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The Indian oil sardine Sardinella longiceps plays a key role in the coastal ecosystem of Oman and its fish-
eries. Total sardine landings along the Omani coast have increased dramatically: from approximately
17,000 t in 1997 to 440,000 t in 2021. A comparison of S. longiceps size structure, length—weight re-
lationship, maturity, spawning seasons, growth, mortality parameters, and some stock characteristics
in 1997 and in 2020-2021, as well as data obtained during earlier studies in Oman, shows that the biolog-
ical structure of the population has been relatively stable over the time. The exploitation rate was higher
than 0.5, and although the Indian oil sardine can sustain high exploitation rates, its stock in the Omani
waters was overexploited. The biological data acquired during the present study provide a basis for man-
agement of the fishery; however, monitoring of catches should be continued, so that a longer time series
of biological information can be collected and analyzed.

Keywords: Indian oil sardine, Sardinella longiceps, length composition, reproductive characteristics,
growth, mortality, stock, long-term changes, Muscat, Sea of Oman

Fisheries play a vital role in coastal communities contributing significantly to employment, food
security, nutrition, and national economy of the Sultanate of Oman. According to fisheries statistics
of FAO [2024], the total fish catches in Oman rose from about 118,600 metric tons (t) in 1994
to 922,000 t in 2021 (Fig. 1A). This remarkable growth was mainly due to increased catches of sar-
dines by almost 27 times, from 14,100 t in 2008 to 376,000 t in 2021, in two regions, Al Wusta
and Al Sharqiyah [Fisheries Statistics Book, 2013, 2022]. In other regions, the changes of the sardine
landings were not as noticeable. For example, in the Muscat region, the mean landing of sardines during
1994-2011 was around 10,000 t and decreased to only 3,200 t during 2012-2022 [Fisheries Statistics
Book, 2003, 2013, 2022] (Fig. 1B). Overall, sardine landings contributed to about 24% of total fishery
production in Oman in 1994-2011, and their share increased to approximately 50% in 2018-2021. Re-
cently, the total sardine landing in Oman has dropped significantly, from 440,156 t in 2021 to 280,623 t
in 2022. In the Muscat region, the landing has also decreased, from 5,404 t to 3,906 t during these years.
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Fig. 1. Total fishery production and sardine landings in Oman (A) and total catches of sardines
in the Muscat region (B) in 1994-2022

Five species of sardines (Sardinella albella, S. gibbosa, S. longiceps, S. melanura, and S. sindensis)
are reported from the Omani waters [FishBase, 2024; Randall, 1995]. However, in addition to these
species, the blue stripe herring (Herklotsichthys quadrimaculatus) and gizzard shad (Nematalosa nasus)
have been included in the statistics of sardine landings in Oman in recent years [Fisheries Statistics Book,
2013,2020, 2022]. According to [Al Jufaili, 2021; Al-Abdessalaam, 1995; Zaki et al., 2021], the Indian
oil sardine Sardinella longiceps Valenciennes, 1847 contributes to about 80% of the total sardine catches
in Oman; therefore, this species is of particular interest.

The biology of the Indian oil sardine from different areas of Oman was first studied by M. Al-
Barwani ef al. [1989]. Research by J. Shaklee and M. Shaklee [1990] suggested the presence of a unit
stock of S. longiceps in the Omani waters. Different aspects of the reproduction biology of this species
have been described by M. Siddeek et al. [1994], S. Al Jufaili [2011] S. Al Jufaili et al. [2006], 1. Al-
Anbouri et al. [2013], and S. Zaki et al. [2021]. A comprehensive study on the fishery, biology, and stock
assessment of the Indian oil sardine was undertaken along the Omani coast during 2007-2009 under
the “Small Pelagic Fisheries Project” [Zaki et al., 2011]. Age, growth, mortality, and some stock pa-
rameters have been investigated in various regions of Oman, including Muscat [ Al-Anbouri et al., 2011;
Zakietal.,2011], Salalah [Zaki et al., 2011, 2013a], Sohar [Zaki et al., 2011, 2013b], and Mahout [Jaya-
balan et al., 2014; Zaki et al., 2011]. Several articles were published on S. longiceps fishery in Oman,
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inter alia those covering studies on gillnet selectivity [Govender, Al-Oufi, 2020], factors driving seasonal
and interannual fluctuations of sardine catches [Al Jufaili, Piontkovski, 2020; Piontkovski et al., 2014],
and changes in sardine landings along different regions of the Omani coast in 1995-2020 [Al Jufaili,
2021]. Recently, S. Dutta et al. [2021; 2024] estimated some population parameters of S. longiceps
based on samples from the Muscat region in 1997 and between 2004 and 2009. The research of S. Dutta
etal. [2024] showed that the stock of the species was largely overexploited during these years, with the ex-
ception of 2007. Dramatic fluctuations in the Indian oil sardine catches not only lead to changes in income
from its fishery, but also affect other valuable marine species, because the sardine is the primary food
source for a variety of large pelagic fish, marine mammals, and birds.

The main aim of the study was to compare population parameters of Sardinella longiceps in the Mus-
cat region between 1997 and 2020-2021 to determine whether there have been any changes in the bio-
logical structure of its assumed single unit stock due to an increase in its total catch in Oman by almost
27 times, although this rise occurred in other areas.

MATERIAL AND METHODS

S. longiceps was sampled randomly in Seeb fish market (the Muscat region) on a monthly basis Jan-
uary to December 1997 (1,375 specimens) and during the period October 2020 to August 2021, except
July (394 specimens). The fish were caught by traditional artisanal fishermen using gillnets, surround-
ing nets, and cast nets. The fish were transferred to the laboratory of the Sultan Qaboos University
and measured in total length (TL) to the nearest 1 mm. The total weight (W) and gonad weight (GW)
were recorded to the nearest 0.01 g using an electronic balance (Mettler PE 360). Sex and stage of gonad
maturity were identified by visual observation of gonads using the five maturity stages scale based on size
and color appearance of gonads [Al-Anbouri et al., 2011; Fisheries Techniques, 1995].

The length—weight relationship was estimated using the allometric formula [Le Cren, 1951]:
W=a x L, ey

where W is the total wet weight (g);
L is the total length (cm);
a and b are the constants.

The values of the constants a and b were estimated by the least-square linear regression
from the logarithmic transformation values of length and weight:

logW =1loga + blog L , 2)

where b is the slope;
log a is the intercept [Zar, 1999].

The regression analysis was conducted using the Regression Analysis tool in MS Office Excel.
The 95% confidence limits (CL) of parameters a and b and coefficient of determination (Pearson r?)
were estimated. The coefficient of determination was used as an indicator of the linear regression
quality. Regressions were calculated for males, females, and both sexes combined. Analysis of covari-
ance (ANCOVA) was used to find out the significant difference, if any, between relationships of males
and females at the 5% level [Snedecor, Cochran, 1989]. The data on length and weight were log trans-
formed in PAST 4.14 [Hammer et al., 2001], and one-way ANCOVA was used to calculate the p-value.

Marine Biological Journal 2025 Vol. 10 No. 1



6 S. Al Jufaili and M. Chesalin

The length at first capture (L.) at which 50% of fish is vulnerable for the given fishing gear was defined
by calculating cumulative percentage of fish in 1-cm size classes and applying logistic function [King,
2007]:

P=1/1+4 e Ly, (3)

where P is the proportion of fish in 1-cm length classes;
L is the mid-class length;
L. is the length at first capture;
a is the constant.

The non-linear least-squares fitting with MS Office Excel Solver was used to obtain the best fit
of two parameters, L. and a.

The same method was applied to calculate the length at first maturity (L,,). Females with ovaries
and males with testis in stages 3, 4, and 5 were considered sexually mature. The cumulative percentage
occurrence of mature fish of both sexes in 1-cm size groups for the studied years was determined; the lo-
gistic function (formula 3) and the non-linear least-squares fitting with MS Office Excel Solver were
used to obtain L.

The sex ratio was determined as a number of males to number of females (M : F). The monthly
sex ratios were tested for significant deviations from the expected ratio with Pearson’s chi-square (x?)
goodness-of-fit test [Snedecor, Cochran, 1989] using the formula:

X*=) (0-E?/E, )

where O is observed numbers;
E is expected numbers.

The p-value was calculated applying CHISQ.TEST function in MS Office Excel.

To determine the spawning season, percentage occurrence of different maturity stages of gonads
during various months was calculated and plotted separately for males and females together with the go-
nadosomatic index (hereinafter GSI). Stages 1 and 2 were considered immature and inactive; stage 3,
developing/ripening; stage 4, ripe; and stage 5, running/spawning. GSI was established using the formula
of R. Wydoski and E. Cooper [1966]:

GSI = GW /W x 100, (5)

where GW is the gonad weight (g);
W is the total weight (g).

No clear annual growth rings were found in S. longiceps scales and otoliths, or they were highly in-
consistent [Abdussamad et al., 2023; Al-Barwani, Prabhakar, 1989; Zaki et al., 2011]; hence, calculated
length-based method was applied for age and growth estimations in the present study. To determine
growth parameters in von Bertalanffy growth function (hereinafter VBGF), the Electronic Length Fre-
quency Analysis (ELEFAN) with nonseasonal growth was used; this technique is incorporated in Tropical
Fisheries Analysis (TropFishR) package [Mildenberger et al., 2017].

The age at first maturity at which fish of a given population mature for the first time was calculated
from the length at first maturity using the inverse of VBGF [Mackay, Moreau, 1990]:

T,=t,—In(1—0L,,/L,)/K, 6)

where T, is age at first maturity;
t, is the age in VBGF;
L., is the asymptotic length;
L., is the length at first maturity;
K is the growth coefficient.

Mopckoii 6uonornyeckuii xkypHai 2025 Tom 10 Ne 1
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The potential life span (longevity) was determined by the formula of C. Taylor [1958] which is based
on the estimated parameters of VBGF:

Tmam = to + 3/K ’ (7)
where t, is the hypothetical age;
K is instantaneous growth coefficient in VBGF.
The optimal fishing length (L), the length at which the unfished cohort provides the maximum
possible yield, was estimated from the equation given by R. Beverton [1992]:

Lopt:Loo(3/<3+M/K))’ (8)

where L, and K are parameters of VBGF;
M is the natural mortality.
The annual instantaneous rate of natural mortality (M) was estimated in TropFishR by the empirical
equation of A. Then et al. [2015]:

M = 4.118K0-73[,-0.33 )

where L, (cm) is the von Bertalanffy coefficient.

The length converted catch curve method incorporated in TropFishR was employed
for the calculation of total mortality coefficient (Z).

The fishing mortality (F) was determined as follows: F =7 — M.

The exploitation rate (E), or the fraction of deaths caused by fishing [Gulland, 1971; Ricker, 1975;
Sparre, Venema, 1998], was computed as:

E=F/Z. (10)

The exploitation ratio (U), as a fraction of the fish caught during the year, was obtained from the equa-
tion given by W. Ricker [1975]:
U=F/Z(1—e?). (11)
The annual landing (in tons) in the present study was considered as the yield (Y).
The total stock (P) in weight was estimated from the ratio [Amin et al., 2002]:

P=Y/U, (12)

where Y is the annual average yield of the species (t);
U is the exploitation ratio.
The term standing stock biomass (B) refers to the concentration of fish populations in a given area
at a given time. This can be estimated in terms of numbers or weight. In the present study, the standing
stock was determined by weight using the formula [Amin et al., 2002]:

B=Y/F, (13)
where Y is the annual yield (t);
F is the fishing mortality.

The maximum sustainable yield (hereinafter MSY) was calculated by the equation suggested
by E. Cadima [Sparre, Venema, 1998; Troadec, 1977]:

MSY =0.5(Y + M x B), (14)

where Y is the total landing in a year;
M is the natural mortality;
B is the standing stock biomass in that same year.

Marine Biological Journal 2025 Vol. 10 No. 1



8 S. Al Jufaili and M. Chesalin

Statistical analysis was performed using MS Office Excel and PAST 4.14 [Hammer et al., 2001].

RESULTS

Size composition. The total length of the Indian oil sardine in the studied samples in 1997
ranged between 10.0 and 21.3 cm [mean was (16.26 £ 2.04) cm], and weight ranged between 8.2
and 91.0 g [mean was (38.66 = 14.91) g]. Females were slightly smaller than males; the mean
length of females was (16.06 = 2.14) cm, and that of males was (16.59 + 1.81) cm. Student’s z-test
and Kolmogorov—Smirnov two-sample test showed significant differences between means and length
frequency distributions of females and males (p < 0.001).

In the samples of 2020-2021, the total length of S. longiceps varied between 9.7 and 20.9 cm [mean
was (16.26 £ 2.20) cm], and weight varied between 7.3 and 77.6 g [mean was (39.71 + 14.88) g]. In con-
trast to the case of 1997, females were slightly larger than males; their mean length was (16.45 £2.30) cm,
and that of males was (16.05 = 2.03) cm. Differences between total length means and length distributions
of males and females were non-significant in this case.

Comparisons between 1997 and 2020-2021 showed no significant differences in the mean length
and length frequency distribution of S. longiceps (t-test, p = 0.978; Kolmogorov—Smirnov test, p = 0.09).
Fish less than 14 cm contributed to about 5-6% of the catch in 1997 and 2021-2022, while the largest
specimens, more than 20 cm, 10-11%. The length frequency distribution indicates three distinct
modes in both cases: 13.5-14.0, 16.5-17.0, and 19.5-20.0 cm for 1997 and 14.5-15, 17.0-17.5,
and 19.5-20.0 cm for 2020-2021 (Fig. 2).
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Fig. 2. Length frequency distribution of Sardinella longiceps from commercial catches in the Muscat region
in 1997 (A) and 2020-2021 (B)
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Monthly fluctuations of the mean length were very similar during 1997 and in 2020-2021 combined
by months in one year (Fig. 3). Larger specimens were observed in winter time (December to February),
while smaller sardines occurred mostly during summer and autumn (June to October).
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Fig. 3. Monthly fluctuations of the mean total length (TL) of Sardinella longiceps from the Muscat region
in 1997 and 2020-2021

Length-weight relationship. Parameters a and b in the relationship between somatic weight and to-
tal length of S. longiceps for both sexes combined in 1997 and 2020-2022 (formula 2) were very
similar (Table 1). The value of parameter b was estimated in 3.01 and 3.05, respectively, indicating
a close to isometric growth in weight for the species. The coefficient of determination (r7) was very high
in both cases ranging 0.96-0.97. ANCOVA test showed no significant difference between the slopes
of the length—weight relationship in 1997 and 2020-2021 (p > 0.05).

