliningrad region of the Russian Federation.
The river estuary, the Vistula Lagoon (its part belonging to Russia is called the Kaliningrad Lagoon),
and the Kaliningrad Sea Canal opening into the Baltic Sea form together a hydrodynamic system which
is characterized by a mixture of freshwater and seawater and by vertical and horizontal salinity gradi-
ent (Chubarenko & Shkurenko, 2001 ; Krechik et al., 2020). At the spot where the Pregolya River flows
into the Vistula Lagoon, mean salinity is about 3 %o, and water with salinity of 1 %o inflows along the bot-
tom. The near-bottom boundary of the wedge of brackish-water masses extends 11 km above the river
estuary, and the near-surface boundary extends 7 km (Domnin et al., 2013).
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In the estuary of the Pregolya River, along with a long-term trend of increase in mean water
level (Abramov et al., 2013 ; Stont et al., 2020b ; Dailidiené et al., 2012), there is a periodic short-
term increase in the level associated with the regime of surge winds and water inflow from the Baltic Sea
to the Vistula Lagoon through the narrow and shallow Baltic Strait (Fig. 1). As a rule, water surges
from the lagoon and the canal into the river occur in autumn and winter. This corresponds to the high-
est frequency of storm winds of the effective surge direction (for the Pregolya River, southwestern
and western ones) when the trajectories of the centers of deep Atlantic cyclones pass over the Baltic Sea.
Under storm winds, a backwater is formed in the Pregolya River. The water level rises, and the river
flow could be directed to the source; in some cases, a surge wave propagates upstream, up to the city
of Gvardeysk (Naumov, 2015 ; Sergeeva, 2013).

Kaliningrad — a city with a population of almost 500 thousand people — is located in the estuary
of the Pregolya River. It is the area with large ports, an oil terminal, and other economic facilities;
therefore, anthropogenic load on this river section is extremely high (Biologicheskie soobshchestva reki
Pregolya, 2013). In 2014-2018, a large-scale technogenic transformation of the river section within
the city occurred. A big stadium was built between the river branches — the Staraya Pregolya and No-
vaya Pregolya — on the Oktyabrsky Island. Existing bridges were reconstructed. New embankments
and bridges were built. Filling and concreting of the banks of the river branches were carried out. Dur-
ing the construction of hydraulic structures, the profile of the channels in the river branches was signif-
icantly deepened and altered, and this affected the riverbed configuration. The area of the coastal zone
declined, and the area of coastal aquatic vegetation decreased. Along with these changes in the estuary
of the Pregolya River, variability of hydrometeorological characteristics of the Baltic Sea basin (with es-
pecially pronounced fluctuations in recent years) significantly affects the dynamics of its waters and,
consequently, structural indicators of a zooplankton community (Stont et al., 2020a, b).

Information on composition, structure, distribution, and seasonal dynamics of zooplankton abun-
dance, biomass, and production in the Pregolya River prior to the transformation of its estuary is given
in a number of publications (Ezhova & Tsybaleva, 1995 ; Polunina, 2013, 2014 ; Polunina et al., 2018 ;
Tsybaleva & Potrebich, 1995).

The aim of this study is to assess the current state of the zooplankton community in the estu-
ary of the Pregolya River after the technogenic transformation of the riverbed taking into account
the variability of wind conditions.

MATERIAL AND METHODS

The lower reaches of the Pregolya River, the Vistula Lagoon, and the southeastern Baltic Sea
(hereinafter SEB) were studied (Fig. 1A).

Mesozooplankton was sampled in the estuary of the Pregolya River. Total length of this area is about
17 km; it includes the branches Novaya Pregolya (hereinafter N. Pregolya) (stations 28, 29, and 30)
and Staraya Pregolya (hereinafter S. Pregolya) (st. 280, 290, and 300), a river section after the confluence
of the branches (hereinafter SACB) (st. 24—-27), and estuary (st. 22) (see Fig. 1B). Samples were taken
from 10 sections, with one station located in the medial (midstream, central area of the riverbed)
and the second located in the riparian zone (coastal area of the river). In 1996-2006, sampling was car-
ried out monthly April to November; in 2011 and 2014, in the summer only (about 300 samples). In 2019,
20 samples were taken on 25-26 June. Sampling was carried out on small vessels.
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Fig. 1. Schematic map of the area studied (A) and zooplankton sampling sites in the estuary of the Pregolya
River in 2019 (B) (22-30, sampling sites; 1-5, M, bridges; [], areas of the river subjected to large-scale

hydraulic engineering works)

In the Pregolya River branches, the depth in the medial varies 2.0 to 4.0 m; sediments are silty,
with high content of detritus. In the riparian zone, the sediments are predominantly sandy and sandy-
pebbly; those contain detritus and sometimes anthropogenic waste. For the greater length of the river
branches, there is a belt of vegetation in the riparian zone, except for st. 28 and 280 where the banks

were concreted in 2014-2018. After the confluence of the branches and down to the estuary, the depth
increases reaching 10 m due to artificial dredging of this river section (the ports of Kaliningrad are lo-
cated there). The sediments are silty, and those often contain anthropogenic waste and various fractions
of petroleum products; the banks are concreted for almost the entire section length.
In the medial, zooplankton was sampled with a small Juday net (diameter 14 cm; mesh 100 pm;
net length about 1 m), totally from the bottom up to the surface: the end weight touched the sed-
iments, then the net was raised. In the riparian zone, 50 L of water were sampled with a bucket,

filtered through an Apstein net (mesh 100 um), and fixed with 40 % formaldehyde solution
down to a final concentration in the sample of 4 %. The samples were processed in accordance
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with a guideline (Metodicheskie rekomendatsii, 1984). The biomass was quantified according to equa-
tions of the dependence of body mass on body length (Balushkina & Vinberg, 1979). The data were pro-
cessed statistically in Microsoft Excel. The values of Spearman’s rank correlation coefficient, Fisher’s
exact test, and Shannon and Pielou indices were calculated.

Water temperature was measured with a water thermometer in a Spindler frame; transparency,
with a Secchi disk. For determining salinity in the bottom layer, water was sampled with a Niskin
bottle into 2-L plastic containers. Later, salinity was measured in a laboratory with an Ocean Seven
316 Plus probe (Idronaut, Italy). The values are given in practical salinity units (PSU).

To assess the variability of hydrometeorological conditions for 1998-2006, archival data were used
of the Atlantic Branch of the Shirshov Institute of Oceanology of the Russian Academy of Sci-
ences (Abramov & Stont, 2004). For 2011-2019, open data were used of observations at the weather
station 26701 (UMKK, Baltiysk, 54°39’N, 19°55’E) (Pogoda v 243 stranakh mira, 2020). The condi-
tions for the occurrence of storms and their trajectories in the SEB area were analyzed using synoptic
maps of the Bracknell meteorological office (Weather and Climate Change, 2020).

RESULTS

In the surface layer of the Pregolya River, the water temperature in June 2019 was +25.5...426.0 °C;
in the bottom layer, it varied within +20.1...+24.0 °C. In the river branches, higher values were registered.
In the near-bottom layer in the estuary and SACB, the temperature was minimal (+20.1 °C) which
is probably due to a flow of colder seawater along the bottom.

In the Pregolya River branches, water transparency varied 1.3 to 1.8 m; in the SACB, 1.2 to 1.5 m.
In the estuary, the value was 1.0 m. There was a decrease in water transparency along the longitudinal
profile of the river from the upper stations down to the estuary.

In the estuary and the SACB, the maximum values of near-bottom salinity (5.6 PSU) were noted;
in the surface layer, salinity did not exceed 0.4 PSU. In the S. Pregolya branch, the value in the sur-
face layer varied slightly and amounted to (0.252 = 0.005) PSU, and the value in the near-
bottom layer amounted to (0.256 + 0.007) PSU. In the N. Pregolya, salinity in the surface layer
was (0.250 £ 0.002) PSU, and in the bottom layer, it varied 0.250 to 1.459 PSU. The value
of 1.46 PSU in the N. Pregolya branch indicates the water inflow from the lagoon and the canal
into the river in summer.

During the sampling period, the wind was southeastern, weak (3—4 m-s™).

Zooplankton was represented by 65 species and taxa of a higher rank: Rotifera, 25; Copepoda, 12;
and Cladocera, 28. Bivalvia larvae were the most abundant in meroplankton. Several species of rotifers
and cladocerans were recorded for the first time in this river section. Those were rotifers Ascomorpha
ecaudis Perty, 1850, Anuraeopsis fissa Gosse, 1851, Lepadella sp., Collotheca artrochoides (Wierze-
Jski, 1893), Colurella sp., and Conochiloides sp. Most of them are known as inhabitants of coastal water
areas which are overgrown with macrophytes and characterized by high content of nutrients and sus-
pended matter. Several typically freshwater cladoceran species were also registered by us in the river
for the first time. Along the longitudinal profile of the river, Pleuroxus trigonellus (O. F. Miiller, 1776)
was found at almost all the stations; along the transverse profile, this species was the most abun-
dant in the riparian zone. Simocephalus serrulatus (Koch, 1841) and Pleuroxus (Picripleuroxus) striatus
Schoedler, 1863 were noted only in coastal thickets of the S. Pregolya riparian zone.
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In the river estuary, representatives of marine plankton were recorded — the calanoid copepod
Temora longicornis (O. F. Miiller, 1785) and cladoceran Evadne nordmanni Lovén, 1836. Probably,
those were brought to the estuary with a seawater surge from the canal. The abundance of these species
was low — 140 and 9 ind.-m™, respectively.

The maximum number of zooplankton species was noted in the river branches (Table 1); most
of Cladocera species inhabited that area. In the riparian zone of the river branches, with a definite
belt of vegetation, the number of species is higher than in the medial due to Rotifera and Cladocera
representatives.

In the SACB and down to the estuary, the diversity of zooplankton decreased. The minimum number
of species was registered in the estuary where typical species of the Vistula Lagoon were found — the cope-
pods Acartia spp., T. longicornis, and Eurytemora affinis and cladoceran E. nordmanni. Thus, in the river
branches, zooplankton is more diverse.

Table 1. Number of zooplankton species of different groups in the Pregolya River, June 2019

Zooplankton River section
groups Estuary SACB N. Pregolya S. Pregolya
Rotifera 11 16 18 17
Copepoda 10 9 8 10
Cladocera 10 14 23 23
Meroplankton 2 2 1 1
In total 33 41 50 51

Copepoda representatives formed the basis of zooplankton. In the Pregolya River branches, fresh-
water cyclops Mesocyclops leuckarti (Claus, 1857) and Acanthocyclops viridis (Jurine, 1820) and their
Juvenile stages were common amounting to almost 65 % of total zooplankton abundance. After the con-
fluence of the branches and in the estuary, the euryhaline calanoid copepod E. affinis and its juvenile
stages developed in mass (about 33 % of total zooplankton abundance), but the ratio of M. leuckarti
remained high (almost 26 %).

The contribution of Cladocera representatives to total zooplankton abundance in the studied pe-
riod was small. In the river branches, their ratio was the most significant — about 15 % of total abun-
dance. Ceriodaphnia quadrangula (O. F. Miiller, 1785) amounted to about 6 % of total zooplankton
abundance. Downstream, after the confluence of the branches, the ratio of Cladocera decreased down
to 1 % of total abundance. For the entire river section studied, the abundance of cladocerans averaged
less than 7 thousand ind.-m™>.

Zooplankton distribution along the longitudinal profile of the river showed that higher val-
ues of its abundance were recorded after the confluence of the branches (Fig. 2). In the river
branches, the maximum abundance values were 3—7 times lower than those registered for the SACB
and the estuary.

The distribution of zooplankton biomass along the longitudinal profile of the river was similar
to the distribution of abundance: the maximum values were noted after the confluence of the branches,
primarily due to high abundance and biomass of the rather large species E. affinis (Table 2). The mean
zooplankton biomass in the Pregolya River branches was about 200 mg-m™, and it was almost 10 times
lower than the values in the river area after the confluence of the branches. Copepods formed the basis
of the biomass. The biomass of cladocerans was higher in the riparian zone than in the medial.
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Fig. 2. Distribution of zooplankton (abundance, thousand ind.-m~3) in the medial of the Pregolya River,
June 2019

The values of the Shannon and Pielou indices for different river sections showed as follows: the most
diverse and even community is that in the Pregolya River branches (Tables 1 and 2). For the entire estuary
area, the Shannon index was 3.2, and the Pielou index was 0.77. This characterizes the zooplankton
community as balanced, with high species diversity.

Table 2. Species number, abundance, biomass, and values of the Shannon and Pielou indices of zoo-
plankton community at different areas of the Pregolya River, June 2019 (M denotes medial; R, riparian
zone)

Indicator Estuary SACB N. Pregolya S. Pregolya Entire estuary
M R M R M R M R area
Species number 15 24 42 37 31 40 30 38 65
Abundance, thousand ind.-m™> 64-752 30-291 17-90 39-101 17-752
Biomass, mg-m™3 620-1,550 182-5,600 20-515 161-534 20-5,600
Shannon index 1.1 1.9 2.8 2.8 32
Pielou index 0.31 0.51 0.69 0.71 0.77

The highest abundance of the calanoid copepod E. affinis — an inhabitant of the Vistula La-
goon — was registered in the SACB and the estuary (Fig. 3); it is typical for this river section (Polunina,
2013 ; Polunina et al., 2018). In the summer of 2019, this species was noted in the N. Pregolya branch
for the first time. During the sampling period, near-bottom salinity in the N. Pregolya was higher than
in the S. Pregolya (Fig. 3). Earlier, an increase in near-bottom salinity was recorded in the S. Pregolya
branch in autumn relative to the value for the N. Pregolya, and a conclusion was made about the predom-
inant water flow into the S. Pregolya during surges (Polunina et al., 2018). In June 2019, a strong positive
direct correlation was found between E. affinis abundance and bottom salinity: R = 0.69 at p = 0.13.

Wind frequency and strength surge from the lagoon
into the river. The analysis of wind conditions during the active technogenic transformation
of the riverbed (2011-2019) and prior to it, according to the data of the Baltiysk weather sta-
tion, confirmed the regional climatic peculiarity — the prevalence of winds of western rhumbs
and orientation of the wind rose in the zonal direction (west—east) (Fig. 4) along which surges occur.

significantly affect the water

During the vegetation period (April to October), as compared to the annual course, the frequency
of W-=NW-N rhumbs increases, with a decrease in winds from the southern half of the horizon (Fig. 4).
It is the westerly wind, especially the storm wind, that causes the brackish-water surge in the river
estuary (Sergeeva, 2013).
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Fig. 3. Distribution of Eurytemora affinis (blue column, abundance, ind.-m™) and bottom salinity (red
figures) in the estuary of the Pregolya River, June 2019

Fig. 4. Mean frequency (%) of wind directions (wind rose), Baltiysk, 2011-2019: a, mean annual; b, during
vegetation period (April to October)

During the vegetation period (April to October) in 1996-2006 (prior to the large-scale techno-
genic transformation of the riverbed), the frequency of winds of the southwestern and western direc-
tions (SW-W) was 38 % of all the directions; the frequency of westerly winds was 25 %, and the fre-
quency of southwesterly winds was 13 %. During the vegetation period in 2011-2019, winds of the south-
western—western direction maintained their prevalence: in total, their frequency amounted to 30 %
of the frequency of winds of all the directions (western ones, 25 %; southwestern ones, 5 %). Sta-
tistical comparison of wind frequency for 1996-2006 and 2011-2019 revealed no significant differ-
ences (F'=0.04 at p = 0.84; F critical = 4.60). No significant change was found in the frequency of winds
of the effective surge direction (SW-W) in 2011-2019.

For the vegetation periods of 1996-2006, the relationship between the seasonal frequency and speed
of westerly winds and the quantitative indicators of the euryhaline species E. affinis in the estuary
of the Pregolya River was analyzed (Table 3).

A positive direct correlation was found between E. affinis abundance and the frequency of winds
of western rhumbs: R = 0.66 at p = 0.05; the value of the Fisher’s exact test F was 4.56 at p = 0.05
(F critical = 4.60). A strong direct positive correlation was recorded between the decapod abundance
and speed of westerly winds: R = 0.82 at p = 0.05 (F =4.58 at p = 0.05; F critical = 4.60). This confirms
the upriver penetration of euryhaline E. affinis with an increase in the frequency of westerly winds and,
to a greater extent, in their speed.
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Table 3. Seasonal dynamics of copepods Eurytemora affinis abundance and characteristics of the westerly
winds in the estuary of the Pregolya River (mean for 1996-2006)

. Ordinal month number
Indicator
v A\ VI VII VIII IX X XI

fé‘;ryl fg’l‘ég‘l affinis | 5176+ | 5066+ | 1062+ | 995+ | 1286+ | 9269+ | 28951+ | 36.856 %
ind..m=3 ’ 1,139 3,276 1,003 735 1,172 3,293 20,154 29,541
Frequency of winds
of western 29 31 39 29 35 34 41 39
rhumbs, %

+
xe;?nzlze(ffv;e‘;em 3.8+ 37+ 42+ 40+ 44+ 4.1+ 451+ 574

21 2.49 1.76 2.39 2.45 2.69 2.35 3.46 3.58
rhumbs, m-s

Let us consider storm situations when the wind speed exceeds 15 m-s™'. In total, more than 70 storms
were recorded April to October in 2011-2019 (Table 4). In autumn months (September and Octo-
ber), up to 7 storm situations were noted, with the wind speed reaching 2223 m-s™!. April to August,
the frequency was 1-2 storms per month. In some years, there were no storms during these months.
In 2011-2015, storms were mainly characterized by wind speeds of up to 18 m-s™. The exception
was October 2012: there were 4 storms of the western rthumbs, with speeds of up to 21-23 m-s™.
For the period 2016-2019, an increase in storm activity was observed in autumn. In 2017, Atlantic
storms were characterized by westerly winds with a speed of up to 20-23 m-s™" (force 9—10 on the Beau-
fort scale) and duration of over 1.5 days. The number of storms in the selected subperiods remained
practically the same: during the first one (2011-2015), 36 storms were recorded, while during the sec-
ond one (2016-2019), 35 storms. The greatest contribution was made by autumn storms. In the second
subperiod, with a decrease in the number of spring and summer storms, the number of autumn storms
increased (up to 27).

The total duration of storms in the second subperiod (2016-2019) increased by almost
1.5 times — up to 641 hours (the value in 2011-2015 was 407 hours), especially in autumn. The in-
tensity of storms increased: the mean maximum speed was (19 + 3) m-s™!, and the maximum duration
was 41 hours (see Table 4).

Table 4. Key characteristics of storm winds (total and maximum number of storms per month; mean
maximum and maximum measured speed; and total and maximum duration of storms) for the vegetation
period and seasons of 2011-2019 according to meteorological monitoring data of the southeastern Baltic

2011-2019 2011-2015 2016-2019
Characteristic Iv— | IV- | VI- | IX- | IV- | IV- | VI- | IX- | IV- | IV- | VI- | IX-
X v VIII X X v VIII X X A% VIII X

Number )y 71 10 9 52 | 36 6 5 25 | 35 4 4 27
of storms max | 7 2 2 7 5 2 2 5 7 2 2 7
Measured mean 16 14 15 18 15 14 14 17 18 14 16 19
speed, m-s™! max | 23 14 18 | 23 | 23 14 18 | 23 | 22 14 17 | 22

Y 1,343 150 | 162 | 1,076| 407 35 46 319 | 641 52 42 447
max | 220 24 18 179 29 20 17 29 41 13 17 41

Duration, h
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Statistical comparison of the data for two subperiods (2011-2015 and 2016-2019) did not reveal
significant differences in either the number of storms (F = 0.002 at p = 0.96), or the measured speed
(F=0.02 at p=96), or the duration of storms (F'=0.28 at p=0.61) (F critical = 5.99). The period 2011
to 2019 could be considered as uniform in terms of these indicators; the differences in the subperiods
are insignificant.

DISCUSSION

At the beginning of the vegetation period (April and May) in 2019, atypical hydrometeorological
conditions were formed. In April, a synoptic situation contributed to the water surge in the coastal
area of the SEB and to a sharp drop in sea level due to winds of the eastern rhumbs. Ac-
cording to the data from weather stations, April was the month with the least rainfall: Pioner-
sky, 3.6 mm-month™!; Baltiysk, 0.0 mm-month™'; Nida, 0.0 mm-month™! (traces of precipitation);
and Klaipéda, 3.3 mm-month™ (Pogoda v 243 stranakh mira, 2020). Due to a long precipitation deficit,
the Pregolya River flow was minimal, and the SEB lagoons became shallow (Kileso & Stont, 2020).
In early May, according to the data from the website Sea Level Anomalies (2019), a surge was observed
in the eastern Kaliningrad Lagoon (the estuary of the Pregolya River) resulting from a storm cyclone with
westerly winds. At the gauging station of the Museum of the World Ocean (the Pregolya River, 200 m
downstream the confluence of the branches), an increase in the level by 50 cm was registered (from —10
up to +40 cm according to the Baltic normal height system), and a shift in the direction of the Pregolya
flow was recorded (“reverse” flow with a speed of up to 0.3 m-s™"). Salinity in the near-surface layer
increased by about 5 times — 0.4 to 2.1 PSU.