Table 1. Length—-weight relationship of Sardinella longiceps from the Muscat region in 1997
and 2020-2021 (CL, confidence limits)

Years n a 95% CL a b 95% CL b r?
1997 1,375 0.0083 0.0077-0.0089 3.0114 2.9871-3.0368 0.970
2020-2021 394 0.0076 0.0064—-0.0090 3.0494 3.9867-3.1127 0.955

Length at first capture. The mean length at which 50% of fish were caught (L.) (formula 3)
was estimated to be 16.20 cm for 1997 and 16.28 cm for 2020-2021 (Fig. 4).

Length and age at first maturity. During 1997, the smallest male with ripening testis (stage 3)
was 13.2 cm, and the smallest female with ripening ovary (stage 3) was 13.5 cm, while in 2020-2021,
the sizes were 13.5 and 13.6 cm, respectively. Maturing testis (stage 3 and above) and matur-
ing ovaries (stage 3 and above) were used for determination of the length at first sexual maturity.
The logistic function (formula 3) showed that the mean size at the first maturity (L;,) during 1997
was 17.06 cm in males and 17.36 cm in females; during 2020-2021, it was 16.59 and 17.21 cm, respec-
tively (Fig. 5). The result indicates that males of the Indian oil sardine mature at a slightly earlier length
than females.

The age at first maturity (formula 5) was calculated for females at 1.35 years in 1997 and 1.38 years
in 2020-2021.

Marine Biological Journal 2025 Vol. 10 No. 1



10 S. Al Jufaili and M. Chesalin
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Sex ratio. The sex ratio of S. longiceps during both studied periods was in favor of females. In 1997,
females constituted 62% of the analyzed fish, and M : F = 0.60 : 1. In 2020-2021, the percentage
of females was 55%, and M : F=0.83 : 1.

The investigation of the monthly sex ratio indicated the dominance of females over males during
most of the year. Males were absent in the sample from commercial catches in October 1997. The share
of males was found to be larger than that of females only in June 1997, November 2021, and April 2021.
The chi-square test revealed that the monthly sex ratio was significantly different from what was expected
in June, August, and October 1997, while in 2020-2021, only in November. In general, the monthly sex
ratio differed significantly during 1997 (32 = 46.64, p = 0.002) and non-significantly during the studied
months of 2020-2021 (x? = 12.47, p = 0.65).
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Spawning season. The monthly occurrence of fish with immature, ripening, and spawning gonads
during 1997 indicated higher percentages of spawning males and females during November—March,
in June, and during August—September. Higher GSI values were calculated for males in February
and August and for females in March and August (Fig. 6).

A similar picture was observed during 2020-2021: the fish with ripening and spawning gonads dom-
inated from November to April and in August. Higher GSI values were recorded for males during
January—April and in August, and for females, during February—April and in August. Hence, spawn-
ing of the Indian oil sardine in the Muscat region may occur between November and April with a peak
in March—April and again in June to September with a peak in August.
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Fig. 6. Monthly changes of different gonad developmental stages (in percentage) and values of the go-
nadosomatic index (GSI) of Sardinella longiceps in the waters of Muscat: A and B, females and males,
respectively, in 1997; C and D, females and males, respectively, in 2020-2021

Age, growth, and life span. Growth parameters of S. longiceps in VBGF estimated based
on the monthly length frequency distributions using ELEFAN technique in TropFishR are provided
in Fig. 7 and Table 2. In 1997 and 2020-2021, the asymptotic length (L_) and growth coeffi-
cient (K) were similar. Calculated lengths of one-, two-, and three-year-old fish were 15.7, 18.7-19.0,
and 19.6-20.2 cm in 1997 and 2020-2021. Our result showed that S. longiceps grows very rapidly dur-
ing the first year of life; then, its growth slows down, until it becomes almost negligible (after 2.5 years).
From Fig. 7, new generations appeared in February 1997 and February 2021.

According to calculation by empirical formula 7, the maximum life span of the studied species
was 2.36 years in 1997 and 2.60 in 2020-2021. Commercial catches of the sardine during 1997
comprised mainly one- to two-year-old fish, while in 2020-2021, fish younger by one year.
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Fig. 7. Monthly length frequency distribution and growth curves for Sardinella longiceps from the Muscat
region: A, 1997; B, 2020-2021

Table 2. Growth parameters in von Bertalanffy growth function and calculated length at different age
for Sardinella longiceps from the Muscat region

Mean TL, cm
Years L K t,
0.5 years 1 year 1.5 years 2 years 2.5 years 3 years
1997 20.1 | 1.11 | -0.37 12.4 15.7 17.6 18.7 19.3 19.6
2020-2021 | 209 | 1.00 | —0.40 12.4 15.7 17.8 19.0 19.8 20.2

Optimal fishing length. The length at which a year class (cohort) provides the maximum biomass
in an unfished population (L,,) was calculated (formula 8) to be 13.37 cm in 1997 and 13.90 cm
in 2020-2021.

Mortality. The natural mortality (M) estimated in TropFishR package with the empirical Then’s
equation (formula 9) was 1.66 yr™' in 1997 and 1.51 yr™! in 2020-2021.

The total mortality (Z) assessed using the length converted catch curve method in TropFishR
was 4.29 yr! (SE = 0.23) in 1997 and 4.42 yr™! (SE = 0.19) in 2020-2021.

The fishing mortality (F) was estimated at 2.63 yr™' for 1997 and 2.91 yr™! for 2020-2021.

Exploitation rate, biomass, and maximum sustainable yield. S. longiceps fishery in the Mus-
cat region was assessed applying several simple formulas. The exploitation rates (E) calculated based
on formula 10 were 0.61 in 1997 and 0.66 in 2020-2021, and the exploitation ratios (U) determined
from formula 11 were 0.60 and 0.65, respectively (Table 3). Further calculations were carried out sepa-
rately for total catches of S. longiceps in Oman and catches in the Muscat region alone. It was assumed
that in both cases, the Indian oil sardine accounted for 80% of the total sardine catches. The land-
ings, or yield (Y), of S. longiceps in the Muscat region in 1997 and 2021 were very similar comprising
approximately 4.3 thousand tons, while the total oil sardine landings in Oman differed by more than
26 times: from about 13.5 thousand tons in 1997 to 352 thousand tons in 2020-2021. Annual landings
in Oman and the Muscat region in 1997 were about 123% of calculated MSY, and in 2021, approxi-
mately 132% of MSY. So, the effort for S. longiceps fishery in these years was higher than MSY indicating
overfishing of the stock.
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Table 3. Assessment of stock parameters of Sardinella longiceps based on annual landings in the Muscat
region and total landings in the waters of Oman in 1997 and 2021 (t, tons)

Year Region E U Y, t P, t B, t MSY, t
1997 Oman 0.61 0.60 13,412 22,353 5,100 10,939
Muscat 4,356 7,260 1,656 3,552
Oman 352,125 541,731 121,005 267,421
2021 . . ’ ’ ’ ’
0 Muscat 0.66 065 4,324 6,652 1,486 3,284
DISCUSSION

The Indian oil sardine is a small pelagic fish playing a key role in the coastal ecosystem and fish-
eries of Oman. The sardine landings in Oman have increased almost 27 times in the compared years:
from 16,765 t in 1997 to 440,156 t in 2021. Howeyver, in the Muscat region, the sardine landings re-
mained relatively stable: 5,445 and 5,405 t, respectively. This sharp gain in catches raises questions
about possible overfishing and its effect on the population structure and the sardine stock. It also causes
concerns about the future of fishing in Oman and the potential effects on other species in the ecosystem.
Therefore, the population parameters of S. longiceps in 1997 were compared with those in 2020-2021,
as well as with the results of other studies conducted in other years and areas of Oman.

According to our data, the maximum total length of S. longiceps was 21.3 cm in 1997 and 20.9 cm
in 2020-2021. The mean length of the fish in the compared years was exactly the same (16.26 cm),
and the average weight did not differ significantly: 38.66 vs. 39.71 g (Table 4). According to literature
data, the maximum total length of S. longiceps in the Omani waters has reached 23.0 cm, and the maxi-
mum weight, 152.0 g, was recorded in Mahut in 2007-2009 [Zaki et al., 2021]. The mean length of this
species in commercial catches in various regions of Oman in 2007-2009 ranged 16.05 to 18.42 cm,
and the average weight ranged 37.96 to 57.47 g [Zaki et al., 2011].

The length—weight relationship of S. longiceps was similar in 1997 and 2021-2021 (a = 0.008;
b=3.01...3.05) that evidences for isometric growth of the species. However, as we know, the body shape
and the coefficients a and b depend on many factors, in particular, the fat content and gonad condition,
and can vary significantly between seasons and between different years. S. Dutta et al. [2021] found
that the parameter b for S. longiceps from the Muscat region was < 3 in some years suggesting negative
allometric growth, but in other years, it was > 3 indicating positive allometric growth for this species.

We calculated the length at first capture of S. longiceps from the Muscat region in 1997 to be 16.20 cm,
and in 2020-2021, 16.28 cm. It is quite similar and comparable to the results of S. Zaki et al. [2011;
2013b] but slightly smaller than the length calculated for Mahout region by N. Jayabalan et al. [2014].

The length at first maturity (L,,) for S. longiceps males and females ranged 16.6 to 17.4 cm. It has
also been found that the fish attain the first maturity at the end or just after the first year of life. Most
other studies have also shown that the Indian oil sardine from the Omani coast reaches maturity at about
16—18 cm and at the age of about 1 year [Al Jufaili, 2011; Siddeek et al., 1994; Zaki et al., 2011, 2012].
However, as reported in some papers, this species can mature at a smaller length (12.5-13.5 cm) [Dorr III,
1990] or larger one (18—19 cm) [Al-Anbouri et al., 2013; Zaki et al., 2021]. The age of maturation or rate
of sexual maturity of a particular fish species depends on some external factors, and the most important
of them are food, temperature, photoperiod, and water currents [Bhukaswan, 1980]. Notably, in most
studies, when assessing the size at the first maturity of S. longiceps in Oman, it was found that males
reach maturity at a slightly smaller length than females.
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Our analysis of monthly fluctuations in occurrence of various gonad stages of males and females
showed that there were ripening and spawning sardines in almost all the studied months, except for May
and October 1997. This indicates that the Indian oil sardine spawns, as a rule, all year round; however,
the spawning activity varies greatly throughout the year. The higher percentage of ripe and spawning
fish (stages 4 and 5) was observed in January—April, August, and November—December both during 1997
and in 2020-2021. Higher GSI values were obtained in February—March and August 1997, as well
as in April and August 2021. Thus, two peaks of spawning activity were detected: the first one, in Febru-
ary—April, and the second one, in August. This result is consistent with other investigations that also re-
ported two spawning seasons of S. longiceps in the Omani waters (see Table 4). In particular, in the Mus-
cat region, the first spawning season was observed December to April, and the second, June to Octo-
ber [Al Jufaili, 2011; Al Jufaili et al., 2006; Al-Anbouri et al., 2013; Siddeek et al., 1994; Zaki et al.,
2011]. The spawning season of S. longiceps depends on environmental conditions in the sea and might
vary from year to year and from region to region in Oman [Al Jufaili et al., 2006; Siddeek et al., 1994].

The sex ratio of S. longiceps was in favor of females — 0.60 : 1 (38% males and 62% females)
in 1997 and 0.83 : 1 (45% males and 55% females) in 2020-2021 — demonstrating a significant deviation
from the expected ratio of 1 : 1 (p <0.01). This is consistent with the studies of S. Al Jufaili ez al. [2011]
and S. Zaki ef al. [2011; 2012; 2021] which also showed the dominance of S. longiceps females over
males in all analyzed regions — Muscat, Mahout, Salalah, and Sohar — in 1997-1998 and 2007-2009.
Combining our material with literature data [Zaki et al., 2011] on abundance of males and females,
we concluded that the Indian oil sardine has an overall female-biased sex ratio 0.64 : 1 (39% males
and 61% females) in the Omani waters. This pattern means increasing egg production per population
biomass for the species. The sex ratio provides basic information for assessing the reproductive potential
and estimating stock size of fish populations. There is a wide variation in sex determination systems in fish,
where sex can be determined by environmental factors (mainly temperature) and genetic ones [Baroiller
et al., 2009; Conover, Heins, 1987]. In this case with S. longiceps, the sex ratio seems to be determined
primarily by genetic factors.

S. longiceps age and growth are difficult to establish by studying otoliths and other hard parts (scales
and vertebrae), as there are no clear annual rings [Al-Barwani, Prabhakar, 1989; Zaki et al., 2011].
However, some attempts were made in early works to analyze the age of sardines [Balan, 1964; Hor-
nell, Naidu, 1924; Nair, 1949, 1952]. These investigations have shown that the Indian oil sardine has
a rapid growth rate and a life span of about three years, and the fish reach sexual maturity at about
15 cm in length at the age of one year [Hornell, Naidu, 1924] or two years [Nair, 1952]. Recently,
age and growth of S. longiceps from Indian waters were assessed by three approaches: interpretation
of microstructures on hard parts (mainly otoliths), modal progression analysis of length frequency data
of fish caught in commerecial fishing, and direct measurement of sardines reared in open sea cages on nat-
ural food during 11 months [Abdussamad et al., 2023]. The authors reported a much faster growth
rate (K of 1.57 and 1.76 yr™") for this species compared to values in previous investigations. However,
they also found a significant difference in the sardine growth rate between different years, when, accord-
ing to their results, one-year-old fish reached 20.4 cm in 2011-2013 and only 15.6 cm in 2014-2017.