In June 2019, when two Atlantic cyclones were passing, winds of the western thumbs increased
up to 14 m-s™!, and this probably resulted in a surge of the lagoon water upstream of the Pregolya River.
June was the warmest month of 2019, with average monthly temperature of +20.4 °C (Baltiysk) (Pogoda
v 243 stranakh mira, 2020). Meanwhile, in the Kaliningrad region, the highest average monthly air tem-
peratures are typical for July—August (Stont et al., 2020a). In June 2019, water temperature in the river
was almost 5 °C higher than the mean annual values for 1997-2002 (Abramov & Stont, 2004). All these
affected the low river flow. In the SEB water area, the level has increased significantly in recent
decades (Stont et al., 2020b). The rise in water level was considered eustatic, and it was due to in-
creased inflow through the Danish straits resulting from risen westerly form of atmospheric circulation.
Because of bankside and dredging works, the cross-sectional area of the river expanded; this increases
the river flow when the level rises (Sergeeva, 2005). The distribution of zooplankton populations is af-
fected by river flow in estuary areas more significantly than by other parameters (temperature, salinity,
feeding conditions, and predation) (Paturej, 2008 ; Peitsch et al., 2000).

An increase in storm intensity and duration results in a rise in the volume of water flow from the la-
goon and the canal into the river during surges (Sergeeva, 2013). In the Pregolya River, the number
of days of “reverse” flow reaches 90 per year; the highest speeds are observed in autumn and win-
ter, but in July, speeds up to 0.4 m-s™' were recorded as well (Abramov & Stont, 2004). A gen-
eral pattern of surges in rivers is penetration of planktonic organisms from a lagoon or sea upstream
of the rivers (Paturej, 2008 ; Peitsch et al., 2000). In autumn, the main contributors to zooplank-
ton total abundance, biomass, and productivity in the Pregolya River are euryhaline species E. affinis
and Acartia spp. (Polunina et al., 2018).
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In June 2019, the values of transparency of the studied river section exceeded the mean long-term
values for 1994-2005 (Chubarenko, 2007); apparently, this is due to the cessation of work of several en-
terprises located on the river, inter alia a pulp and paper mill. The water transparency in the river estuary
is lower since it is significantly affected by muddy waters of the Vistula Lagoon and the canal. The la-
goon waters have higher levels of suspended matter (averaging about 30 mg-m™") than waters of the river
and sea, and the maximum of suspended matter is characteristic of June—July (Chechko, 2006).

The maximum values of bottom salinity were recorded in June 2019 in the estuary
and in the SACB — 5.6 PSU. In this river section, an increase in salinity up to 4 PSU was noted in previous
years of research (1994-2005) as well, resulting from a seawater surge (Chubarenko, 2007). In July 2015,
salinity in the SACB was 2.2 PSU; to the river estuary, it increased up to 4.4 PSU (Lukashin et al., 2018).
Surges in the Pregolya River are especially significant in autumn, although those can occur in summer
months as well; apparently, this was observed in June 2019 during the passage of two active cyclones
with winds of western rhumbs.

In zooplankton of the studied river section, 65 species and taxa of a higher rank were registered
in June 2019. There was no decrease in the number of zooplankton species compared to the data
of 1996-2006 (Polunina, 2013) when the number of recorded species amounted to (62 + 10). Both
in 2019 and in the period prior to large-scale hydrotechnical works on the river, the basis of zooplank-
ton was planktonic crustaceans. The peculiarities of distribution along the longitudinal profile of the river
remained the same: in the river branches, freshwater cyclops prevailed, and in the section from the con-
fluence of the branches down to the estuary, euryhaline species E. affinis prevailed. In the riparian zone,
zooplankton total abundance and biomass ranged 17.6-762 thousand ind.-m™ and 278-1,870 mg-m™, re-
spectively; in the medial, 34—292 thousand ind.-m~ and 254-5,647 mg-m'3, respectively. In June 2019,
mean zooplankton abundance and biomass [(136 £ 111) thousand ind.-m™ and (860 * 840) mg-m_3,
respectively] were higher than mean values for June in 1996-2006, the period prior to the riverbed
transformation [(71 * 66) thousand ind.-m~ and (664 * 337) mg-m~, respectively]. High abundance
of E. affinis — an inhabitant of the Vistula Lagoon — was registered in the SACB and the estuary
in June 2019, which is typical for these river areas and was recorded prior to the riverbed transformation
as well (Polunina et al., 2018). A distinctive feature of the research of 2019 was the presence of this
species in the N. Pregolya branch where it had not previously been found, according to the long-term
data (1996-2006, 2011, and 2014). The presence of this species in the river branches, as well as water
salinity values, may result from surges from the lagoon into the N. Pregolya.

The frequency and strength of westerly winds associated with storm cyclones significantly affect
water surge from the lagoon into the Pregolya River. As known, in 1996-2010, there were a decrease
in wind strength (speed) and its zonal component in winter and a slight increase in summer and au-
tumn (Abramov et al., 2013). In the early XXI century, the activation of storm processes in the SEB
was recorded, associated with the intensification of the western form of atmospheric circulation over
the North Atlantic. This was noted in a number of publications (Drozdov & Smirnov, 2011 ; Medvedeva
et al., 2015). In autumn and winter, storms are typical for the SEB water area; in summer, those
are quite rare. With storm winds of the effective (SW-W) direction, the probability of surges in-
creases. A rise in the total duration of storms in 2016-2019 was noted — almost two times compared
to the values of 2011-2015. This led to an increase in the volume of water inflow from the lagoon
into the Pregolya River (Sergeeva, 2005) and, accordingly, to penetration of zooplankton from the lagoon
into the river.
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In estuaries and lower reaches in other areas of the Baltic, a change in zooplankton composition
and structure and increase in plankton quantitative indicators are registered resulting from penetration
of brackish and marine species (Telesh, 2008 ; Paturej, 2008 ; Peitsch et al., 2000).

During the vegetation periods of 2011-2019, according to the data of the Baltiysk weather
station, westerly wind prevailed. While purely westerly wind kept prevailing (25 %), the fre-
quency of southwesterly wind decreased. Other researchers (Kustikova & Akhmedova, 2017)
also registered a change in the structure of wind directions in the southern Vistula Lagoon
for 2007-2016 (March to August).

The distribution of zooplankton species along the longitudinal profile of the Pregolya River is largely
due to surges which depend on wind conditions. A decrease revealed in the cumulative effect of winds
of the effective surge direction — from 38 % in 1998-2006 (the period prior to the riverbed transforma-
tion) down to 30 % in 2011-2019 — could not cause a significant increase in the frequency of surges into
the river. Despite a slight decrease in the frequency of westerly winds, an increase in the strength and fre-
quency of storm winds of the effective direction was observed during the vegetation period. A positive
direct correlation was revealed between the abundance of euryhaline copepod E. affinis and the speed
of westerly winds: R = 0.82 at p = 0.05. Destruction of coastal vegetation and concreting of embank-
ments in the N. Pregolya area could contribute to the unimpeded inflow of the lagoon waters upstream
of the river during surges.

Conclusions:

1. In 2019, after large-scale hydrotechnical works carried out in the lower Pregolya River, no de-
crease in the number of species of summer zooplankton was recorded. Several structural changes
were noted. Some species were found which are known to live under conditions of high content of nu-
trients and suspended matter. Zooplankton quantitative indicators [abundance (136 £ 111) thou-
sand ind.-m™ and biomass (860 * 840) mg-m™] are commensurate with similar data prior
to the riverbed transformation [(71 * 66) thousand ind.-m™ and (664 + 337) mg-m™>, respectively].
In the river section from the confluence of the branches to the estuary, high abundance and biomass
of Eurytemora affinis and Acartia spp. — inhabitants of the lagoon — were registered which is not typ-
ical for summer zooplankton. Earlier, high values of these indicators were characteristic of autumn
alone. In the Novaya Pregolya branch, the euryhaline calanoid copepod E. affinis was recorded
in summer for the first time.

2. No statistically significant change in the frequency of winds of the effective surge direction (SW-W)
in 2011-2019 (30 %) relative to 1996-2006 (38 %) was revealed. High frequency of westerly winds
and strength of storms in 2011-2019 were noted, and those affected the height of surges causing back-
water, an increase in the level, and inflow of brackish water from the lagoon and the canal into the Pre-
golya River. This contributed to the distribution of the euryhaline species E. affinis from the Vistula
Lagoon and the canal upstream of the river. A strong direct positive correlation was revealed between
the abundance of crustaceans and wind speed. An increase in wind strength together with modifica-
tion of the river transverse profile (concreting of the embankments and destruction of macrophyte
thickets) affected the intensity of water inflow from the lagoon into the river branches during surges
and became a key factor of distribution of euryhaline species in the river branches in summer.

3. Since the main urban water intake is located in the Staraya Pregolya branch, it is necessary to monitor
the distribution of saline water from the lagoon along the longitudinal profile of the Pregolya River,
inter alia using zooplankton indicator species — E. affinis and Acartia spp.
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Zooplankton sampling and processing in 2019 were carried out with the financial support of the Russian Founda-
tion for Basic Research and Kaliningrad region under the project No. 19-45-390006; meteorological data collecting,
under the project No. 19-45-390012. The analysis and interpretation of long-term data were carried out within
the framework of the state research assignment No. FMWE-2021-0012.
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BJIMSIHUE BETPOBBIX VCJIOBUM HA PACIIPEIEJIEHUE 300IIJIAHKTOHA
VCTBEBOM OBJIACTU PEKU NMPET'OJIM (BACCENH BAJITUMCKOI'O MOPS)
IIOCJIE TEXHOTEHHOM TPAHC®OPMAIINN EE PYCJIA

I0. 0. Ioaynuna!, 7K. U. Cront!?

"Mucturyt oxeanonorun nmenu IT. T1. Ilupmosa PAH, Mocksa, Poccuiickas ®eneparus
ZBanTuiickuii penepanbHblii yauBepcuter uMenn MMvanyuna Kanta, Kanuaunrpan, Poccniickas ®eneparms
E-mail: jul_polunina@mail.ru

B ycreeBoit obnactu p. [perosiu B 2014—2018 rr. Oblv IpOBEEHBI MACIITAOHbIE TMPOTEX HUUECKHE
pabotel. Ha ocHOBe cpaBHeHMs nomydeHHBIX B 2019 r. JaHHBIX ¢ MaTepuaiaMy MpeablIyIIuX uccie-
JIOBAHUI BBISIBIICHBI U3MEHEHHSI B CTPYKTYPE COOOIIIECTB JIETHETO 300IIAHKTOHA YCTheBOM 30HbL. O0-
I[asl YMCIIEHHOCTh M OHoMacca 300IUTaHKTOHA B uioHe 2019 T. coctaBmsum (136 £ 111) Thic. 9K3.-M ™
1 (860 * 840) Mr-M™> COOTBETCTBEHHO, YTO COM3MEPHMO C YCPETHEHHBIMH BETIMUMHAMY HCCIIEI0BA-
Huit 19962006 1. — (71 * 66) ThIC. 9K3.-M > 1 (664 * 337) Mr-M~> cootsercTBeHHO. Jlerom 2019 T.
SBpUTATIMHHBIN BUJ Konerio]] Eurytemora affinis, MaccoBblil B BucIMHCKOM 3aiiBe, ObLT BIIEPBBIE OT-
MeueH B pykase Hosas Ilperosia. IIpucyrcrBue aToro Buja B pykaBax pekH, Kak U 3Ha4€HUs COJIEHO-
CTHU BOJIbI, MOXKET ObITh CJIEJICTBUEM YBEJIMYEHUS YaCTOTHl MJIM MHTEHCUBHOCTH HarOHOB BOj BucivH-
CKOTO 3aJIBa B peKy. [IpoaHamm3npoBaHbl BETPOBBIE yCIoBuUA B Tiepuoasl 1996-2006 u 2011-2019 rr.
YBenmueHrs 9acTOTH BETPOB, JEUCTBYIONHX B0 3(P(HEKTUBHOTO CTOHHO-HATOHHOTO HAITPaBJIEHUS
(toro-3anagHele, 3anaassie), B 2011-2019 rr. B cpaBHeHuu ¢ 1996-2006 1T. He BBISIBIEHO, OJHAKO OT-
MEUeH POCT YacTOTHl LITOPMOB, B TOM YHUCJIe B JIeTHUII epro. LIITopMOBbIe BETphI 3a1aJHOrO HalpaB-
JIEHUs1 CTIOCOOCTBYIOT MOCTYILICHHUIO BOIbI M3 BUCITMHCKOTO 3aIMBa U KaHaJa BBEPX [0 TEYCHUIO PEKU.
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BeposiTHO, yHHUTOXEHHE COOOMIECTB PEUHBIX MaKpO(UTOB M OETOHMPOBAaHME HAOEPEKHBIX, a TaK-
e U3MEeHeHNe KOH(pUrypalyy JHa pycJia MOBIUSIM Ha MHTEHCUBHOCTb MOCTYIUIEHHUS BOA U3 3AJIUBA
B PyKaBa pPeKd NpH HAroHax M CTAJIM BaKHBIM (PaKTOPOM, BO3JEHCTBYIOIIMM Ha PaclHpOCTpaHEeHUE
SBPUTAJIMHHBIX BUJOB U3 32J1MBa B PyKaBaX PeKH.

KiioueBble cJjioBa: CTPyKTypa 300IUIAHKTOHA, HArOHHBIE SIBJIEHMs, LITOPMOBAasi AKTUBHOCTb,
HarpasyieHre BeTpa, peka [Ipeross, 6acceitn banruiickoro mopst
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The seasonal and spatial dynamics of the key trophic characteristics were studied (food spec-
trum, feeding rate, and predatory impact on mesozooplankton) for populations of the jellyfish Au-
relia aurita (Linnaeus, 1758) and ctenophore Mnemiopsis leidyi A. Agassiz, 1865. The investiga-
tion was carried out during four cruises of the RV “Professor Vodyanitsky” in the shelf areas
of Crimean Peninsula in January to October 2016. The area was divided into inner (depth of < 50 m)
and outer (51-150 m) shelves. To study the food spectrum and feeding rate of gelatinous preda-
tors, the composition of food items in the gastric cavity was analyzed under a binocular microscope.
Daily ration (R, mg C-ind.”!-day™) was calculated by the formula: R = B, x DT x 24, where B,
is zooplankton biomass in the predator gastric cavity (mg), and DT is zooplankton digestion time (h).
Predatory impact of gelatinous zooplankton was estimated by the values of daily ration and mesozoo-
plankton biomass. Zooplankton was sampled with a Juday plankton net with mouth diameter of 38 cm
and mesh size of 140 um. Vertical net hauls were performed: at the inner shelf stations, from the sea sur-
face down to the bottom; at the outer shelf stations, down to the boundary of the hydrogen sulfide zone
(8¢ = 16.2 conventional units according to a Sea-Bird probe). In the samples fixed with 4 % formalin
solution, zooplankton abundance, its taxonomic composition, and size—age structure were quantified
by standard method. In the food spectrum of the jellyfish, seasonal differences were revealed: predom-
inance of Bivalvia veligers in winter and spring and wide species composition of Crustacea and other
groups of prey in summer. The feeding rates of the studied species were similar: specific daily rations
in winter, spring, and autumn did not exceed tenth of a percent of the carbon content in the body.
Both species fed at a maximum rate in summer on the outer shelf: the specific rations reached 12.9
and 5.1 % C of the body for the jellyfish and ctenophore, respectively. A. aurita and M. leidyi popu-
lations consumed 0.2 to 5 % of the fodder zooplankton biomass per day; it did not result in a drastic
reduction in zooplankton abundance and provided favorable feeding conditions for small planktivorous
pelagic fish.

Keywords: gelatinous zooplankton, Aurelia aurita, Mnemiopsis leidyi, daily ration, ingestion

In the ecosystem, representatives of gelatinous zooplankton act as potential food competitors of small
pelagic fish: their food relations and common food spectrum determine a fodder base for fish, their
food supply, and, as a result, fish stocks. Based on the observed coincidence of the rations of gelati-
nous zooplankton and small pelagic fish (Crustacea and other zooplankton prey), researchers assume
the following: with a decrease in pelagic fish stock — either due to overfishing or due to effect of cli-
matic and other factors — gelatinous zooplankton can not only become competitors for small pelagic fish,
but also functionally replace the latter ones. This is what happened in the Black Sea during the outbreak
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of the invasive ctenophore Mnemiopsis leidyi A. Agassiz, 1865 (Gucu, 2002 ; Oguz et al., 2008). More-
over, gelatinous zooplankton consumes fish eggs and larvae, and its predation may limit the recruitment
of small pelagic fish (Condon et al., 2013 ; Richardson et al., 2009). One of the approaches to analyze
the food relations between small pelagic fish and gelatinous zooplankton can be a quantitative assess-
ment of the feeding rate of gelatinous zooplankton and the degree of food supply for small pelagic fish,
which is indicated by species diversity, abundance of eggs and larvae of separate species, and abundance
of feeding individuals in populations.

The aim of this work was to study seasonal and spatial peculiarities of the feeding of two mass gelati-
nous zooplankton species in the Black Sea — Aurelia aurita (Linnaeus, 1758) and M. leidyi — and the feed-
ing rate of their populations of the key food resource — zooplankton — in the coastal areas of Crimea
(the Black Sea). Such a complete survey of the spatial distribution and seasonal dynamics of gelati-
nous zooplankton and such an investigation of trophic relationships in the zooplankton — gelatinous
zooplankton system on the Crimean Peninsula shelf were performed for the first time.

MATERIAL AND METHODS

The studies were carried out in 2016, during four cruises of the RV “Professor Vodyanitsky”: the 83
(winter, January to February), 84" (spring, April), 86" (early summer, June), and 90® (autumn, Octo-
ber). The research covered the coastal areas of Crimea (the Black Sea) from the Cape Tarkhankut
to Kerch (Fig. 1). All the stations were located on the shelf. For the analysis, those were divided into
stations of the inner (depth of < 50 m) and outer (51-200 m) shelves.

45,5°

45°

Latitude

44°—

43,5°

34°
Longitude

Fig. 1. Map of stations sampled in the inshore waters off the Crimean coast in January — February (+),
April (@), June (0), and October (A) 2016
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The sampling areas in every cruise, temperature conditions, and the number of stations are given
in Table 1.

Table 1. Research conditions in the 83, 84™ 86 and 90 cruises of the RV “Professor Vodyanitsky”
in January — October 2016 (the number of stations is given for gelatinous zooplankton / mesoplankton)

Cruise No. Dates te?;;iﬁful;}:e; C OIf\I:tr;?j;s Coordinates
83 28.01-02.02 +7.5...49.6 17711 gj;;; ~ g;‘g_;;;
84 19.04-27.04 +10.1...+11.9 29/15 z;lz;g: :g;‘;éﬁ:’
86 08.06-18.06 +18.4...421.7 4578 gi;é?: : g;2§;°
90 25.09-01.10 +13.2...415.0 26/5 243‘1?(‘)2 :g§2§3:’

Sampling and processing of gelatinous macroplankton were carried out according to the method
described earlier (Anninsky, 2009 ; Finenko et al., 2013). Abundance was expressed in ind.-m™%; biomass,
in g-m™ wet weight. To study the food spectrum and the feeding rate of gelatinous predators in the sea,
all sampled specimens were examined in the laboratory under a microscope immediately after being
caught. The composition of food items in the gastric cavity of animals was determined down to the species
level and stage of development. Daily ration (R, mg-ind.!-day™) was calculated by the formula:

R=B,x DT 'x24, (1)

where B, is zooplankton wet biomass in the predator gastric cavity, mg;
DT is zooplankton digestion time, h.
For the jellyfish, the digestion time was quantified by the formula involving the food biomass
in the gastric cavity (B,, mg) and the weight of the animal (WW, g). Importantly, a conversion factor k;
was introduced when converting the digestion time of crustacean zooplankton from +20 °C to the tem-
perature recorded in the sea (Vinberg, 1956), and a conversion factor ky, was introduced for an increase
in the digestion time of Bivalvia veligers (2.67) compared to that of crustacean zooplankton (Hansson
et al., 2005):
DT =181 x BY22 x WW 019 x |, x k. (2)

The second conversion factor was not introduced when large A. aurita (> 150 mm) had less
than 5 veligers in the gastric cavity. In these cases, the digestion time was equated to the digestion
time of crustacean zooplankton.

For M. leidyi, the digestion time was calculated according to data of (Finenko et al., 2010),
with the temperature correction when converting the values from +20 °C to the temperature recorded
in the sea (Vinberg, 1956).