Studies on S. longiceps age and growth in the Omani waters are largely based on length frequency ana-
lysis [Al-Anbouri et al., 2011; Dutta et al., 2024; Jayabalan et al., 2014; Zaki et al., 2011, 2013a, b, 2021]
which was also used in the present research. Overall, our data showed similar growth parameters
for the sardine in 1997 and 2020-2021. When comparing our results with those of other investigations,
it can be noted that we obtained lower L, values, except for values in the work of M. Siddeek et al. [1994],
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but K values are similar to those in most previous works (Table 5). Some differences in growth param-
eters with the results of other authors may be related to calculation procedures, as we used ELEFAN
from TropFishR package, while S. Zaki et al. [2011;2013a;2013b; 2021] and N. Jayabalan et al. [2014]
applied ELEFAN routine incorporated in LFDAS of Fish Stock Assessment Software (FMSP) devel-
oped by MRAG Ltd [Kirkwood et al., 2003], and S. Dutta et al. [2024] calculated L, and K values using
ELEFAN I from FiSAT II [Gayanilo et al., 2005]. However, in general, all the results on S. longiceps
growth and life span presented in Table 5 are comparable, and the observed differences may be due
to variations in growth rate in different years and regions which depend on environmental conditions
and food availability, but have no clear relationship with fishing intensity.

Table 5. Summary of Sardinella longiceps growth parameters, mortality, and exploitation rate in the waters
of Oman

Years Region Lo, K_’, tor | Tma: Z_’] NE’] F_’] E Reference
cm yr yr yr yr yr yr
- Muscat | 19.72 | 0.986 - 3.75 - - - - Siddeek et al., 1994
2008-2009 | Muscat | 22.02 | 1.21 | -0.01 2.5 4.11 2.21 1.91 0.46 | Al-Anbouri et al., 2011
2007-2009 | Muscat | 23.18 | 1.21 | -0.21 2.0 4.17 2.22 1.99 0.47 Zaki et al., 2011

2007-2009 | Mahout | 23.00 | 1.33 | =0.09 | 2.5 3.66 | 221 145 | 0.40 Jayabalan et al., 2014
2007-2009 | Salalah | 23.02 | 1.57 | =049 | 2.0 4.65 | 245 | 220 | 047 Zaki et al., 2013a
2007-2009 | Sohar | 23.00 | 1.40 | -0.15| 2.5 397 | 2.28 1.69 | 043 Zaki et al., 2013b
1997 Muscat | 22.80 | 1.10 | -0.08 | 2.64 | 4.69 1.08 | 3.61 | 0.77
2004 Muscat | 23.63 | 1.20 | -0.07 | 2.43 | 4.50 1.13 | 337 | 0.75
2007 Muscat | 2342 | 1.0 | -0.09 | 2.91 1.89 1.01 | 0.88 | 047
2009 Muscat | 23.42 | 094 | -0.10 | 3.10 | 6.30 | 097 | 533 | 0.85
1997 Muscat | 20.1 .11 | -0.37 | 236 | 4.29 1.65 2.63 0.61 present study
2020-2021 | Muscat | 20.9 1.10 | =040 | 2.60 | 4.42 1.51 | 291 | 0.66 present study

Dutta et al., 2024

The Indian oil sardine has a high rate of natural mortality (M) previously estimated based on the em-
pirical equation of D. Pauly [1980]: 2.21 to 2.45 yr"! [Al-Anbouri et al., 2011; Jayabalan et al., 2014;
Zakietal., 2011, 2013a, b, 2021]. However, according to S. Dutta et al. [2024], it ranged between 0.97
and 1.13 yr'! (see Table 5). In fact, natural mortality is very difficult to determine, but this parameter
is pretty important in most stock assessments. Many methods have been developed to predict natural
mortality, and one of the most popular is Pauly’s empirical formula based on growth parameters and wa-
ter temperature [Pauly, 1980]. Recently A. Then ef al. [2015] proposed new formulas for estimating
natural mortality using data from 200 fish species; those are based on maximum age (t,,.x) Or asymp-
totic length (L_,). This method is included in TropFishR package; therefore, we used it and calculated
S. longiceps natural mortality at 1.65 yr™! for 1997 and 1.51 yr™! for 2020-2021. In the case of applying
Pauly’s formula, the coefficient M was estimated at 2.15 and 2.11 yr™!, respectively.

Our estimates of the total mortality (Z) were similar to those for the years studied and to results
of most other authors [Al-Anbouri et al., 2011; Jayabalan et al., 2014; Zaki et al., 2011, 2013a, b, 2021].
It can be noted that Z estimates of S. Dutta et al. [2024] varied greatly, and for 2007 and 2009, they
differed significantly from other results. With the chosen approach, values of natural and total mortalities
determine further calculations of fish population parameters, such as fishing mortality, exploitation rate,
and, together with catch data, also total stock, standing stock, and MSY. So, the exploitation rate (E)
was > 0.5 in the case of using estimates of M according to Then’s formula and close to 0.5 if we applied
the Pauly’s formula.
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Previous studies have shown that S. longiceps landings in different regions of Oman in some years
within 1997-2009 were either lower or close to the optimal level [Al-Anbouri et al., 2011; Jayabalan
etal.,2014; Zaki et al., 2011, 2013a, b]. On the other hand, S. Dutta ef al. [2024] reported that the stock
of the species was largely overexploited in this time. From our results, S. longiceps stock was over-
exploited in 1997, as well as in 2020-2021. J. Gulland [1983] recommends 0.5 as a suitable exploitation
rate for fish stocks in temperate water. However, fish forming stocks in tropical and subtropical areas
are characterized by short life cycles and rapid growth, and they can sustain high exploitation rates [ Wang
et al., 2012].

Conclusion. Our results on biological and population parameters of Sardinella longiceps for 1997
and 2020-2021, as well as their comparison with results of similar investigations in other years, indi-
cate that its life-history and population parameters have not changed significantly because of a sharp
increase in the sardine fishing along the Omani coast in recent years. The present study is based on data
from the Muscat region of the Sea of Oman, where sardine catches were almost identical in compared
years, while a sharp rise in the sardine catches occurred in the southern regions of the country, Al Wusta
and Al Sharqiyah, located in the Arabian Sea. Many investigations have shown that population param-
eters of S. longiceps vary noticeably in different areas and in different years. It is necessary to ana-
lyze the structure of stocks of the Indian oil sardine along the Omani coast applying modern genetic
techniques.

It would be more appropriate to use otoliths for determining S. longiceps age. Data generated
from otolith study would aid in better eco-biological understanding of the species, in establishing pre-
cise time of birth, and in identifying cohorts that support the fishery and possible interregional migration
of this fish. The sardine stock biomass and landings have been highly variable in the long-time series.
The present approximate estimations based on growth, mortality, and landing data do not provide true
dynamics of the sardine stock; so, it is necessary to apply integrated analytical models that include catch-
at-age data, catch-per-unit effort, and stock-recruitment model together with direct assessment meth-
ods, such as acoustic, trawling, and aerial survey, as well as egg and larvae surveys. The use of direct
and indirect methods can help to improve the accuracy and reliability of the sardine stock assessments,
and it is essential for the fishery management and development of the fishery sector.

This work is part of the Sultan Qaboos University funded project (IG/AGR/FISH/20/01) and IBSS state research

assignment “Functional, metabolic, and molecular genetic mechanisms of marine organism adaptation to conditions
of extreme ecotopes of the Black Sea, the Sea of Azov, and other areas of the World Ocean” (No. 124030100137-6).
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CPABHEHMUE ITIONTYJIANUNOHHBIX ITAPAMETPOB
AKNPHOU NTHANNCKOU CAPIUHDBI SARDINELLA LONGICEPS
3 PAHOHA MACKATA (CYJITAHAT OMAH) B 1997 11 2020-2021 I'T.

C. M. Aab Ixxydaiimn’, M. B. Yecannn?

! ®akynprer MOpPCKHX Hayk U peIOOIOBCTBA, KOMTEIK CeTbCKOXO3AACTBEHHBIX M MOPCKHX HayK,
Vuugepcurer Cynarana KaGyca, Mackat, Cyiaranat OmaH
2®OI'BYH ®ULL «MHCTUTYT GHONOrMK 10KHBIX Mopeil umenn A. O. Kosanesckoro PAH»,
Cesacromnosb, Poccuiickas Penepanys
E-mail: chesalin@ibss.su

Kupnas nnpuiickas capauna Sardinella longiceps nrpaeT KJIIOYEBYIO poJib B IPUOPEKHOM IKOCHCTeE-
Me 1 B poidonioBcTBe Omana. OO6muii 00bEM BBUIOBA capivH BIOJb oOepexkbss OMaHa pe3ko BO3-
poc — npumepHo ¢ 17000 T B 1997 r. no 440000 T B 2021 r. CpaBHEHHE pa3MEPHON CTPYKTYpHI,
COOTHOIIIEHUS JTUHBI M MaCCHl Tejla, MUHAMUKH 3PeJIOCTH, MIEPUOJIOB HEepecTa, MoKas3areieid pocTa,
CMEPTHOCTH M HEKOTOPHIX MOMYJISIIMOHHBIX XapakTepucTuk S. longiceps w3 paiioHa Mackara B 1997
n 2020-2021 rr., a TaKKe COTOCTaBJICHNE JaHHBIX, IOJIyYeHHBIX B X0e 00Jiee paHHUX HCCIIeIOBAHUI
B OMaHe, JeMOHCTPHPYET, YTO OMOJIOTHUYEeCcKasi CTPYKTypa MOMYJISALMN B HCCIeyeMble TOlbl Oblia
OTHOCHTENILHO CTa0MIbHOW. YPOBEHb SKCILTyaTall|y 3araca B To Bpems rpeBbiai 0,5, To ecTh 3amac
S. longiceps B Bomax OMaHa nojiBeprajicst Ype3mMepHOl SKCILTyaTanuu (TIpy 3TOM U3BECTHO, UTO Cap/u-
Ha CrOCOOHA BBIJIEPXKUBATh BRICOKKE YPOBHU). Brosiornyeckue JaHHbIE, TOJTyYeHHbIe B XOJie HACTOSsI-
11et paboThl, MOT'YT CJTy’KUTh OCHOBOM JIJIsl YIIPABJICHHU I IIPOMBICJIOM TOTO BUJIA, OJHAKO HEOOXO MO
MPOIOJIKaTh MOHUTOPUHT YJIOBOB, YTOOBI COOMpATh U aHAIM3UPOBaTh 00Jiee IIUTE/IbHbIE BpeMEHHEIE
PAIIBI OHONIOrHYECKON MH(MOPMAITHH.

KaroueBbie ciaoBa: xupHas uHAuicKas capauHa, Sardinella longiceps, pa3MepHBI COCTaB, pe-
MPOJYKTUBHBIE XAPAKTEPUCTUKH, POCT, CMEPTHOCTb, 3aIlac, MHOTOJIETHSSI U3MEHYMBOCTb, Mackar,
OmaHcKui 3a11B
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The paper provides results of the experimental study of batch cultures of Arthrospira (Spirulina) platen-
sis under conditions of critical intensity of swirling flows at different size of the working layer (the op-
tical path). As shown, despite a 10-fold increase in the intensity of vortex mixing, the productivity
of the culture decreased by 2 times, when the working layer rose by 3 times. Notably, for photosynthetic
microorganisms, the key factor determining the productivity in the culture is the spatial irradiation in-
side cell suspension (the working layer) but with the intensity of suspension stirring taken into account.
The conditions of cultivation of photosynthetic cells under which the working layer differs by 2 times,
but the productivity in the culture remains the same, are experimentally demonstrated.

Keywords: vortex mixing, spirulina, photobioreactor

The productivity of photosynthetic microorganism cultures is mediated by many factors. How-
ever, when designing industrial photobioreactors (hereinafter PBRs), the key parameters are the opti-
cal path (working layer) and the intensity of cell suspension mixing. Importantly, these two parame-
ters affect much the productivity of the cultivation system and also determine the PBR design features
and its operating modes. As proven experimentally, in industrial microbiology, one of the most promising
methods of the cell suspension mixing is the generation of its tornado-like vortex motion, i. e., the cre-
ation of closed swirling quasi-stationary flows inside the PBR working volume [Gevorgiz et al., 2021;
Mertvetsov u gp., 2002; Naumov et al., 2023a; Patent 1779690 A1 SU, 1992; Patent 2099413 C1, 1992;
Patent EP 1120460 B1, 1998; Patent EP 27446382 A1, 2011]. The vortex method allows for effective
mixing of the culture simultaneously providing three-dimensional circulation and meridional motion
of the medium. At the same time, it is gentle enough: with no water hammer, turbulence, cavitation,
increased shear stresses, and mechanical effect on cells. The mixing efficiency of the vortex formed
in the suspension is the highest when radiuses of the vortex PBR and the working layer are equal [Nau-
mov et al., 2023b]. Under such conditions, complete meridional circulation of the medium is ensured

21


https://marine-biology.ru/
https://ibss-ras.ru/
https://english.nsu.ru/
http://www.itp.nsc.ru/
mailto:r.gevorgiz@yandex.ru

22 R. Gevorgiz, B. Sharifullin, I. Naumov, and S. Zheleznova

throughout the working volume, while losses due to viscous friction against stationary walls of the reac-
tor are small. However, unlike heterotrophic microorganisms, phototrophs must be provided with light
energy in all layers of the working volume; therefore, industrial PBRs are always designed with a thin
working layer [Shtol’ et al., 1976]. Despite numerous publications focused on studying the effect of ra-
diance and mixing intensity on the productivity of photosynthetic cells [Bitog et al., 2014; Wang, You,
2013; Ye et al., 2018a, b; Xu et al., 2020], there is still the question of increasing the yield in optically
dense cultures by a boost in the swirling intensity and, consequently, the speed of the swirling flow.
The aim of this work is to study batch cultures of lower phototrophs under conditions of critical
intensity of swirling flows at different sizes of the working layer (optical thickness of the culture).