For A. aurita, the minimum food requirements (the required amount of assimilated food
to compensate for the respiratory needs) were estimated by the formula:

Q = 0.00936 x WW9-8% x 0.535k, x 24, 3)
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where Q is the respiratory rate at the temperature studied, mg C-ind.”"-day™;
WW is the wet weight, g;
0.535 is the conversion factor from mL O, to mg C;

k; is the conversion factor to convert the values from +20 °C to the temperature registered (An-
ninsky & Timofte, 2009).

For M. leidyi, the respiratory needs were quantified by formulas relating the ctenophore respiratory
rate to the dry body weight at the temperature recorded (Abolmasova, 2001).

Predatory impact by two species — A. aurita and M. leidyi — was estimated based on the daily ra-
tions of the population and zooplankton biomass. Zooplankton was sampled with a Juday plankton net
with mouth diameter of 38 cm and mesh size of 140 um. Vertical net hauls were performed: at the inner
shelf stations, from the sea surface down to the bottom; at the outer shelf stations, down to the bound-
ary of the hydrogen sulfide zone determined by an isopycnal (§; = 16.2 conventional units accord-
ing to a Sea-Bird probe). In the samples fixed with 4 % formalin solution, zooplankton abundance,
its taxonomic composition, and size—age structure were quantified by standard method.

To convert linear dimensions of separate mesozooplankton species into units of wet biomass,
the size—weight ratios known for the Black Sea species were used (Petipa, 1957). When recalculat-
ing rations and other indicators into carbon units, it was assumed as follows: for zooplankton, the dry
weight is 20 % of the wet weight, and the carbon content is 40 % of the dry weight (Arashkevich
et al., 2014); for gelatinous zooplankton, the values are 2.2 % and 4 %, respectively (Finenko et al.,
2003). The material obtained was processed in Surfer, Microsoft Excel, and Grapher software. The sig-
nificance of statistical differences between the samples was assessed by Student’s z-test. In each case,
mean value * standard error of the mean (SE) is given.

RESULTS

Seasonal and spatial dynamics of gelatinous zooplankton. In both areas studied in all the seasons,
abundance of A. aurita significantly exceeded abundance of the ctenophore (Fig. 2). On the outer shelf,
A. aurita reached its maximum development in spring and early summer (about 30 ind.-m™2; biomass
800 g-m~2 wet weight), when the population included individuals of both the previous year generation
and the current one.

Intensive reproduction was observed in spring in shallow coastal areas: about 40 % of the popu-
lation was formed by gelatinous zooplankton of the new generation (< 10 mm). On the outer shelf,
a rapid growth of gelatinous zooplankton was recorded in spring which led to an increase in the ratio
of 11-50-mm animals compared to their ratio in winter — a rise from 10 to 40 % of total abundance.
In summer, this group prevailed in both areas. In autumn at shallow stations, the size structure of A. au-
rita population was limited to two groups (11-50 and 51-100 mm). In the second area, it was more
diverse (4 groups): large, 101-200-mm animals formed up to 30 % of total abundance.

M. leidyi was registered in plankton of both areas during the entire study period with abundance 4
to 10 times lower than that of A. aurita, with a maximum at the stations of the inner shelf in autumn.
In winter, adult, mature individuals prevailed in both areas; by spring, their ratio on the inner shelf
decreased due to the death of part of the population. In summer and autumn, the ratio of larvae (< 10 mm)
in the population reached 90 %. On the outer shelf in all the seasons, the population was represented
by large mature individuals with an oral-aboral length of > 30 mm.
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Fig. 2. Abundance (ind.-m~?) (A, C) and biomass (g~m‘2) (B, D) of two gelatinous species in different
areas and seasons of 2016

Fodder zooplankton biomass. For gelatinous zooplankton, the main food resource are small

crustaceans (Copepoda and Cladocera) and pelagic larvae of benthic animals, as well as Oikopleura,

Sagitta, and Rotifera. On the outer shelf, fodder zooplankton biomass in winter, spring, and summer

was several times higher than the values recorded during these seasons on the inner shelf (Table 2).
In autumn (in October), the values of fodder zooplankton biomass in two water areas were the same.

Table 2. Seasonal variability of the wet biomass of fodder zooplankton (mg-m~>) and individual taxa
in inner and outer shelf areas off the Crimean coast in 2016 (n denotes the number of stations)

Season | Area | n Copepoda Cladocera Olk?p 'leum Farasagitta Mero- Fodder
dioica setosa plankton zooplankton
h}ll“ffr 1| 117724 0 0.19£0.1 | 021+0.1 | 1.01£03 | 1328+25
Winter she
Outer | -, 30.53 0 0.03 28.01 0.14 58.70
shelf
Inner
helf 9 40.28+74 |0.11£0.1 0.57 £0.1 6.40£5.7 5.75+£0.6 53.42+10.5
Spring she
Cs)l?éffr 5 69.64 £ 13.6 0 0.08 £0.01 | 140.56 £122.7 | 3.73%+1.6 | 214.02 £123.5
Inner
helf 8 13.50+3.6 |323%1.5 4.09%+1.7 0.05+£0.04 |19.27+£6.9 40.21 £10.9
Summer |_"¢
?}?etffr 9 2959+64 |043+0.1 1.39+04 31.08 £ 16.7 1.19+0.4 63.67+219
Inner
helf 4 221625 |0.12+£0.05| 0.30%x0.2 13.51+£8.3 7.52+£6.0 43.62£15.2
Autumn | €
?}?etffr 5 2422+22 |0.01+0.01 1.93+1.0 16.18 £ 3.4 0.55+0.1 42.88 £5.7
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Zooplankton was represented by species and groups common for the Black Sea, with their ratio
depending on the season. In winter, Copepoda accounted for 89 and 52 % of biomass on the inner
and outer shelves, respectively. In subsequent seasons, their ratio gradually decreased on the inner shelf
and varied widely (11 to 50 %) on the outer one. Acartiidae prevailed in the first area; Calanus euxi-
nus Hulsemann, 1991 prevailed in the second. In autumn, Paracalanus parvus Claus, 1863 prevailed
out of Copepoda in both areas (> 60 % of Copepoda biomass).

Cladocera made up a small ratio of zooplankton in both areas (0.2—1.0 %) during most of the study
period; their maximum relative biomass (8 %) was registered on the inner shelf in early summer. In fodder
zooplankton biomass on the inner shelf, in contrast to that on the outer one, a significant contribution
was made by larvae of benthic animals (8—48 % in different seasons), with a maximum in early summer.
On the outer shelf, Parasagitta setosa J. Miiller, 1847 was a key component of fodder zooplankton:
this species reached 50 % of fodder zooplankton biomass in some seasons.

Feeding of gelatinous zooplankton, food supply, and predatory impact on the zooplankton com-
munity. During the study period, the main component of jellyfish ration was Bivalvia veligers and Crus-
tacea. In winter, A. aurita food spectrum was poor. Despite the fact that the ratio of meroplankton
in fodder zooplankton total biomass was low, Bivalvia veligers accounted for up to 80 % of the prey
abundance on the outer shelf. Among crustaceans, small ratios of Acartia clausi Giesbrecht, 1889
and Oithona davisae Ferrari F. D. & Orsi, 1984 were registered, as well as Copepoda nauplii and Ro-
tifera. In spring, summer, and autumn, Crustacea mostly prevailed (Fig. 3). In summer, the food spec-
trum of A. aurita expanded both due to an increase in the number of crustacean species consumed
[Centropages ponticus Karavaev, 1895, P. parvus, and Pleopis polyphemoides (Leuckart, 1859)] and due
to consumption of other groups of prey (Gastropoda larvae, P. setosa, and Oikopleura ( Vexillaria) dioica
Fol, 1872).

In summer, a peculiarity of A. aurita food composition was the presence in the gastric cavity of a di-
atom Coscinodiscus granii Gough, 1905 in large number in some areas (in the western one — the Karkinit-
sky Bay; in the northeastern one). In general, during the entire study period, except for winter,
Crustacea formed the basis of A. aurita ration in both water areas.

Unlike A. aurita, M. leidyi clearly preferred crustaceans. Those accounted for up to 70 %
of the total prey abundance in the gastric cavity at the stations on both inner and outer shelves
in different seasons.

100 — 7] Bivalvia

Bl crustacea

Abundance, %

winter spring summer winter spring summer  autumn

inner shelf outer shelf

Fig. 3. Variability of A. aurita food composition (% of total abundance in the gastric cavity) in different
seasons and areas of the Crimean shelf in 2016
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In A. aurita population, the abundance of feeding individuals varied seasonally. Specifically, in winter
and spring, it was maximum in both areas (96-98 %), while in summer and autumn, the value did not
exceed 70 %. On the inner shelf, A. aurita stopped feeding in autumn.

Unlike A. aurita, 100 % of the studied M. leidyi had food in the gastric cavity in all the seasons.

In both areas, the values of A. aurita daily ration varied by an order of magnitude during the study pe-
riod. The minimum ones were registered at shallow stations in spring [(0.010 +0.002) mg C-ind.™!-day™],
when the mean size of an individual in the population is minimal (Table 3).

Table 3. Diameter (D, mm), carbon content (C, mg~ind.‘1), prey abundance in the gastric cavity (N, ind.),
daily ration (R, mg C-ind.~!-day'), and specific daily ration (R/C, %-ind.”!-day") for A. aurita in inshore
areas of the Black Sea (n denotes the number of measurements)

Season Area n D C N R R/C
Winter Inner shelf 15 116.9 £ 8.6 87.2+16.2 10.2+£3.0 0.031 £0.021 0.03 £ 0.01
Outer shelf | 20 125+94 88.9+16.9 16.7+4.4 0.017 £0.010 0.08 + 0.04
Spring Inner shelf 31 253142 29+£1.2 7.7+1.8 0.010 £ 0.002 3.97+£0.63
Outer shelf | 51 52.5%+3.0 99+19 157+1.2 0.100 £ 0.010 2.11+£0.19
Summer Inner shelf 25 60.8 £5.1 11.4+5.24 11.8+54 0.100 £ 0.020 2.8510.84
Outer shelf | 48 50.2 2.7 6.8£1.0 119+1.7 0.250 £ 0.040 129 £ 3.1
Inner shelf | 20 0 0 0 0 0
Autumn
Outer shelf | 27 80.8 £7.8 30.2+8.4 19.1 4.5 0.05 + 0.01 0.32+£0.10

The rations were the highest in summer on both inner and outer shelves. The prey abundance
in the gastric cavity ranged ~ 8 to 19 ind., with no clear relationships with either the season or spot
of study (p >0.5). The minimum values of the specific daily ration were recorded in winter at low temper-
ature, low zooplankton biomass, and predominance of large animals in the population. Due to the differ-
ences in the structure of the jellyfish population by areas, in the shallow water area in spring, the specific
daily ration was twice as high as the ration on the outer shelf. On the outer shelf in summer, A. aurita
specific ration reached its maximum values: (12.9 + 3.1) % Cbody-day_l.

The ration values increased with a rise in water temperature: on average, animals with carbon con-
tent of 10 mg consumed in winter 0.12 % Cbody-day_l; in spring, 0.56 % Cbody-day_l; and in summer,
3% Cbody-day‘1 at a temperature of +8, +10, and +20 °C, respectively.

In different seasons, the feeding rate of the ctenophore was slightly higher than that of A. aurita
individuals. Specifically, the ranges in daily rations were (0.01 +0.002) to (0.25 + 0.04) mg C-ind.™"-day™
for A. aurita and (0.018 % 0.009) to (0.40 + 0.15) mg C-ind.”"-day™ for M. leidyi. Importantly, a small
number of measurements for the ctenophore allows us to highlight a trend, but not statistically significant
differences (Tables 3 and 4).

The feeding rate of the studied species did not differ significantly as well: in winter, spring, and au-
tumn, the specific daily rations did not exceed tenth of a percent of the carbon content in the body.
Both species fed at a maximum rate in summer in the area of the outer shelf: the rations reached 12.9
and 5.1 % C of the body for A. aurita and ctenophore, respectively.

The minimum daily food requirements of A. aurita, which were calculated as a respiration rate
under given temperature conditions, ranged 1.9 to 10 % C of the body. The degree of food sup-
ply for A. aurita indicated by the ratio between respiratory needs (Q, mg C-ind.”-day™") and feeding
rate (R, mg C-ind.™"-day™) varied seasonally (Fig. 4).
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Table 4. Length (L, mm), carbon content (C, mg-ind.™!), prey abundance in the gastric cavity (N, ind.),
daily ration (R, mg C-ind.~"-day™"), and specific daily ration (R/C, %-ind.”"-day™") for M. leidyi in inshore
areas of the Black Sea (n denotes the number of measurements)

Season Area n L C N R R/C
Wint Inner shelf 4 33.5+6.5 16.7 £ 8.9 7.4+38 0.018 £ 0.009 0.1920.11
inter
Outer shelf 14 37447 13.2+£3.6 11.0x+4.6 0.03 £ 0.01 0.13£0.04
Sori Inner shelf 6 413279 12.6 £5.1 19.2+5.5 0.066 £ 0.025 0.28 £0.12
rin,
prng Outer shelf 8 62.7+5.6 29.0+6.8 21.8+5.3 0.262 £0.103 0.43+0.19
Inner shelf 0 0 0 0 0 0
Summer
Outer shelf 3 56.3+13.9 354+ 18.0 27.0+ 14.8 0.404 £0.152 5.10+3.72
Autumn Inner shelf 1 92 89.5 19 0.370 0.40
utu
Outer shelf 4 542 +9.0 3251163 9.0+7.0 0.032 £0.071 0.21 £ 0.09
65.26
40 — _
|| A.aurita
i I M.leidyi
30 —
-
6]
- &
o EI Q E- sz D |
winter  spring summer autumn winter spring summer autumn

inner shelf outer shelf

Fig. 4. Seasonal dynamics of the relationship between respiration rate (Q, mg C-ind.”!-day™!) and daily
ration (R, mg C-ind.”!-day™") for A. aurita and M. leidyi

On the inner shelf in winter, respiratory needs were dozens of times higher than daily rations.
In spring and summer, A. aurita were better supplied with food (Q/R ranged 1.64 to 3.27). On the outer
shelf in summer, the daily rations of the population were higher than the food requirements. Thus, dur-
ing most of the year, A. aurita could not compensate for its minimum food requirements solely with
mesozooplankton. There were practically no differences in the degree of food supply by area, except
for winter, when the population on the inner shelf was less supplied; it is associated with low feeding
rate due to low zooplankton concentration. M. leidyi was better supplied with food in spring and summer
on the outer shelf (Q/R values were 2.1 and 1.5, respectively) and experienced less food shortage during
the entire study period than A. aurita.

Predatory impact for A. aurita population, which was calculated based on the values of ration and zoo-
plankton biomass, varied 0.22 to ~ 5 % of zooplankton biomass per day. The value of the predatory im-
pact for the ctenophore population was an order of magnitude lower (0.02 to 0.29) due to its small abun-
dance in the study period (Fig. 5). Unfortunately, the time of intensive growth and development of M. lei-
dyi population (late June till September), when the predatory impact is maximum, was not covered by our
investigation.

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2022 vol. 7 no. 1



Trophic relationships in the zooplankton — gelatinous zooplankton food chain... 101

In general, predatory impact of gelatinous zooplankton in the coastal areas of Crimea in winter,
spring, and early summer was 0.35—-1.3 %; in autumn, it reached ~ 5 % of zooplankton biomass per day.
Considering the fact that the specific production of Copepoda — the main food resource for gelatinous
zooplankton — is 10 % of biomass per day, we can conclude as follows: the predatory impact of gelati-
nous zooplankton in the studied areas varied within 3.5-50 % of daily production and could not result
in a decrease in the zooplankton community biomass.

g5 A.aurita 499
i Bl M .leidyi

winter spring summer autumn winter spring summer autumn

inner shelf outer shelf

Fig. 5. Seasonal dynamics of predatory impact of A. aurita and M. leidyi populations on mesoplankton
biomass

DISCUSSION

Based on monitoring observations in the Sevastopol shelf area, as well as on studies carried out
in 2013-2016 on the Crimean shelf, an increase is clearly seen in A. aurita biomass in recent years
compared to that in the early 2000s, when A. aurita wet biomass in the period of its maximum develop-
ment was 200-300 g-m™2 (Anninsky et al., 2011). As for the shelf areas off the Crimean coast in 2016,
we can conclude the following: on the inner shelf, maximum A. aurita biomass was (544 + 296) g-m_z,
and on the outer shelf, (800 + 281) g-m™. In contrast, M. leidyi population density in coastal areas
decreased. In recent years, the mean summer (May to September) ctenophore biomass in the Sevas-
topol shelf area does not exceed 100 g~m'2, whilst in the 2000s, it reached 300 g-m‘z. In the sum-
mer of 2004-2009, the mean population density in the Black Sea coastal areas near Sevastopol
was (198.2 + 43.7) ind.-m™%; in 2010-2014, it was (54.5 + 14.0) ind.-m™ (Finenko et al., 2018b).
Our study in 2016, as mentioned above, did not cover the period of mass development of the ctenophore,
and its abundance and biomass values were much lower.

In different seasons of 2016, A. aurita specific feeding rate in the coastal areas of Crimea varied
within 0.03-12.9 % C of the body (see Table 3). In the Black Sea open areas in autumn 2010, daily
rations were estimated at 2 % C (Anninsky et al., 2013). In the coastal area in the spring of 2013, those
varied within 1-3 % C (Datsyk et al., 2015). In our studies carried out in different seasons, the range
in values was wide due to seasonal and spatial peculiarities of the structure of A. aurita population, as well
as due to temperature and food conditions. Seasonal differences in A. aurita daily rations in the coastal
areas of Crimea practically coincide with the results of laboratory experiments: those showed that at nat-
ural mesoplankton concentrations, daily rations varied 0.1 to 10.0 % of the carbon content in the body
of the jellyfish (Anninsky et al., 2020).
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Earlier, the degree of food supply for A. aurita population was assessed. The studies were carried out
in autumn and spring in the Black Sea coastal and deep-water areas (Anninsky & Timofte, 2009 ; An-
ninsky & Datsyk, 2013 ; Datsyk et al., 2015). Based on this assessment, in these seasons, the food re-
quirements of the jellyfish exceeded predatory impact on mesoplankton approximately twice. In winter,
according to our study, the difference between respiratory needs and ration is much higher and amounts
to dozens of times. In spring and summer, these differences vary 2—4 times depending on the area;
on the outer shelf in summer, those reach a minimum value (~ 0.8 times). Thus, for most of the life cy-
cle, A. aurita cannot compensate for its minimum food requirements with mesoplankton and, apparently,
uses alternative food sources. In the literature, the issue of alternative food sources for this species is ac-
tively discussed (Anninsky et al., 2020 ; Malej et al., 2006 ; Olesen et al., 1994 ; Stoecker et al., 1987).
In laboratory experiments, it was established that microzooplankton can be a key component of A. au-
rita ration (Stoecker et al., 1987). Based on the fact that microzooplankton biomass and production
in the coastal areas of Crimea in separate periods reach values comparable with the corresponding indi-
cators for mesozooplankton (Finenko et al., 2006) and given its longer digestion time, it can be assumed
as follows: microzooplankton can serve as an additional food source for A. aurita. The issue of the use
of phyto- and bacterioplankton, as well as dissolved organic matter, by the jellyfish is also discussed,
but there is still no unambiguous position (Malej et al., 2006 ; Purcell et al., 2007 ; Richardson et al.,
2009 ; Shick, 1975). As already mentioned, in the western and eastern areas of the shelf in the summer
of 2016, in the gastric cavity of the jellyfish, we found an alga Coscinodiscus granii in large number: it ac-
counted for 40—-45 % of the total number of prey. Importantly, the presence of “empty” cell membranes
and leaked contents of chloroplasts indicated that in some cases, phytoplankton digestion was successful.
However, its ratio in the daily ration calculated by carbon was insignificant (< 1 %).

For an adult ctenophore, the imbalance between food requirements and the amount of mesoplankton
consumed in winter and autumn is not as great as for the jellyfish. Apparently, for most of the life
cycle, the animals not only compensate for their respiratory needs, but also have enough food for growth
and reproduction due to mesoplankton. During the first few days, at the larval stage, the main food source
for M. leidyi is microzooplankton (Finenko et al., 2008 ; Sullivan & Gifford, 2004). However, already
at the transitional stage, mesoplankton prevails over microzooplankton (Finenko et al., 2008).

In the study period, the main contributor to the predatory impact on zooplankton by gelatinous zoo-
plankton was A. aurita. Nevertheless, the predatory impact of two mass species (A. aurita and M. leidyi)
on mesoplankton in winter, spring, and summer was low (0.7-2.0 % of zooplankton biomass per day).
It increased in autumn in the area of the outer shelf up to 7 %, but it could not lead to a cardinal reduc-
tion in the zooplankton community abundance. The same conclusion is drawn by the data in (Shushkina
& Arnautov, 1985): even in the years of A. aurita maximum development (in the 1980s), the population
could consume only 5-7 % of zooplankton biomass per day, or 50-70 % of its daily production.