MATERIAL AND METHODS

The research was carried out at the laboratory of advanced energy-efficient technologies
at the Novosibirsk State University (Novosibirsk). The work investigated a unialgal culture of a cyanobac-
terium Arthrospira (Spirulina) platensis (Nordstedt) Gomont (strain IBSS-31) from the collection
of microalgae and cyanobacteria cultures of the IBSS core facility “Collection of Hydrobionts
of the World Ocean” (Sevastopol). For intensive cultivation of the cyanobacterium, the Zarrouk’s
medium [1966] was used, with the composition as follows (g-L‘l): NaHCOs;, 16.8; NaNOs, 2.5;
KH,PO4 x 2H,0, 0.66; K,SOy4, 1.0; NaCl, 1.0; Na,EDTA, 0.08; FeSO4 x 7TH,0, 0.01; CaCl,, 0.04;
MgSO, x 7H,0, 0.2; H3BO3, 2.86 x 107%; MnCl, x 4H,0, 1.81 x 1073; ZnSO4 x 7H,0, 0.222 x 1073,
CuSO4 x 5H,0, 0.079 x 107 MoOs, 0.015 x 107%; NH,VOs, 0.02296 x 107; Co(NOs), x 6H,0,
0.04398 x 107%; K,Cr(SO4)4 x 24H,0, 0.0960 x 107%; NiSO4 x 7H,0, 0.04785 x 107%; Na,WO, x 2H,0,
0.01794 x 107%; and Tiy(SO4)3, 0.0960 x 1073, This nutrient medium was prepared using distilled water.
To maintain a constant pH level (8.4), CO, was added to the culture with a pH monitor from a cylinder.

All the tests were carried out with the culture adapted to experimental conditions in two vortex-
type PBRs. PBR-1 was a cylindrical container with a submerged rotating disk of radius R; being 145 mm.
The rotating disk generated swirling flows inside the suspension, and this allowed eliminating stagnant
zones in the working volume. To generate a vortex motion in PBR-2, a swirling air flow was created
above the suspension by rotating a blade wheel (an activator). As a result, the vortex formed above
the suspension due to air friction on the phase interface and the pressure difference between the pe-
riphery and the center of the gas-air vortex involved the cell suspension at the interface in tangential
motion and generated swirling meridional circulation throughout the working volume ascending near
the axis and descending at the reactor periphery [Naumov et al., 2023b]. To stabilize the phase interface
in PBR-2, a free-floating flat washer was used (Fig. 1). The radius of the flat washer R, was 76 mm:;
the radius of a hole in the washer r, was 16 mm. The rotation speeds of the flat washer in PBR-1
and the activator in PBR-2 were constant throughout the batch cultivation and determined the culture
mixing intensity.

The experiments were carried out at a constant temperature and 24-hour illumination. White
CRI90 3000K LEDs were used as a light source; those created the same irradiance, 20 W-m2,
on the PBR working surface in all the tests. The irradiance was calculated based on data of a Yu-116
luxmeter, the relative visibility spectrum, and spectral characteristics of the LEDs provided by the man-
ufacturer [Gevorgiz, Malakhov, 2018]. In the experiment No. 1, in PBR-1, the working layer h;
was 150 mm (suspension volume V; was 39.6 L), and the disk rotation frequency was 3.4 Hz
(w7 =204 rpm). The maximum (critical) speed of the suspension motion in swirling flows was selected
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in such a way that the interface did not oscillate or deform, i. e., the working layer in all directions re-
mained the same. Under conditions of the experiment No. 1, the value of the tangential velocity of motion
v; was 3.10 m-s~!. Conditions of the experiment No. 2 were similar to those of the experiment No. 1,
but the working layer was reduced 3 times, to hy = 50 mm (V, = 13.2 L), and the disk rotation frequency
was reduced 10 times, to 0.34 Hz (o, = 20.4 rpm), with the tangential velocity v, being 0.31 m-s™.
In the experiment No. 3, in PBR-2, the working layer h; was 105 mm (V3 = 2.7 L), the activator ro-
tation frequency was 1,200 rpm, and the flat washer rotation frequency was 0.88 Hz (w3 = 52.8 rpm).
The maximum tangential velocity of motion v was 0.42 m-s~'. Conditions of the experiment No. 4 were
similar to those of the experiment No. 3, but the working layer hy was 50 mm (V4= 1.27 L), and the ro-
tation frequency of the activator was reduced to 15 Hz (900 rpm); accordingly, the rotation frequency
of the flat washer decreased to 0.7 Hz (w4 = 42 rpm). The maximum value of the tangential velocity v,4

was 0.33 m-s™\.

Fig. 1. Schematic diagram of gas-vortex bioreactor (A); flat washer (B). In the diagram: 1, pH sensor
position; 2, point of CO, injection into the suspension; 3, radiation source

Throughout the experiments, the culture biomass was assessed daily by measuring the attenua-
tion of the light flux at a wavelength of 750 nm by a layer of the cell suspension using a KFK-2
concentration photometer (T759, %; a S-mm cuvette) with a subsequent transition to optical density
D750 = —1g (T750/ 100) and to biomass B = D750 x 0.85 (g d. m.-L™ [Gevorgiz et al., 2005]. The standard
deviation of the culture density measurements in all the experiments did not exceed 0.02 gd. m.-L™".
The maximum productivity in the culture was calculated for a linear section of the cumulative curve

applying the following expression:

where B is the biomass, gd. m.-L7
P,, is the maximum productivity, gd. m.-L™!-day™;
t is time, days;
t; 1s the initial moment of the linear section of the cumulative curve, days;
B, is biomass at the moment t; .
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RESULTS AND DISCUSSION

In optically dense cultures, because of dark respiration and costs of maintaining the structure, a drop
in productivity is always observed [Avsiyan, Lelekov, 2020; Torzillo et al., 1991]. Due to the two-stage
nature of the photosynthesis process, it can be assumed as follows: an increase in the mixing intensity
will reduce the time cells spend in layers with irradiance below the photosynthesis compensation point
which will govern a rise in productivity. This will allow increasing the yield in industrial PBRs with
a thick working layer.

Many experimental studies have shown that light conditions of cultivation are the key factor mediating
the productivity in a culture [Avsiyan, Lelekov, 2020; Lelekov et al., 2020; Trenkenshu et al., 1981].
Interestingly, not only the surface irradiance is important, but also the distribution of radiation energy
within the cell suspension [Novikova, 2017; Qiang et al., 1998] which much depends on the current
culture density [Richmond, 2000]. For light-limited cultures, the productivity value tends to depend
on irradiance linearly; thus, for A. platensis, linearity is observed at 5-30 W-m™2 [Lelekov et al., 2020].
However, for intensively mixed cultures, this pattern is not always observed. For example, the results
of our experiments (Figs 2, 3) show that the intensity of mixing does boost the productivity of cultures,
but not linearly. Therefore, studying the effect of light conditions on productivity, it is necessary to take
into account the intensity of the culture mixing as well.

oo
[oX o]

Biomass, gL'

0I"|
L5 i |

0 5 10 15 20 25 30
Day

Fig. 2. Density dynamics of Arthrospira (Spirulina) platensis batch culture with various working layer size
and vortex mixing intensity. The standard deviation of measurements does not exceed 0.02. 1, experiment

No. 1:h; = 150 mm; w; = 204 rpm; v, =3.10 m-s™'; B; = 0.08 x t — 0.04. 2, experiment No. 2: h, = 50 mm;
o, =20.4 rpm; v, = 0.31 m-s™'; B, =0.15 x t + 0.05

The intensity of the cell suspension mixing is always limited: either by the design of the PBR
or by species-specific features of cells cultured. In particular, for a plane-parallel PBR, at a certain
critical intensity of air bubbling, abundant foam occurs hindering the cultivation process [Kubar et al.,
2022; Shtol’ et al., 1976]. For a pool-type PBR, at a certain critical speed of motion of a mechanical
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stirrer, due to local pressure swings and an increase in temperature, cultured cells die [Mazzuca Sobczuk
et al., 2006]. Microalgae cells are destroyed by the use of pumps [Jaouen et al., 1999], filters [Vandan-
jon et al., 1999], and sprinklers [Garcia Camacho et al., 2000]. Moreover, cells are also susceptible
to damage by gas bubbles and high turbulence of the culture medium [Silva et al., 1987]. Therefore,
in practice, for the cultivation of photosynthetic microorganisms, the suspension is mixed not intense
enough, while in large-volume PBR, the key factor affecting productivity is almost always the spatial
irradiance (the working layer). According to our data, despite the maximum intensity of the suspen-
sion vortex mixing (v; = 3.097 m-s™) in a layer h; of 150 mm, the productivity in the batch culture
was 2 times lower (see Fig. 2) compared to that in a thinner working layer (h, = 50 mm, 3h; = hy)
and low mixing intensity (v, = 0.3097 m-s™!, 10v, = v)). Notably, with a 3-fold increase in the work-
ing layer, the productivity decreased not by 3 times, as might be expected for a light-limited culture,
but by 2 times (P; = 0.08 gd. m.-L™.day™!, P, = 0.15 gd. m.-L""-day™). This is due to a 10-fold rise
in the intensity of the cell suspension mixing.

1.6 3
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Fig. 3. Density dynamics of Arthrospira (Spirulina) platensis batch culture with various working layer size
and vortex mixing intensity. The standard deviation of measurements does not exceed 0.02. 3, experiment

No. 3: h; = 105 mm; w5 =52.8 rpm; v3 =0.42 m-s~!; B; =0.08 x t —0.04. 4, experiment No. 4: h, = 50 mm;

oy =42.8 rpm; v, = 0.33 m-s™'; By = 0.15 x t + 0.05. The productivity of A. (S.) platensis culture (angle
of inclination) is similar under different light conditions

When increasing the intensity of the culture mixing and shifting the working layer, there can be a cul-
tivation mode established in which a 2-fold increase in the working layer will not change the cul-
ture productivity. Fig. 3 shows two cumulative curves characterized by almost the same productivity
(P3=0.16 gd. m.-L™".day™!, P, = 0.15 gd. m.-L™".day™"), while the working layer of the cultures differed
by 2 times (h; = 105 mm, hy = 50 mm, h3 = 2h,). Accordingly, when culturing microalgae and cyanobac-
teria in industrial PBRs, in order to obtain the maximum yield with considering costs of mixing a unit
volume of the suspension, it is necessary to set the maximum permissible intensity of the culture mixing
and increase the working layer to a certain limit value the culture productivity does not drop at. This ap-
proach will definitely rise the yield, especially during the industrial cultivation of photosynthetic microor-
ganisms under natural light conditions (in particular, in areas with low solar radiation flux) and during
cultivation in autumn and winter [Chekushkin et al., 2022].

Conclusion. Along with light conditions, an important factor governing the productivity of mi-
croalgae and cyanobacteria culture is its mixing. The effect of this factor is especially evident when
increasing the working volume and working layer of the cell suspension in industrial photobioreactors.

Marine Biological Journal 2025 Vol. 10 No. 1
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Increasing the intensity of the culture mixing up to certain critical values will allow obtaining the maxi-
mum yield at fixed irradiance. Currently, theoretical concepts of mixing of photosynthetic cells in culture
are poorly developed; therefore, to control growth processes and find optimal solutions, it is necessary
to build models of substrate-dependent growth under the effect of two factors: mixing and light supply
of cells. This is a fairly complex interdisciplinary task requiring the introduction of new quantitative cri-
teria that allow to compare different mixing methods in photobioreactors of various designs and to assess
formally the intensity of cell suspension mixing in the working volume.

This work was carried out within the framework of IBSS state research assignment “‘Comprehensive study
of the functioning mechanisms of marine biotechnological complexes with the aim of obtaining bioactive sub-
stances from hydrobionts” (No. 124022400152-1) and with the support of the Russian Science Foundation,
grant No. 24-19-00233 “Intensification of mixing in vortex reactors for bio-, chemical and energy technologies”
(https:/frscf.ru/project/24-19-00233/).
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KPUTUYECKAA UHTEHCUBHOCTDb 3AKPYYEHHbBIX IIOTOKOB CYCIIEH31U
Y ITPOJIYKTUBHOCTHh HAKOITUTEJIbHOM KYJIbTYPBI
ARTHROSPIRA (SPIRULINA) PLATENSIS
IIPU PA3JIMYHBIX CBETOBbBIX YCJIOBUAX
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[IpencraBiieHbl  pe3ysbTaThl IKCIEPUMEHTAJIBHOIO HCCIECAOBAHMS HAKOMNMUTENBHBIX  KYJBTYD
Arthrospira (Spirulina) platensis B yclIoBUSAX KPUTHYECKONM MHTEHCUBHOCTH 3aKPYyYEHHBIX ITOTOKOB
IPY Pa3IMYHON BeJM4YMHE padouero ciosi (ontudeckoro mytH). [TokasaHo: HECMOTPSI Ha MOBBILLICHUE
MHTEHCHBHOCTM BUXpEBOro nepemenivBanus B 10 pa3, npu yBenmueHun padouero ciios B 3 pasa
MPOLYKTUBHOCTh KYJbTYphl YMeHbINanach B 2 pa3a. OTMedeHO, 4To IS (POTOCHHTE3UPYIOLINX
MHUKPOOPraHU3MOB BeAyIIUM (PakTOPOM, OIpPENessSIONMM HPOSYKTHBHOCTh KYJIBTYPHI, SIBJISETCS
IIPOCTPAHCTBEHHAs] OOJyYEHHOCTh BHYTPU CYCIIEH3MM KJETOK (paboumii cJoil), HO ¢ Y4ETOM
HMHTEHCHBHOCTU IEPEMEIINBAHMUS CYCIIEH3UH. DKCIEPUMEHTAIBHO IPOAEMOHCTPHUPOBAHbI YCIOBUS
KYJbTUBUPOBaHUS (DOTOCHMHTE3UPYIOLIMX KJIETOK, IPY KOTOPBIX paboumii CJIOM OTanvaeTcs B 2 pasa,
HO MPOAYKTUBHOCTb KYJIbTYPBI IPA 3TOM OCTa€TCSI HEM3MEHHOM.

Keywords: vortex mixing, spirulina, photobioreactor
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All over the world, new manifestations of synanthropic tendencies for various bird species are constantly
observed. This paper provides data on Rissa tridactyla occurrence in Murmansk. Observations were
carried out on the route of the summer daily migration of the kittiwake, formed for the first time in 2020,
through the center of Murmansk, where this species has not been encountered before. Some features
of the flight during the first (2020) and the second year (2021) of the route existence are determined.
The approximate abundance of flying birds has been established: 1,500 ind. per day. The occurrence
of this type of bird activity can be considered as the first stage of the kittiwake adaptation to environment
of the residential part of the city.

Keywords: kittiwake, Rissa tridactyla, city, lake

Urban ecosystems are periodically subjected to factors mediating shifts in both species composi-
tion and demographic indicators of certain species. The number of species in cities is changing, often
rising in recent years [Krasnobaev, Konstantinov, 2008; Podolsky, Lobachev, 2016]. This may partly
result from the aging of urban ecosystems, as “any biocenosis tends to gradually increase in species
richness” and “old biocenoses are generally richer than young ones” [Dajor, 1975]. Due to various
circumstances, some species may appear in a biocenosis for the first time, while other ones, pre-
viously occurring there, may change their status. The process of species synurbization, when ani-
mals adapt to urban environments, has been ongoing for over 100 years, with certain species hav-
ing their own history of gradual adaptation to urban landscapes in both geographical dimension
and time [Luniak, 2004].

This report focuses on the first registration of a migration route of a seabird, the Kkittiwake
Rissa tridactyla (Linnaeus, 1758), over the residential part of Murmansk. The route of the sum-
mer daily migration of birds was first recorded in 2020; it stretches from the Kola Bay (natural
habitat of the kittiwake) to the freshwater Lake Bolshoye and passes through the center of Mur-
mansk which is characterized by high intensity of traffic and pedestrian flow. This route persisted
in subsequent years.

The relevance of this work lies in providing information on the first appearance of R. fridactyla
in the residential area of Murmansk which may be the initial stage of synurbization for this species.
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The aim of the study was to describe the newly formed route of Rissa tridactyla summer daily

migration through the center of Murmansk.

MATERIAL AND METHODS

Observations of the flight were carried out along linear walking routes and from a stationary
observation point (Fig. 1). A 12x binocular was used.

‘-
VVal 11l ® )

.- 5

Fig. 1. Scheme of observation routes and trajectory of Rissa tridactyla flight over Murmansk: 1, 2, extreme
points of the observation routes; 3, the observation routes; 4, stationary observation point; 5, route areas
where the kittiwake was observed, with no fixing of the flyway width; 6, 7, route areas where the kittiwake
was observed, with fixing of the flyway width; 8, steep cliff; 9, approximate borders of the flyway
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On the routes, we recorded spots of the kittiwake movement or absence of birds. Some routes (seg-
ments between points 1-28 in Fig. 1) ranged 200-2,000 m in length. The number of surveys
per year was 2—440. Over two years, the total length of survey routes was approximately 2,300 km.
From the stationary observation point, the abundance of kittiwakes flying over the city was recorded
from 16 July to 8 August, 2020, and from 14 July to 6 August, 2021. The entire flyway width was vi-
sually covered. A series of 30-minute surveys was carried out at different times of the day (be-
tween 7:00 and 21:00). The abundance of birds in flying groups, their direction, and flight alti-
tude were registered. Flight altitude was estimated visually relative to the known height of nearby
buildings. Weather conditions did not differ much: in observation days, the mean air temperature
was +16 °C in 2021 and +17 °C in 2022; the mean wind speed was of 4 m-s™' in both years.
There was no precipitation.

The daily density of R. tridactyla flow was approximated by a normal distribution, and the total
abundance of kittiwakes flying to the lake was estimated using the formula:

1 ox —(x—a)2
f(l’)— 0_(\/%> p[ 20,2 :| ’

where x is the variable (time, h);
a is the mean, or expected value, for x;
d is the standard deviation for x.
Assuming that these two curves are sufficiently close, we determined the total abundance of birds
flying to the Lake Bolshoye; MS Office Excel was used for the calculations. By adjusting the parameters a

and d, the one can approximate observation results as closely as possible to the normal distribution curve,
and the value of the integral distribution function F(x) for x = co can provide the total abundance N.

RESULTS

R. tridactyla migration route over Murmansk, from the Kola Bay area to the lake and back, covered
the central part of the city, where traffic is the heaviest. The flyway width was about 300 m (see Fig. 1).
Kittiwakes did not fly in a straight line: on the second half of their route, they skirted a hill with high-rise
buildings.

The final destination of the flight is the Lake Bolshoye located 3.7 km from the bay and 0.8 km
from the residential part of the city. The Eastern Bypass Road, with its constant traffic, runs near the east-
ern shore of the lake. During the observation period, 200-300 kittiwakes were encountered on the Lake
Bolshoye surface during the day. Interestingly, kittiwakes ignored the smaller Lake Pit’evoye which lies
under the flyway and is situated 0.2 km from the Lake Bolshoye. Additionally, in July 2020 and 2021,
the Semyonovskoye and Ledovoye lakes located within the city were repeatedly surveyed, but no R. tri-
dactyla were recorded there, the same as in previous years (summer seasons of 2000-2019). Thus, dur-
ing the observation period, the Lake Bolshoye was the only one that attracted kittiwakes in Murmansk
vicinity.

The dynamics of the abundance of birds flying during the day followed a bell-shaped curve (Fig. 2).
The first flying birds were registered at 9:00, and the last ones, at 18:00; the peak occurred between
12:00 and 14:00, close to noon for Murmansk (12:56). Birds moved along the migration route in both
directions simultaneously.
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In both years of our observations, there were more birds flying toward the Lake Bolshoye than return-
ing to the Kola Bay. Apparently, this is due to the fact that kittiwakes flew to the lake in organized flocks
and tended to return individually choosing their own flyways. As a result, the flight front could widen,
and the flow density could decrease. In both years, the proportion of single birds returning from the lake
was 2-3 times higher compared to that of kittiwakes flying to the lake.
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Approximating the daily flow density by a normal distribution for birds flying to the lake, we obtained
N = 1,005, with a =~ 12.50 (this value corresponds to 12:30 Moscow time) and ¢ ~ 1.4. For Kkittiwakes
flying to the bay, we had N =290, with a ~ 13.10 (13:06 Moscow time) and ¢ =~ 1.6.

Considering that some birds flying to the Lake Bolshoye were encountered simultaneously with those
returning, it is likely that the total abundance of kittiwakes migrating to the lake and back is around
1,200-1,500 ind.

Flight altitude of birds ranged 10—115 m above the ground. The mean flight altitude differed signifi-
cantly for two years of our observations. The values were (52.5 + 2.64) m in 2020 and (40.12 = 1.65) m
in 2021; accordingly, the mean flight attitude decreased by an average of 10 m over the year (P < 0.001).
In the first year, the straight flyway toward the Lake Bolshoye was frequently interrupted by brief periods
of low-altitude circling (noted for 21% of all kittiwakes recorded from the stationary observation point).
During the second year, this behavior was registered much less frequently (for 1.5% of birds).
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DISCUSSION

Daily migrations to freshwater basins appear to be common for R. fridactyla during its breed-
ing season, although their descriptions in scientific literature are rare. In July—August 1996, when
carrying out fieldwork authorized by the Kandalaksha State Nature Reserve, A. Goryaeva observed
daily flights of kittiwakes from a bird cliff at Cape Krutik (northern coast of the Kola Peninsula)
to a small (280 x 140 m) lake (N69.0849°, E35.5693°) located 1 km from the Cape Krutik cliff. Back
then, birds flew daily from the cliff to the lake and back ignoring other nearby lakes. Similar migra-
tions of kittiwakes to lakes have been observed in the Svalbard archipelago area. They flew there during
the day gathering in flocks up to 200 ind. [Ivanenko, 2012]. According to Yu. Krasnov and N. Niko-
laeva [1998], regular occurrence of kittiwake flocks in areas of the Kharlovka River mouth and fresh-
water lakes on the Kharlov Island (Eastern Murman) is an important element of the birds’ behavior
during molting, but it is not associated with their feeding activity. When moving toward the river mouth,
kittiwakes form flocks resembling a winding ribbon and occasionally stretching over 1 km in length.
V. Modestov called the Kharlovka River mouth, where he observed large aggregations of R. tridactyla,
their favored feeding site. There, he documented 1 ind. of a small trout Salmo trutta in a kittiwake’s
stomach [Modestov, 1967]. Although this bird relies entirely on marine-derived food (fish, crustaceans,
and molluscs) [Belopolsky, 1957], its foraging territories on the mainland coast also cover inland sites, in-
cluding tundra lakes and rivers [Kuklin, 2013]. When occurring in such biotopes, R. tridactyla become
infected with freshwater helminths, and this evidences for their foraging activity in these freshwater
systems [Kuklin, 2013].

A directed flight of gulls is not widely discussed in literature. N. Tinbergen [1974] distinguishes
the following types of a directed flight for the European herring gull: a flight to a roosting site, a re-
turn from the sea to the breeding colony, and a flight to a feeding site. This researcher considers mi-
gration to be an extreme case of a directed flight differing only quantitatively from a flight to a roost-
ing site, a return from the sea to the breeding colony, or a flight to a feeding site. V. Dolnik, in his
fundamental work “Migratory State of Birds” [1975], identifies the following types of bird move-
ments: daily migrations between feeding and resting sites, shifts in habitats due to changes in food
availability or population density, dispersal for settlement, invasions as the expulsion of excess in-
dividuals beyond the species range, and regular seasonal migrations. Based on V. Dolnik’s classi-
fication, we can conclude that this case most likely represents “a daily migration between feeding
and resting sites.”

The kittiwake breeds in dense colonies on steep cliffs along sea coasts forming so-called bird
cliffs [Belopolsky, 1957].

The first evidence of R. tridactyla breeding in the Kola Bay dates back to 1999. Since then, there
was a small breeding colony (about 50 pairs in 1999) on a floating dock near southern piers of the com-
mercial port. In 2004, its population reached approximately 200 pairs. In the 2000s, there was a small
colony of kittiwakes (50-60 breeding pairs) on walls of a dock in the inner harbor of the Roslyakovo
village (middle section of the Kola Bay). In 2009, the dock was sunk; R. fridactyla moved to the main-
land coast of the harbor and established a colony. In the summer of 2010, 75-80 pairs of birds bred
there. Also, kittiwakes breed in small colonies in the northern Kola Bay; the largest and most stable
colony (at least 100-200 pairs) is located on the eastern shore of the Pala Bay. In summer, R. tridactyla
periodically occur in high abundance in the northern Kola Bay pursuing schools of small pelagic
fish [Krasnov, Goryaev, 2013].
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Unlike large gulls, the European herring gull and sea gull which have been breeding in the residential
area of Murmansk for many years [Goryaeva, 2007, 2013], the kittiwake has not been encountered
in the city or on nearby lakes since 1998 [Kharlamova, Novikov, 2019]. According to A. Goryaeva,
R. tridactyla was not observed during bird surveys in Murmansk in 2000-2019 (approximately 300 km
of survey routes per year in the residential part of the city). Moreover, at the spots where kittiwakes were
recorded in 2020 (the flight route over the city center), A. Goryaeva had been carrying out annual summer
observations of breeding European herring gulls since 2005, and no kittiwakes have been previously
noted. The Kola Bay shores are under much anthropogenic load since the late 1990s; apparently, because
of the fact that R. tridactyla breed there, birds became able to fly over Murmansk by 2020.

Synanthropic tendencies in the behavior of the kittiwake are not observed everywhere. In literature,
there are no mentions of the presence of this species in residential areas of Russian cities. Foreign pub-
lications report cases of the kittiwake breeding in cities in the UK and Norway [Nilsen, 2020; Turner,
2010].