Low values of zooplankton predatory impact by A. aurita, close to those obtained by us, were regis-
tered in the Sevastopol shelf area and in the Black Sea open areas earlier (Datsyk et al., 2015). The lack
of correlation between biomass of gelatinous predators and biomass of mesoplankton and its individ-
ual taxonomic groups (Arashkevich et al., 2015) confirms our conclusion: at this stage, gelatinous zoo-
plankton does not control the quantitative development of the zooplankton community. Apparently,
the values of zooplankton abundance and biomass are now determined not by predation of gelatinous
zooplankton, but by variability of the ratio of productivity and mortality due to effect of other factors.
At the same time, there was a transformation of the pelagic ecosystem of the Black Sea: it returned
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to the classical type of zooplankton — fish — planktophages functioning after the period of zooplank-
ton — Mnemiopsis interaction during the “explosion” of this invasive ctenophore (that time, the trophic
chain leading to fish was greatly reduced).

In recent years, a decrease in the predatory impact of gelatinous zooplankton on fodder zooplankton
in the Black Sea coastal areas (Finenko et al., 2013, 2018a) combined with climate changes in the region
has led to an improvement in food supply for larvae of thermophilic fish species. It resulted in an in-
crease in their survival, a rise both in species diversity and duration of the spawning period, and forming
of favorable conditions for embryonic and postembryonic development (Klimova & Podrezova, 2018).

This work was carried out within the framework of the IBSS state research assignments “Functional, metabolic,
and toxicological aspects of hydrobionts and their populations existence in biotopes with different physical and chem-
ical regimes” (No. 121041400077-1) and “Regularities of formation and anthropogenic transformation of bio-
diversity and biological resources of the Sea of Azov — Black Sea basin and other areas of the World Ocean”
(No. 121030100028-0), as well as with the partial support of the RFBR and Sevastopol project “Response
of the Black Sea pelagic ecosystem to climate change in the region (on the example of jellyfish, ctenophore, and small

pelagic fish)” (No. p_a 18-44-920022).
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TPOPUNYECKUE OTHOIIEHUA
B IIUIIEBOM IEIHX 300ILTIAHKTOH — KEJIETEJIBIE
B HIEJIb®OBBIX PANOHAX KPBIMCKOI'O ITIOBEPEKbSA YEPHOI'O MOPSI

I'. A. ®unenko, H. A. lanpik, b. E. Auanncknii, 10. A. 3aropoansis

®I'BYH PULL «MucTuTyT GMosorun 10xkHbX Mopeid umMenn A. O. Kosanesckoro PAH»,
Cesacromnosb, Poccuiickas ®enepanys
E-mail: gfinenko@gmail.com

B uernipéx peticax HUC «IIpodeccop Bonsuunkuii» B siHBape — okTsi0pe 2016 T. mccienoBa-
Ha CE30HHAs M MPOCTPAHCTBEHHAs JUHAMMKA OCHOBHBIX TPO(PUUYECKHUX XAPAKTEPUCTHK (ITHILEBON
CMEKTpP, MHTEHCUBHOCTh MUTAHUS ¥ BBIEJAHNS ME30300TUIAHKTOHA) MOMYJISAIMN JBYX BUOOB XKejeTe-
nbix (Meny3wl Aurelia aurita (Linnaeus, 1758) u rpeGHeBuka Mnemiopsis leidyi A. Agassiz, 1865)
Ha menbde Kpeivmckoro monmyoctpoa. Paiion pabot ObiT pa3nenéH Ha BHYTpeHHUH (TyOuHa MeHee
50 m) u BHemHM# (51-200 M) wenbgd. dns u3ydyeHus crieKTpa NUTaHUS U CKOPOCTU MOTpeOIeHUs
NHIIY KeJeTeJbIMU XUIIHUKAMU T0fl OMHOKYJISIPOM OIpeesisiId COCTaB MUILEBBIX OOBEKTOB B ra-
CTPANBHOM TIONI0CTH KMBOTHBIX. CyTouHBIA pamuoH (R, mr-ak3.”'-cyr™!) paccunteBami no gopmy-
ne R =B, x DT™! x 24, rie B, — 6uomacca 300IJIaHKTOHA B TACTPATBHOI TOJOCTH XUIHUKA (M),
a DT — BpeMms nepeBapuBaHMs 300IUIAHKTOHA (4). BrlejaHe 300IUIaHKTOHA OLIEHUBAJIM 10 BEJIU-
YMHAM CYTOYHBIX PAIIIOHOB TIOIYJISIIMH U 10 OOMACCe Me30300IUIAHKTOHA. 300TUIAHKTOH OTOMpaITH
IJTAHKTOHHOM ceThio JXkeIr ¢ AnaMeTpoM BXOTHOTO OTBEPCTHS 38 cM 1 pazmepoM stuen 140 Mrm. Bep-
THUKAJILHBIMU JIOBAMY Ha CTAHIMSX BHYTPEHHETO Inesib(a 0OIaBIMBalIM CJION OT TIOBEPXHOCTH JIO JIHA,
Ha BHEIIHEM lIefib(e — 10 TPAHULBI CEPOBOJOPOIHON 30HBI, ONpPeaesseMOil 0 N30NUKHE (110 AaH-
HbIM 30H/1a Sea-Bird, §, = 16,2 yc1. efn.). B pukcupoBanHbIx 4%-HbIM pacTBOpoM (hopMaIMHa podax
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10 CTaHAAPTHON METOAMKE OIpeeIIsUTd YUCICHHOCTh 300IJIAHKTOHA, €r0 TAKCOHOMHYECKHN COCTaB
Y pa3MepHO-BO3PACTHYIO CTPYKTYpPY. BHIsIBICHBI Ce30HHBIE Pa3MUMs B MHUIIEBOM CIIEKTPE MeIy3 —
rpeodiaiaHye BEJIMIePOB JIBYCTBOPYATHIX MOJUTIOCKOB B 3IMHE-BECEHHUI MEPUO]] U MIUPOKUN BUIIO-
BOI1 COCTaB PakOOOPA3HBIX U JIPYTUX TPYII KePTB JeToM. IHTEeHCUBHOCTD MUTAHUS JIBYX U3YyUYESHHBIX
BUJIOB ObUIa OJIM3KOW: Y/Ie/IbHbIE CYTOUHBIE PAIIMOHBI 3MMOM, BECHOM U OCEHbIO HE MPEeBBIIIAIN JeCs-
TBIX JI0JIeH MPOIIEHTA CoiepkKaHus yriepoa B Tesie. C MaKCUMAaJIbHOM CKOPOCThIO 00a BH/Ia MUTAIUCh
JIETOM B paiioHe BHEIIHETO Iiejibda: parmons! gocturanu 12,9 u 5,1 % C tena y Meay3 v rpeOHEBUKOB
cootBercTBeHHO. [Tonynsiwu A. aurita u M. leidyi Boienamu ot 0,2 10 5,0 % 6roMaccs KOpMOBOTO 300-
IUIAHKTOHA B CYTKH, YTO HE IPUBOJWIIO K Kap/IMHAJIFBHOMY COKDAIIEHHIO YNCIIEHHOCTH 300TUIAHKTOH-
HOT'O COOOINECTBA U 00ECTIeUnBaIO OJIarONPHUATHBIE TIUIEBbIC YCIOBUS JIJIS1 MEJIKHMX TUIAHKTOHOSITHBIX
TeJIArMYECKUX PhiO.

KuiroueBrble cJ10Ba: xeJeTelblil 3001UIaHKTOH, Aurelia aurita, Mnemiopsis leidyi, CyTOYHBIN PaIVOH,
BBIEJAHUE
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An outbreak of marine mucilage in the Sea of Marmara in the spring and summer of 2021 is de-
scribed. Based on satellite data, an analysis of similar outbreaks in the previous decade was carried out.
As shown, the current situation is unique both in terms of the water area coverage and phenomenon dura-
tion. The need for comprehensive research is emphasized in order to understand the causes of the occur-
rence of the marine mucilage and the consequences of its effect on the marine ecosystem and economic
activities in coastal waters.

Keywords: marine mucilage, Sea of Marmara, marine ecosystem, satellite data, outbreak

Since the spring of 2021, extremely high agglomerations of marine mucilage were observed in the Sea
of Marmara waters: on the sea surface, according to data from optical sensors, those reached areas of tens
of square kilometers. The substance was previously recorded both in the Sea of Marmara basin (Aktan
et al., 2008) and in other water areas (McKenzie et al., 2002 ; Precali et al., 2005), but the current
situation indicated several new risks for the natural balance of marine ecosystems.

The marine mucilage is a colloidal substance that forms conglomerates ranging millimeters to dozens
of centimeters long and becomes a substrate for microorganisms of various taxonomic ranks (bacteria,
viruses, efc.) (Xu et al., 2013). This phenomenon has not been sufficiently studied. It seems to be associ-
ated with vital activity of some phytoplankton species (Lancelot, 1995). As considered, the occurrence
of the marine mucilage is related to an increase in phytoplankton biomass or its response to stressors,
with the last ones being not reliably identified (Balkis et al., 2001 ; Danovaro et al., 2009).

With optical satellite sensors of medium and high resolution, the marine mucilage is recorded both
as a suspension in the sea surface layer and as a floating substance. On RGB composites (from MSI
Sentinel-2, OLI Landsat-8, MODIS Aqua sensors, efc.), the marine mucilage is usually seen as white
to yellow long filamentary formations with increased brightness in convergence zones.

The authors of this work analyzed probable presence of the marine mucilage in satellite imagery
since 2010. In addition to daily observations based on medium-resolution data, 440 high-resolution
scenes and sets were analyzed (240 items from Landsat satellites, 187 items from Sentinel-2, and 13 items
from Gaofen) on clear-sky days or days when the Sea of Marmara water area was recorded fragmentarily.
To isolate areas with the marine mucilage, both RGB composites creating and multichannel approach
with the elimination of the reflected radiation were applied.
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It turned out that the marine mucilage occurs on the Sea of Marmara surface almost every year
(except for 2014), mainly in March or April. Its outbreaks can be single or of a long-term nature.
Until 2020, those were recorded by optical sensors for 1-9 days. Typically, areas with the marine
mucilage were of several square kilometers.

In 2021, a different situation was observed. During March and almost all of April, the outbreak
of the marine mucilage differed from that in previous years by a longer interval of presence on the sea
surface and a larger volume in the water column. Since 29 April, an intensive increase in the floating
marine mucilage was registered: first, in the Gulf of Gemlik and adjacent areas; then, in coastal zones
in the western and eastern sea areas; and later (by 3 May), in nearly all water area. From 29 April
to 26 June, the marine mucilage was almost constantly visible in optical images.