The combination of the kittiwake’s choice of man-made structures for breeding (synanthropization)
and its occurrence on freshwater basins has been described for the River Tyne area (the North East
England) [Coulson, MacDonald, 1962; Temperley, 1951; Turner, 2010]. Kittiwakes were not encoun-
tered on the River Tyne until 1951; that year, a single bird was registered [Temperley, 1951]. Over
the next decade, the situation changed significantly, and by 1961, R. tridactyla could be seen almost
every day February to June within sight of the bridge over the River Tyne. During this period, most kitti-
wakes noted on the river were foraging — picking up food from the water’s surface [Coulson, MacDonald,
1962]. Moreover, birds gathered to feed near sewage outflows. In the same years, on the freshwater River
Derwent (17 km inland from the coast of England) which flows into the River Tyne, kittiwakes fed almost
exclusively on fish sometimes reaching 6 inches (15 cm) in length (its species was not identified). Accord-
ing to [Coulson, MacDonald, 1962], kittiwakes tend not to fly over land, except when they gather to bathe
in freshwater or, in High Arctic, when they migrate to inland nesting cliffs and back. By 1961, these birds
began visiting a freshwater lake in a park in South Shields (a town on the right bank of the River Tyne).
Initially, they came to this lake just to bathe, but after five years, they started feeding on bread thrown
to other birds — the black-headed gull Larus ridibundus and mute swan Cygnus olor. By 1961, kittiwakes
were regularly flying over the center of North Shields (a town on the left bank of the River Tyne) to a small
reservoir in the town center, approximately 1.5 miles from the coast. After visiting the lake, these birds
rested on a parapet of a nearby church. In 1962, J. Coulson noted for the first time that R. tridactyla
was likely feeding regularly on fish caught in freshwater and more and more often feeding on bread.
The researcher suggested as follows: in the coming years, this bird might be more frequently observed
in freshwater during its breeding season. By 1962, the kittiwake was resting on buildings along the River
Tyne leading J. Coulson to predict the establishment of breeding colonies there. His expectations were
fulfilled in the subsequent years. R. tridactyla breeding colonies began to appear on walls of buildings
along the River Tyne and accounted for 450550 pairs within 1995-2005 and 755 pairs in 2007 [Turner,
2010]. Thus, in this region, manifestations of synurbization cover the occurrence of birds in urban spaces
and their visits to freshwater basins in anthropogenic landscapes.

For the kittiwake flying over Murmansk, a decline in flight altitude over the city in the second year
of the migration route existence can presumably be considered as the fact of birds becoming accus-
tomed to the urban environment. This is supported by the reduction in circling behavior during flight
in the second year.
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Some questions arise regarding R. tridactyla selectivity in choosing the Lake Bolshoye, as kittiwakes
were recorded only on this lake within the city and its immediate vicinity. According to other Mur-
mansk researchers [Kharlamova, Novikov, 2019], during surveys on birds visiting the Lake Bolshoye,
no R. tridactyla were registered there between 1998 and 2019. As reported in [Zubova et al., 2021],
in 2020, in the Lake Bolshoye, S. trutta occurred, 149-233 mm in length (the species previously found
by V. Modestov [1967] in a kittiwake’s stomach in the Kharlov Island area), along with the vendace
Coregonus albula and three-spined stickleback Gasterosteus aculeatus. For comparison: from the Lake
Semyonovskoye, only two fish species were reported, the European perch Perca fluviatilis and northern
pike Esox lucius; in the Lake Ledovoye, no fish were caught [Zubova et al., 2021], likely due to its se-
vere pollution. Thus, the ichthyofauna of the Lake Bolshoye meets dietary requirements of the kittiwake.
Although foraging is not the primary aim of the bird’s visits to freshwater basins [Krasnov, Nikolaeva,
1998], the availability of food seems to play a determining role in R. tridactyla choice of lakes.

Conclusions:

e In 2020, a daily migration route of a seabird, the kittiwake Rissa tridactyla, was registered over
the residential part of Murmansk for the first time.

* The daily dynamics of the abundance of flying birds followed a normal distribution curve occurring
between 9:00 and 18:00, with a peak at 13:00-14:00.

* The abundance of R. tridactyla flying through the center of Murmansk in July—August 2020-2021

reached 1,500 ind. per day, with a flyway width of about 300 m.

* The behavior of the birds in the first year of the migration route’s formation differed slightly from that
in the following year in terms of flight patterns and altitude.

* The kittiwakes’ visits to the Lake Bolshoye may be related to bathing in freshwater and feeding there
during the breeding season.

The work was carried out within the framework of MMBI RAS state research assignment No. 0228-2019-0004
and No. FVEE-2021-29.
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IHEPBBIE JIOKAJIbHBIE IEPEMEIHIEHU A MOEBKU
RISSA TRIDACTYLA (LINNAEUS, 1758)
HAJL ZKNJIBIMU KBAPTAJIAMU I'OPOJIA MYPMAHCKA

A. A. TopsieBa, A. A. lllaBbikun, A. H. KapunaTtos

MypMaHCK1iA MOpcKoii 6uostorndyeckuii uactutyT PAH, Mypmanck, Poccuiickas Penepanmst
E-mail: nastya.goryaeva.12@mail.ru

Bo BcéM mupe perucTpupyioT HOBbIE MPOSIBJICHUS CHHAHTPOITHBIX TEHISHIIMH Y Pa3HBIX BUIOB TITHII.
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During plankton sampling in deep and shelf areas of the Black Sea off the Crimea in October 2019
(the 110" cruise of the RV “Professor Vodyanitsky”), the quantitative distribution, abundance, biomass,
size and age structures, and lipid reserves of Calanus euxinus Hulsemann, 1991 population were
studied. Zooplankton was sampled with the Bogorov—Rass net (inlet area of 0.5 m?, and mesh
size of 300 wm) by vertical net hauls from the bottom or the lower boundary of the oxygen zone
to the sea surface. Size and age of C. euxinus were determined under a stereomicroscope in a labora-
tory. Lipid reserves in the population were estimated based on the specific oil sac volume at the late
copepodite stages. As shown, in 2019, ongoing warming in the Sea of Azov-Black Sea region led
to a decrease in C. euxinus abundance and biomass in deep-sea areas down to (5.3 = 0.5) thou-
sand ind.-m™ and (3.7 + 0.3) gm™2, respectively, and also to changes in the population structure.
Partly, these phenomena could be related to a weakening of winter convective mixing in the sea.
Probably, a drop in river inflow after severe drought in 2018-2019 was even more important
for C. euxinus, as it dramatically reduced the supply of nutrients to the sea. Due to a weak
transfer of nitrates, phosphates, and especially silicates with the river flow, abundant phytoplank-
ton (first of all, diatoms critically needing silicates) had insufficient mineral sources for its devel-
opment in 2019 and, correspondingly, could not satisty C. euxinus trophic requirements at the level
of previous years. An increase in lipid content of V copepodites in autumn 2019 is explicable
by an abnormally low density of C. euxinus population that year driven, apparently, by an ex-
tremely high biomass of planktivorous jellyfish, especially the medusa Aurelia aurita Linnaeus, 1757,
in winter—spring 2017-2018.

Keywords: Calanus euxinus, abundance, biomass, lipid reserves, interannual dynamics, Black Sea

A copepod Calanus euxinus Hulsemann, 1991 is a key mesozooplankton species in the Black Sea con-
stituting 60-75% of its total biomass, or 76-85% of crustacean plankton biomass in deep-sea areas [An-
ninsky, Timofte, 2009; Arashkevich et al., 2014; Zagorodnyaya et al., 2023]. This species is the largest
Black Sea copepod: females can reach 4.5 mm in length, and males attain 3.4 mm [Sazhina, 1987].
C. euxinus features high wax content (up to 40% of its body volume) [Yuneva et al., 1999] accumulated
primarily in late copepodites and adults within an oil sac. Because of these lipid reserves, some individ-
uals can possess a reddish coloration. Due to its visibility, high nutritional value, and tendency to form
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localized aggregations, C. euxinus is critically important for the diet of small pelagic fish, particularly
the cold-water Black Sea sprat Sprattus sprattus phalericus (Risso, 1827) which mostly consumes large
cold-water zooplankton [Bayhan, Sever, 2015; Latun, 2014; Yuneva et al., 2016].

C. euxinus can produce up to eight generations annually [Sazhina, 1987] maintaining its biomass
at relatively stable levels, with slight increases in spring and declines in winter [Vinogradov et al., 1999].
In the 1970-1980s, its biomass in open sea areas averaged 5—10 g-m2. However, following the inva-
sion of the lobate comb jelly Mnemiopsis leidyi (A. Agassiz, 1860), biomass of the copepod decreased
to 1-3 g-m’2 in the Black Sea in 1991-1992 [Kovalev, 1996; Vinogradov et al., 1999]. By October 2005,
C. euxinus biomass in the western deep-sea area had risen again to 6.2 g-m™2 [Anninsky, Timofte, 2009].
In the autumn of 2016 and 2017, at the sites to the south of the Crimea, it reached 7.1 and 7.3 g-m_z,
respectively [Hubareva, Anninsky, 2022, 2024].

Significant interannual fluctuations in mesozooplankton abundance and biomass on the Black Sea
shelf [Anninsky et al., 2020; Gubanova et al., 2022] evidence for the fact that populations of the cope-
pod are not only vulnerable to planktivorous jellyfish invasions, but also dependent on hydrological
regime shifts. Over the last decades, the annual mean surface temperature of the Black Sea was rising
by 0.052 °C per year [Ginzburg et al., 2021]. Oxygen penetration depth in the sea decreased from 140 m
in 1955 to 90 m in 2015, with total oxygen content declining by 44% [Capet et al., 2016]. Stagna-
tion processes in the sea [Polonsky, Valle, 2020; Vidnichuk, Konovalov, 2021] disrupt vertical migra-
tions and lipid formation in cold-water crustaceans, particularly C. euxinus, with its major population
remaining constantly in diapause near the lower oxycline boundary [Vinogradov et al., 1992].

In 2019, an autumn study of C. euxinus abundance, biomass, distribution, size and age struc-
tures, and lipid reserves of the Black Sea population extended investigations carried out in 2016
and 2017 [Hubareva, Anninsky, 2022, 2024]. The survey was aimed at assessing the species response
to regional climate warming and associated recent hydrological changes in the sea.

MATERIAL AND METHODS

In autumn 2019 (7-21 October, the 110" cruise of the RV “Professor Vodyanitsky”), zooplank-
ton was sampled in the Black Sea, at 69 stations covering deep-sea and shelf areas southwest, south,
and southeast of the Crimea, in a sector from N43°02” to N44°59” and from E32°10" to E38°40” (Fig. 1).
Three stations were situated in the inner shelf zone (depths < 50 m), and ten were located on the outer
shelf (depths 50-200 m). Deep-sea stations were classified by their hydrological regime into cyclonic
gyre cores, with an isopycnal depth (o, = 16.2) of < 125 m (18 stations); cyclonic peripheries, with a depth
of 126—150 m (31 stations); and anticyclonic eddies, with a depth of > 150 m (7 stations) (Fig. 2).

Prior to plankton sampling, hydrological measurements were conducted at each station with a re-
search tool Sea-Bird 911 plus CTD (the USA) to assess vertical profiles of temperature, salinity, and sea-
water conditional density (o). Zooplankton was quantitatively sampled with a Bogorov—Rass net (inlet
area of 0.5 m%, mesh size of 300 um) by total vertical hauls from the seabed or the lower boundary
of the oxygen zone (o, = 16.2) to the sea surface. Samples containing C. euxinus, including copepodite
developmental stages and adults, were preserved in a 4% borax-neutralized formalin solution. Subse-
quent laboratory processing involved examining the samples in a Bogorov chamber under a stereomi-
croscope to measure and identify C. euxinus developmental stages. Population structure was typically as-
sessed by full examination of the entire sample. However, when late developmental stages were abundant,
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they were quantified via subsampling [Alexandrov et al., 2020]. Reserve lipid content in C. euxinus was
evaluated based on oil sac volume in V copepodites, males, and females. Corresponding measurements
were carried out for 20 ind. per certain developmental stage at each station.
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Fig. 1. The map of sampling survey (with station numbers identified) in the northwestern, central,

and northeastern Black Sea during the 110" cruise of the RV “Professor Vodyanitsky” in October 2019.
The line shows the 200-m isobath
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Fig. 2. Hydrodynamic activity in the Black Sea at a 30-m depth from 15 October to 15 November,
2019 (https://dekosim.ims.metu.edu.tr/BlackSeaModels/BlackSeaModels.shtml). RC, the Rim Current;
WCG, the Western Cyclonic Gyre; ECG, the Eastern Cyclonic Gyre; SAE, the Sevastopol Anticyclonic
Eddy; CAE, the Crimea Anticyclonic Eddy
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The individual wet weight of copepodites and adult C. euxinus (WW, mg) was calculated
by the formula:

WW =058 x I xd? x p,

where 1 and d are prosome length and width, respectively, mm;
p is a mean body density, g-cm™ [Svetlichny, Hubareva, 2014].
The body volume of copepodite stages, males, and females (V,, mm?®) was determined using
the formula:

V, =k x L, xd

pr >
where L, and d,, are prosome length and width, respectively, mm;
k is an empirical coefficient equal to 0.64 for males and 0.58 for copepodites and females
[Svetlichny et al., 2009].
The oil sac volume (Vy,.) was calculated as:

v

_ 2
sac ™ X lsac X dsac/6 ’

where lg,. and dg,. are oil sac length and width, respectively, mm [Svetlichny, Hubareva, 2011].

Data were processed in MS Office Excel 2010, Grapher 7, PAST 4.05 [Hammer et al., 2001],
and Surfer. In all cases, means and corresponding values of a standard error (+ SE) are provided. Differ-
ences between analyzed datasets were assessed using Student’s 7-test and non-parametric Mann—Whitney
U test.

RESULTS

Hydrological conditions in the study area. Within the survey period, sea surface temperature
ranged from +15.6 to +20.4 °C, with the mean of (+18.4 = 0.1) °C. It was slightly lower in central
deep-sea areas south of the Crimean Peninsula (Fig. 3).

In this area, the temperature field evidences for a significant upwelling of cold deep waters to the sur-
face, and this is likely associated with hydrodynamic instability on the periphery of the Eastern Cyclonic
Gyre. This was further supported by a concurrent increase in surface water salinity at the survey site.
In the western study area, salinity varied within 18.28—18.62 psu, with the mean of (18.4 + 0.02) psu.
In the eastern study area, the range was wider, 17.37-19.36 psu, with the mean of (18.6 = 0.1) psu.
The lowest salinity values, 17.37-18.27 psu, were recorded at sta. 72 and 73 resulting from the inflow
of freshened Sea of Azov water into the Kerch pre-strait.

The lower boundary of the upper quasi-homogeneous layer corresponding to the upper ther-
mocline boundary was located at similar depths in the western and eastern deep-sea areas:
at 11-36 m [the mean of (21.0 £ 1.0) m] and 14-34 m [the mean of (20.0 £ 1.4) m]. In both
cases, the thermocline depth was mainly mediated by mesoscale water circulation. Thus, thermo-
cline raises in cyclonic circulation zones (south of the Cape Chersonesus, sta. 23) and deepens
within cores of anticyclonic eddies, with Sevastopol and Crimean anticyclones being especially
notable.
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Fig. 3. Spatial distribution of temperature (°C) and salinity (psu) in the sea upper layer, as well as depths (m)
of the upper boundary of the thermocline and the lower boundary of the oxygen zone in the Black Sea
on 7-21 October, 2019

Quantitative distribution of Calanus euxinus. Its maximum abundance (21.2 thousand ind.-m™?)
and biomass (15.3 g-m™) in October 2019 (Fig. 4) were recorded in the cyclonic meander zone
of the Rim Current identified by the relatively shallow thermocline depth and localized sea surface
temperature decrease (sta. 23) (see Fig. 3). However, no statistically significant correlation was found
between the species biomass and hydrodynamic phenomena in the deep-sea area, although its to-
tal abundance gradually rose with the deepening of the lower boundary of the oxygen zone (here-
inafter LBOZ) (r = 0.32; p < 0.05). C. euxinus mean biomass slightly increased from central areas
of cyclonic gyres [(3.2 + 0.3) g~m'2] toward their peripheries [(4.2 + 0.5) g-m'z], but decreased
[(2.9 + 0.4) gm™] with LBOZ deepening to 150-160 m. Abundance values followed this trend ac-
counting for (3.7 £ 0.4), (6.2 +0.7), and (5.8 + 1.1) thousand ind.-m™ (in the same sequence). A slight
gain in the species abundance with LBOZ deepening was governed by higher abundance of early
copepodite stages which develop in warmer waters displaced toward gyre peripheries by centrifugal
currents.

In deep-sea areas, C. euxinus abundance and biomass were (5.3 £ 0.5) thousand ind.-m
and (3.7 £ 0.3) gm™2, respectively. On the outer shelf, the values decreased to (4.8 + 1.1) thou-
sand ind.-m™? and (1.5 * 0.5) g-m'z. A significant (2.5-fold; p < 0.001) decline in biomass of this
copepod reflects the dominance of early developmental stages in shallow waters. On the inner shelf,
its abundance and biomass were even lower: (2.2 + 1.5) thousand ind..-m™ and (0.3 % 0.3) g~m‘2,
respectively.
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Fig. 4. Abundance and biomass of a copepod Calanus euxinus in the northwestern, central, and northeastern
Black Sea in October 2019

Age structure of Calanus euxinus population. The population structure was mediated by fea-
tures of hydrodynamic conditions (Fig. 5). In central cyclonic gyres, proportions of V copepodites
[(49.5 £ 4.1) %] and females [(33.1 + 3.2) %] were 1.5-2 times higher than in anticyclonic eddies
[(31.4 £ 2.4) and (15.9 * 4.5) %, respectively]. Proportions of I-III and IV copepodites increased in-
versely: from (6.2 = 1.3) % and (2.2 £ 0.4) %, respectively, at LBOZ of 100-125 m to (35.3 £5.0) %
and (10.5 £ 2.4) % at LBOZ of 150-160 m. The relative abundance of males varied between 6.7
and 10.5%.

On the outer shelf, the proportion of I-III copepodites increased to (64.8 + 7.8) %, while proportions
of V copepodites, females, and males dropped to (13.2 £ 3.1), (9.3 £ 4.0), and (2.8 £ 0.9) %, respectively.
The numerical prevalence of early developmental stages in C. euxinus population became even more
pronounced on the inner shelf: there, I-III copepodites constituted (89.0 + 2.1) %, while V copepodites
and adults occurred singly in autumn.

Lipid reserves of Calanus euxinus population. Late copepodite stages exhibited higher reserve
lipid content in deep-sea areas, where the oil sac volume relative to body volume reached (24.0 £ 0.7) %
in V copepodites, (7.0 £ 1.1) % in females, and (11.5 = 0.5) % in males. Interestingly, in central cy-
clonic gyres, V copepodites, females, and males accumulated much more lipids than in peripheral areas
[(25.7£1.2),(9.7%1.2),and (13.1 £ 0.8) %, respectively], though these differences were not statistically
significant (p > 0.05). On the outer shelf, V copepodites stored half lipid reserves of those in open sea
areas [(11.9 £ 1.7) %; p < 0.001]. However, the mean oil sac volume in females and males [(6.3 £ 0.8)
and (8.0 £ 1.4) %, respectively] remained the same (p > 0.05).
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Fig. 5. Total abundance (thousand ind.-m~2), biomass (gm‘z), and age structure (% of total abundance)
in Calanus euxinus population in relation to vertical profiles of seawater temperature (t, °C) and density (o,)
in deep-sea areas of the Black Sea. The depth of the lower boundary of the oxygen zone (o, = 16.2):
100-125 m (A); 126-150 m (B); 151-160 m (C)

DISCUSSION

In deep-sea areas, C. euxinus biomass in October 2019 was nearly twice as low (p < 0.001) as dur-
ing autumn of 2016 and 2017 [Hubareva, Anninsky, 2022, 2024]. Furthermore, it was significantly
lower (p < 0.05) than biomass of this species in 2005 [Anninsky, Timofte, 2009], when mesozooplank-
ton community seemed to be still recovering from the damage caused by the invader M. leidyi. Biomass
of this copepod declined most sharply in central cyclonic circulation zones (p < 0.001) and on their
peripheries (p < 0.001 in 2016; p < 0.05 in 2017). Even in areas of surface water downwelling, C. eu-
xinus biomass was 2-2.5 times lower compared to that in 2016 and 2017, though high data variability
in the first case precluded statistical significance (p > 0.05). On the outer shelf, a twofold biomass decline
was also statistically unsignificant (p > 0.05).

In general, interannual changes in abundance of this copepod were similar to dynamics of its biomass.
However, on the periphery of cyclonic gyres, in 2019, compared to 2016 and 2017, a decrease in C. eu-
xinus abundance was 10-20% less intense than a decline in its biomass. In anticyclonic deep-sea
areas, the difference reached 30—40%. This suggests that negative changes in the copepod population
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in 2019 had effect on the late developmental stages, that dominate in terms of contribution to biomass.

At the same time, early copepodites which are more critical for abundance assessment, mostly preserved
their stable level in plankton.

The analysis of C. euxinus population structure revealed that the proportion of I-III copepodites
in deep-sea areas gradually increased: from 5.7% in 2016 to 17.6% in 2017 and 21.0% in 2019. This
tendency was driven by a rise in their proportions in anticyclonic deep-sea areas, where these stages
accounted for 12.2% of total abundance in 2016, 16.1% in 2017, and 35.3% in 2019. Concurrently,
the proportion of V copepodites declined gradually from 48.2 and 35.7% in 2016 and 2017 to 31.4%
in 2019. The same shifts were observed in females (from 27.7 and 25.3% to 15.9%).

Despite reduced abundance and biomass of V copepodites in 2019, their lipid reserves in-
creased (Fig. 6). The oil sac volume in these copepodites rose compared to that in 2016-2017 under
different hydrological regimes: in central cyclonic zones (from 16.6 and 17.2% to 23.7%), on gyre pe-
ripheries (from 16.6 and 18.7% to 24.4%), and in the zone of anticyclonic eddies (from 17.4 and 18.6%
to 23.7%). No noticeable interannual changes were registered in C. euxinus female or male lipid reserves
suggesting heterogeneity in their reproductive readiness. In contrast, much more elevated lipid reserves
in V copepodites in 2019 seem to evidence for the proximity to final metamorphosis and their high re-
productive potential upon maturation. Increased lipid reserves imply better feeding conditions in 2019
compared to those in 2016-2017 [Hubareva, Anninsky, 2022, 2024]. This appears to result from a more
than twofold reduction in population size in 2019 compared to that in 2016-2019 and a corresponding
weakening of intra-population competition for food.
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Fig. 6. Specific oil sac volume (% of body volume) in V copepodites (V), females (F), and males (M)
of Calanus euxinus from the Black Sea areas with different depths of the lower boundary of the oxygen
zone (o, = 16.2) in October 2019: 100-125 m (A); 126-150 m (B); 151-160 m (C)

Thus, the most distinctive features of C. euxinus population in 2019 are as follows:
1) a significant decline in abundance and biomass;

2) structural population shifts mainly mediated by a greater representation of juveniles and a decline
in abundance of older age stages;

3) increased reserve lipid content in V copepodites.

Marine Biological Journal 2025 Vol. 10 No. 1



Abnormal decrease in abundance and biomass of population of Calanus euxinus (Copepoda)... 47

The exact reasons of these changes remain unclear, the same as their temporal dynamics. However,
several key factors undoubtedly affected both the Black Sea pelagic biota in general and C. euxinus
population in particular in 2017-2019.

Within 2017-2019, the mean annual temperature in the Black Sea increased by approximately 2 °C.
The winter of 2017/2018 was warmer than usual, while the winter of 2018/2019 was exceptionally
warm, with air temperature 2.7 °C above the norm [Ginzburg et al., 2021]. This warming not only
slowed the seasonal cooling of the sea surface, but also maintained temperature at least 1 °C higher
in the core of the cold intermediate layer and within the main pycnocline zone. Convective mixing
of water masses during winter significantly weakened, and this, combined with a rise in temperature,
contributed to formation of stagnant conditions near LBOZ [Polonsky, Valle, 2020]. Oxygen content
in the oxycline layer (o; = 15.4) halved, the upward transport of nitrates from the main pycnocline
to the upper layers slowed, and the intensity of spring phytoplankton bloom declined [Vidnichuk, Kono-
valov, 2021]. The winter—spring phytoplankton peak which usually occurred in February has not been
noted at all in recent years [Stelmakh et al., 2023] or was observed in coastal areas alone [Vostokov et al.,
2019].

These hydrological shifts projected across the entire pelagic biota and inevitably affected C. euxi-
nus population by narrowing boundaries of its oxygenated biotope and reducing the supply of nutrients
to the zone of active photosynthesis. However, the effect of spring phytoplankton bloom on this copepod
appears to be secondary due to the short duration of this process or the small size of algal cells prolif-
erating during this period [Silkin et al., 2022] and possessing low nutritional value for large copepods
[Amelina et al., 2017].

A positive correlation (r = 0.81; p < 0.01) was observed between C. euxinus biomass on the outer
shelf of the Sevastopol Bay in 2003-2021 and the sea surface temperature in April and May [Annin-
sky et al., 2020]. It highlights strong dependence of C. euxinus population on regional climate features,
particularly in winter and spring. The prevalence of cyclonic atmospheric circulation was characterized
by early warming, increased precipitation, and elevated river inflow into the Black Sea [Oguz et al., 2006];
this contributed to greater productivity of the copepod population. This is likely driven by intensified
spring flow from rivers, such as the Danube and Dnieper: those account for over 70% of total freshwater
inflow to the Black Sea peaking in April and May [Ivanov, Belokopytov, 2011]. Strong floods enhance
nutrient enrichment in the pelagic zone and thus form favorable trophic conditions for the copepod pro-
viding improved summer—autumn development of large diatoms and phytoplankton in general [Yunev
et al., 2021]. Furthermore, chlorophyll @ anomalies in the upper mixed layer correlate significantly with
the Danube inflow across all the Black Sea regions [Nezlin, 2006].

For the Danube basin and the Sea of Azov—Black Sea region, 2018 was one of the driest years in a cen-
tury [Ginzburg et al., 2021; Hénsel et al., 2022]. Apparently, river flow in 2019 (it was an almost equally
low-water year) remained extremely weak [Chasovnikov, Borodulina, 2022]. Such a reduction in fresh-
water inflow severely limited the supply of nutrients to the sea. Accordingly, concentrations of nitrates,
phosphates, and especially silicates in seawater in 2019 were the lowest during the period of observations,
at least since 2009 [Chasovnikov, Borodulina, 2022; Orekhova, 2021]. The scarcity of silicates, a critical
resource for diatoms, deprived phytoplankton communities of minerals needed for their growth. Conse-
quently, phytoplankton failed to satisfy trophic requirements of C. euxinus and other copepods at levels
noted in previous years [Datsyk et al., 2020].

Marine Biological Journal 2025 Vol. 10 No. 1
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How, then, can the high lipid content in V copepodites in 2019 be explained? One of the factors con-
tributing to substantial lipid reserves in C. euxinus could be the sparsity of its population (and thus reduced
intraspecific competition for food) under limited availability of small diatoms in the sea. It is also possi-
ble that gelatinous zooplankton and other planktivores played a certain role. In 2019, M. leidyi biomass
increased to (144 +21) g¢om™, and C. euxinus occasionally dominated among preys of the lobate comb
jelly in deep-sea areas [Anninsky et al., 2024]. However, even more pronounced effect on the cope-
pod population may be related to the extremely high biomass of the common jellyfish Aurelia aurita
Linnaeus, 1757 in autumn 2017: (514 + 159) g-m™2 on the outer shelf and (634 + 87) g-m™ in deep-
sea areas, that was threefold higher than the long-term mean over 2005-2019 [Anninsky et al., 2022].
The relatively high biomass of C. euxinus during autumn study in 2017 does not preclude a sharp decline
later that year or in early 2018. Specifically, after the mass development of M. leidyi in 1988—1989, a de-
crease in the copepod biomass became evident only in 1991-1992 [Vinogradov et al., 1999]. The verti-
cal distribution of A. aurita population overlapped more with C. euxinus populations, than it was typical
for M. leidyi. Abundance of the copepod might have dropped due to intense predation by the common
jellyfish on eggs, early developmental stages, and, in some cases, migrating V copepodites and adults.
Apparently, the active accumulation of lipid reserves in C. euxinus was facilitated by its ability to feed
on large-cell diatoms adapted to inhabit nutrient-poor waters [Stelmakh et al., 2023].