In 2021, the transfer of the marine mucilage through the Dardanelles into the Aegean Sea was ob-
served for the first time as well. Since the late March, the transfer was repeatedly detected both on RGB
composites and in images with the reflected radiation eliminated. On 9 June, the greatest transfer
was recorded: the distance between the Dardanelles outlet and the Thassos island exceeded 150 km.

The outbreaks, such as in 2021, reveal several mechanisms of effect on the environment, due to which
representatives of almost all levels of the trophic chains are subjected to negative impact. Specifically,
an increase in the areas of the floating marine mucilage accumulation is accompanied by the effects
of overheating: the temperature in a marine mucilage zone exceeds the surface temperature of the sur-
rounding waters by 5-6 °C. Moreover, shading areas are formed limiting the intake of solar radiation
into the subsurface water layers, and this affects phytoplankton vital activity. Furthermore, the marine
mucilage is characterized by a decrease in surface tension and a wraparound effect resulting in the death
of benthos (Ozalp, 2021) and possibly fish and waterfowl. The question of the development of pathogenic
microorganisms remains unclear; its probability is high, given the biological basis of marine mucilage.

The occurrence of the marine mucilage in extreme quantities can probably be analyzed
from the point of view of a potential ecological disaster. Therefore, its further comprehensive study
is urgent — by biological, chemical, satellite, and other methods.

This work was carried out within the framework of the MHI state research assignments No. 0555-2021-0003
and 0555-2021-0006, as well as with the support of Russian Science Foundation grant No. 21-77-10052

“The effect of physical factors on the evolution of meso- and submesoscale eddies in the marine environment”.
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OnucaHo 3KCTpeMabHOE MPOsIBJICHUE MOPCKOM C/IM3u B MpaMopHOM Mope BecHor — Jietom 2021 r.
Ha ocHoBe cyTHUKOBBIX JaHHBIX MPOBEEH aHAIN3 TOAOOHBIX TPOSIBIEHUH B IpeJblayllee JecsaTre-
tHe. [TokazaHo, YTO TeKyIlasi CUTyalisl YHUKAJIbHA KaK 10 OXBaTy aKBATOPUH, TAK U IO ITPOJIOKUTENb-
HOCTH siBieHus1. OTMeueHa HeoOX0JUMOCTh TPOBE/ICHNsI KOMIUIEKCHBIX MCCIAeAOBAHMNA 1J1s1 TOHUMA-
HUS TPUYUH BOSHUKHOBEHHU I MOPCKOM CJIM3U U ITOCJIEICTBUM €€ BO3JIEHCTBUS HA MOPCKYIO 9KOCHCTEMY

n XO3HﬁCTBCHHyIO JEATCIIbBHOCTh B HpI/I6pC)KHbIX BOJax.

KiroueBnble cioBa: MOpCKas CJIn3b, MpaMopﬂoe MOp€, MOPCKadA 9KOCUCTEMA, CITYTHUKOBLIC JaHHBIC,

KCTPEMAJIBHOE MTPOABJICHUE
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CHRONICLE AND INFORMATION

IN MEMORIAM: NIKOLAI RISIK
(07.08.1937 — 11.12.2021)

On 11 December, 2021, PhD Nikolai Risik passed away
at the age of 85 — a well-known radiobiologist and one
of the oldest employees of the IBSS radiation and chemical
biology department.

N. Risik was born on 7 August, 1937, in the village
of Milcha (the Vileyka District of Minsk Region, the Byelorus-
sian SSR). His family survived the terrible years of the fascist
occupation, and in the post-war period, realizing that his rela-
tives needed support, 15-year-old Nikolai Risik entered an agri-
cultural college (1952-1956). After graduating, he worked
for a year as a collective farm agronomist (1956—1957).

He always dreamed of becoming a researcher. Hence, after
serving in the Soviet Army (1957-1960), he entered the Lenin
Belarusian State University in Minsk and proved to be a talented scientist. After graduating, he was in-
vited to work at his native university as a researcher assistant at the biochemistry and biophysics depart-
ment (1965-1966). During the studies and work at the Belarusian State University, N. Risik published
14 scientific papers.

His scientific fate was determined by his acquaintance with Gennady Polikarpov at the university.
So, in 1966-1969, Nikolai Risik studied at the PhD graduate school in radiobiology at the IBSS (Sevas-
topol). In these three years, he discovered and investigated a new phenomenon — the accumulation of ura-
nium atoms by hydrobionts. This research was widely supported by scientists from the USSR, the USA,
and other countries. In 1970, N. Risik was awarded the medal “For Valiant Labor — In Commemoration
of the 100"™ Anniversary of the Birth of Vladimir Ilyich Lenin”.

On 23 February, 1971, Nikolai Risik successfully defended his PhD thesis “Microdistribution and ac-
cumulation of uranium in hydrobionts”. On 7 April, 1971, he was awarded the candidate of biological
sciences degree.

In 1969-1975, he was a junior researcher at the IBSS radiation and chemical biology depart-
ment. Since 1975, he was a senior researcher. During the years of his work, N. Risik proved
to be an excellent organizer of investigations and a responsible and proactive employee. Colleagues
have always said that he is a kind and understanding person. Therefore, G. Polikarpov, the corre-
sponding member of the Academy of Sciences of the Ukrainian SSR, departing on a long business
trip to Monaco (1975-1979), entrusted Nikolai Risik to head the department. He coped brilliantly
with this duty.
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His international scientific activity was very intense as well. In 1976, as a UNESCO scholar,
he worked at institutions of France and Monaco. In 1981-1982, he was on a business trip in Libya;
there, by order of the all-Union association “Soyuzglavzagranatomenergo”, he carried out the assign-
ment “Marine radioecological research in the Sirt NPP vicinity”. The economic effect of the work
on this assignment and hydrobiological research conducted by the institute amounted to 100 thousand
rubles. In 1986-1991, N. Risik supervised the assignment of the IBSS radiation and chemical biology
department on Soviet—Bulgarian cooperation.

He deeply loved the sea and was an active participant of the cruises on the IBSS research vessels.
In 1972, he was a member of the 26" cruise on the RV “Mikhail Lomonosov” to the Atlantic. In 1979,
he headed the expedition during the 87" cruise on the RV “Akademik A. Kovalevsky”.

Scientific interests of Nikolai Risik covered the study — both in nature and in experiments with open
radioisotopes (class II) — of the distribution forms of uranium and transuranium elements in the aquatic
environment and in living marine and freshwater hydrobionts. Moreover, he worked on determining
the dose loads from atom aggregates of uranium and transuranium elements in hydrobionts. For the high
scientific and potentially applied significance of his works, N. Risik was awarded several diplomas
and cash prizes. The material of his publications was presented at international and all-Union sym-
posiums and meetings. He also participated in exhibitions of achievements of national economy
of the USSR and the Ukrainian SSR.

He published more than 70 scientific articles in domestic and foreign journals on radioecology
and chemoecology. In his works, many aspects of uranium radioecology in marine ecosystems were
reflected. He studied diurnal shifts in uranium concentration in decapods, its accumulation in water
basins of different salinity, uranium toxic effect on zooplankton and on vital activity of unicellular algae,
and accumulation of thorium and other transuranium elements by hydrobionts. Nikolai Risik analyzed
the accumulation of heavy metals both by individual species of marine organisms and by seston. After
the Chernobyl NPP accident, several works were devoted to the issues of migration and distribution
of technogenic radionuclides in the area of the Lower Dnieper, the North Crimean Canal, and Crimea.

He was the co-author of five collective monographs in radiobiology, marine radioecology, and related
areas of marine biology. One of his early collective monographs — “Artificial and natural radionuclides
in the life of hydrobionts” by V. Tsytsugina, N. Risik, and G. Lazorenko (1973) — became a pioneer work
in several areas in radioecology, got a wide response in the international scientific community, and was
published in English (1975). His later papers were devoted to the study of plutonium radionuclides
in marine ecosystems as well.

Nikolai Risik was in charge of the radioecological program of scientific and technical cooperation
with “Krymenergo” on the Crimean NPP in the issues of environmental protection. The obtained results
helped to prevent making an erroneous decision of NPP construction on the peninsula. In the hard years
after the Chernobyl NPP accident (1986-1990), N. Risik, heading the radiochemoecology laboratory
of the IBSS radiation and chemical biology department, supervised the works on radiation monitoring
in Crimea. For decision-making, he developed and submitted to the Sevastopol City Executive Commit-
tee the recommendations on limiting the dose load on the population of Sevastopol and Crimea. Together
with the city sanitary and epidemiological station staff, he carried out control of radioactive contamina-
tion of milk, baby food, and vegetables. To the Crimean Regional Executive Committee and the Sevas-
topol City Executive Committee, he sent data on the radiation in the vicinity of the Chernorechensk
Reservoir and Maksimova dacha in 1986-1990.
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He participated in the social activities of the institute. For several years, he was deputy secretary
of the IBSS party bureau; in 1985, he was elected secretary of the party bureau of the IBSS primary
party organization. In 1976-1980, Nikolai Risik was scientific secretary of the specialized scientific
council of the IBSS for the defense of PhD theses in radiobiology and ichthyology. He was a practically
permanent curator of the class II isotope laboratory at the IBSS radiation and chemical biology depart-
ment. Moreover, he headed the radiation safety service of the institute, which was formed to ensure
work with sources of ionizing radiation and radiation-dosimetry control in the radiobiological building
and on the research vessels of the IBSS of the Academy of Sciences of the Ukrainian SSR.

All the colleagues, who were lucky to know this outstanding researcher, a kind-hearted friend,
and a good family man, deeply mourn the untimely death of N. Risik.

The IBSS radiation and chemical biology department suffered an irreparable loss. We grieve,
we will always remember Nikolai Risik, and we express our condolences to his family and friends.

With great respect for Nikolai Risik,

colleagues from the IBSS radiation and chemical biology department,
N. Mirzoeva, head of the department, leading researcher, PhD,

N. Tereshchenko, leading researcher, PhD.

INAMATHU HUKOJIAA CUIOPOBUYA PUCHUKA
(07.08.1937 — 11.12.2021)

11 pexabps 2021 r. ymén w3 xwm3HM Hwukomait CumopoBnu Pucnmk — uW3BeCTHBIN
YUYEHBIH-PAaIHOOMOIIOr, KaHIUIAT OWONOrMYeCKMX HAyK, OAWH W3 CTapedlliuX COTPYIHUKOB
oTAena paauMalMoHHOW u xumuueckow Ouosnorun OUL] MHBIOM. H. C. Pucuk — aBTOp

6osiee ueM 70 HAYUHBIX CTaTel M COABTOP MATHU KOJUIEKTUBHBIX MOHOTpacuii.
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