Conclusion. Ongoing warming in the Sea of Azov-Black Sea region led to large-scale transfor-
mations in the Black Sea pelagic zone in 2019 causing a sharp decline in abundance and biomass,
as well as structural shifts in the population of the key mesozooplankton species, Calanus euxinus. While
the most of the copepod annual cycle occurs at low temperature near the lower boundary of the oxy-
gen zone, direct thermal effects on its population over the recent years have been minimal. However,
even slight deviations in winter sea temperature from a norm significantly degraded the species habi-
tat conditions in 2019. The weakening of winter convective water mixing exacerbated stagnation near
the lower boundary of oxygen zone. Oxygen content in the oxycline layer decreased twofold, nitrate flux
from the main pycnocline to the upper layers slowed, and the intensity of spring phytoplankton bloom
declined. However, a drastic reduction in river inflow due to a severe drought of 2018-2019 was even
more crucial for C. euxinus: it minimized allochthonous supply of nutrients to the sea. In 2019, content
of nitrate, phosphate, and especially silicate was the lowest since at least 2009 due to reduced river inflow.
Accordingly, abundant phytoplankton, particularly silicate-dependent diatoms, was deprived of mineral
resources for its development in 2019 and failed to satisfy C. euxinus trophic requirements at the level
of previous years, as well as those of copepods in general. Slightly elevated lipid reserves in V cope-
podites in 2019 might reflect the anomalous sparsity of C. euxinus population in that year, potentially
driven by unprecedented high biomass of planktivorous jellyfish, especially Aurelia aurita, during winter
and spring in 2017-2018.

This work was carried out within the framework of IBSS state research assignment ‘Functional, metabolic,
and molecular genetic mechanisms of marine organism adaptation to conditions of extreme ecotopes of the Black
Sea, the Sea of Azov, and other areas of the World Ocean” (No. 124030100137-6).
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AHOMAJIBHOE COKPAIITEHUE YNCJIEHHOCTHU U BUOMACCBHI
nonvJisanuu KONENO/AbI CALANUS EUXINUS
B I'TYBOKOBO/IHBIX PAMOHAX YEPHOI'O MOPS OCEHBIO 2019 T'.:
qTO MPOUCXOIUT B MOPCKOM SKOCUCTEME?

E. C.TI'y6apesna, b. E. AHHnHCKHIT

®I'BYH PUILL «HucTuTyT GHosoruu 10xHbX Mopeli uvmenn A. O. Koasnesckoro PAH»,
Cesacronoss, Poccniickas ®enepanns
E-mail: ehubareva@ibss.su

B xo/ie IIaHKTOHHBIX PaboT, MPOBEAEHHBIX B I'TyOOKOBOIHBIX paiioHax YEPHOTro MOps U Ha €T LIeNb-
e y Kprimckoro nonmyoctposa B okTsiope 2019 r. (110-i1 peitc HUC «IIpodeccop BopsHuukuit»), uc-
ClIeJOBaIM KOJIMYECTBEHHOE pacrperesieHre, YUCIeHHOCTb, OMoMaccy, pa3MEepHO-BO3PACTHYIO CTPYK-
TYPY U XKUPOBbBIE pe3epBbI MOMyJisAun Korenoabl Calanus euxinus Hulsemann, 1991. TIpo6si 300111aHK-
TOHa 0TOMpaK ceThio Boroposa — Pacca (mmomas Bxoasoro otsepcetus 0,5 M2, siues 300 MKM) MeTo-
JIOM TOTaJIbHBIX BEPTUKAJIBHBIX JIOBOB OT JJHA WJIM OT HM)KHEW IPaHMIIBI KUCJIOPOAHOW 30HBI 10 TOBEPX-
HOCTH MOpsi. Pazmepsl u Bo3pacT C. euxinus onpeaessiiy noj MukpockornoM. CopepkaHue 3aracHbIX
JIMTIVJIOB B TIOMYJISAIIMM OIIEHUBAIH 1O YIIeIbHOMY OOBEMY KMPOBBIX MEIIIKOB Y PAYKOB CTAPIIIX BO3-
PACTHBIX CTaAUIl. YCTaHOBJIEHO, YTO ITPOJIOJIKAIOIIEECs OTeIJIeH!e B A30B0-YepHOMOPCKOM peruoHe
npuBesio B 2019 r. K COKpAILEHUIO YMCIEHHOCTH 1 Ouomacchl C. euxinus B I'TyOOKOBOJHBIX pailoHAX
1o (5,3 £0,5) Thic. 9K3.-M 2 1 (3,7 £ 0,3) "M% COOTBETCTBEHHO, A TAK)KE K N3MEHEHHUSIM B CTPYKTYpe
nony sy, OTYacTy 3TOMY CIocOOCTBOBAJIO OcnabIeHNe 3MMHET0 KOHBEKTUBHOTO TIepEMELIMBAHH S
BOJIHBIX Macc. BepositHo, emé Gosee cymectBeHHbIM ist C. euxinus ObUIO TO, YTO U3-3a CUIIbHON
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3acyxu 2018-2019 rr. mpou3oILIo pe3Koe CHUKEHUE MaBOJKOBOTO CTOKA PeK, OrpaHUYMBIIIEE A0 MU-
HUMYMa IOCTYIUIeHe OMOTeHHBIX JIEMEHTOB B Mope. Benenictue ciaboro BBIHOCA C peYHBIM CTOKOM
HUTpaToB, ¢ochaToB U OCOOEHHO CHIIMKATOB MAacCOBBIN (DUTOIUIAHKTOH (IIpeXk/e BCEro HyKIaIoIIu-
ecsl B CWJIMKaTax JMaTOMOBBbIE Bogopocin) He uMed B 2019 r. MUHEpaabHBIX PECYpCOB ISl CBOETO
pa3sBUTHUS U, COOTBETCTBEHHO, He 0OecreunBall Ha yPOBHE MPEKHUX JIET TPopUIecKue MOTpeOHOCTH
C. euxinus. HekoTopoe MOBbILIEHHE KUPHOCTU V KOIENOaUuTOB oceHbio 2019 1. 00bACHUMO aHOMaJIb-
HOU pa3pexxeHHOCTbIo nonysisiuu C. euxinus B 5TOM roy, 00yCIOBICHHOH, BO3MOKHO, OecrpelieIeHT-
HO BBICOKOI OOMACCOM KeJIeTeNbIX TNIAaHKTO(AaroB U 0cOOEHHO Mey3bl Aurelia aurita Linnaeus, 1757
B 3UMHe-BeceHHui nepuog 2017-2018 rr.

KiaroueBrie caoBa: Calanus euxinus, 4ACIEHHOCTb, OMOMACCa, 3allaCHBbIE JIMIWILI, MEKIOJOBas
IuHamuka, YepHoe Mope
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EFFECT OF GABA MIMETIC PHENIBUT ON OXIDOREDUCTASE ACTIVITY
IN THE BRAIN COMPARTMENTS OF ADULT AND JUVENILE SCORPIONFISH
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An increase in GABA levels serves to the survival of neurons during hypoxia/anoxia. During ontogene-
sis, GABA is capable of transforming its mediator function from excitatory to inhibitory. The oxidore-
ductase activity (MDH, 1.1.1.37; LDH, 1.1.1.27; and catalase, 1.11.1.6) was studied in the brain com-
partments — the medulla oblongata (MB) and the forebrain, diencephalon, and midbrain (AB) — in juve-
nile and adult black scorpionfish Scorpaena porcus against the backdrop of injection of GABA mimetic
phenibut (400 mg-kg™, i. p.). AB structures of juvenile scorpionfish were characterized by an intensity
of aerobic metabolism comparable to that of adults. At the same time, an elevated LDH activity in ju-
venile MB and AB was observed which may serve to increased survivorship at low environmental POs.
Catalase activity in both age groups was somewhat higher in MB which may be related both to the in-
tensity of oxidative phosphorylation and MB tolerance to injuries during hypoxia. Moreover, catalase
activity in the brain of juveniles (especially in AB) was slightly lower than that of adults. Phenibut si-
multaneously increased MDH and LDH activity in the brain compartments of adult scorpionfish which
may be associated with the activation of the malate-aspartate shuttle, with an opposite trend towards
the restriction of anaerobic glycolysis in the juvenile brain being mostly pronounced in AB (p < 0.05).
Simultaneously, phenibut contributed to a rise in catalase activity in all brain compartments, regard-
less of the age of scorpionfish (p < 0.05). Catalase activity was the highest in MB of adult individu-
als (p < 0.05). Apparently, catalase-controlled H,O; level translates the changes in cellular metabolism
into a meaningful physiological response by influencing H,O,-sensitive ion channels that determine
neuronal excitability and modulates GABAergic transmission. Such a mechanism may be involved
in the brain maturation, maintain brain resistance to hypoxia, and ensure adaptive processes in juvenile
and adult scorpionfish.
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Freshwater and marine aquatic ecosystems are subjected to episodes of hypoxia (dissolved oxygen
deficiency) of varying severity, periodicity, and duration. Animals appeal to various ways of adaptation
to hypoxia, including physiological and molecular mechanisms, metabolic depression, or intensification
of anaerobic glycolysis [Hochachka, Somero, 2002]. In any case, fish survival under hypoxia requires
a well-coordinated response to either obtain more O, from the hypoxic aquatic environment or limit
the metabolic consequences of O, deficiency.

The brain is the most actively functioning organ of vertebrates requiring O, to produce energy.
A significant part of energy consumed by the brain (50-60%) is spent on maintaining ionic gradients
and restoring them after depolarization of cell membranes. Under hypoxia, the primary and universal
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cause of fish death is a violation of ATP homeostasis in the brain, regardless of the general hypoxic
tolerance of a particular species [Nilsson, Ostlund-Nilsson, 2008].

Hypoxia- and anoxia-tolerant vertebrates can serve as model organisms in the studies of mechanisms
of neuronal cell survival under conditions of O, starvation [Little et al., 2021]. A common feature for all
groups of hypoxia/anoxia-tolerant animals, as O, decreases, is the release of the inhibitory neurotrans-
mitter y-aminobutyric acid (GABA) [Hylland, Nilsson, 1999; Nilsson et al., 1991] against the backdrop
of a relative decrease in the level of excitatory mediator glutamate [Nilsson et al., 1991]. At the same
time, GABA is the only inhibitory amino acid in anoxia-sensitive species the level of which increases
during hypoxia, while concentrations of glutamate and glutamine, as its precursor, remain unchanged
or even rise [Nilsson et al., 1991]. It is assumed that one of the main ways of neuronal survival during
hypoxia/anoxia is an increase in GABA level, in particular, providing the suppression of electrical ac-
tivity and limiting energy consumption [Nilsson et al., 1991]. A feature of GABA 1is the transformation
of its mediator function from excitatory to inhibitory during ontogenesis [Ben-Ari, 2014].

The adaptive capabilities of inhabitants of an aquatic environment with constantly varying lev-
els of O, and periodic episodes of hypoxia/anoxia largely depend on the effectiveness of the inter-
action of aerobic and anaerobic pathways of energy metabolism. Oxidoreductases, malate dehydro-
genase (MDH, L-malate: NAD-oxidoreductase, 1.1.1.37) and lactate dehydrogenase (LDH, L-lactate:
NAD-oxidoreductase, 1.1.1.27), are directly involved in energy production, regulate the redox potential
of cells, and serve as markers of the oxidative and glycolytic capacity of energy metabolism. About 90%
of MDH activity is localized in the cytoplasm, and only 10%, in mitochondria. The involvement of cytoso-
lic MDH in the transport of NADH equivalents across the mitochondrial membrane allows it to control
the format of the tricarbonic acids (TCA) cycle pool size. LDH takes part in the anaerobic fermenta-
tion of the end product of glycolysis, i. e., in the reversible pyruvate-to-lactate conversion in cytosol
in the absence of O,, being the terminal enzyme of anaerobic glycolysis. Any change in O, intake causes
shifts between aerobic and anaerobic pathways of energy metabolic processes oxidoreductases are in-
volved in. The reactions of glycolysis provided by oxidoreductases are an integral part of the mechanism
of adaptation to hypoxia.

Disturbances in normal O, metabolism in cells lead to enhanced generation of reactive oxygen
species (hereinafter ROS) the excess of which forms conditions for oxidative stress. For a whole host
of reasons, the brain is very vulnerable to oxidative stress: its tissues are adapted to intensive O, con-
sumption, contain more oxidizable substrates, and have a less active antioxidant defense system. Cata-
lase (H,O,-oxidoreductase, 1.11.1.6) is one of the key enzymes of the antioxidant system. Catalase
provides transformation of peroxide (H,0,), a product of side reactions in the mitochondrial respiratory
chain, into water and O,. A peculiarity of brain tissues is a very low catalase activity in comparison with
that of other organs [Galkina, 2013]. The different activity of antioxidant enzymes and the intensity
of spreading of thiobarbituric acid (TBA) reaction products in the brain compartments [Mizuno, Ohta,
1986] may be indicative of different degrees of their vulnerability to ROS.

In contrast to mammals, hypoxia-tolerant animals provide an opportunity, under experimental con-
ditions, to activate or block selectively single parts of the whole mechanism of survival in order to as-
sess their functions. A 90-fold increase of extracellular [GABA] leading to a coma-like state is ob-
served under anoxia in the brain of a turtle Chrysemys picta belli tolerant to O, deficiency [Nilsson
et al., 1991]. [GABA] increases only 2-fold in the hypoxic brain of crucian carp, while motion activity
1s maintained [Hylland, Nilsson, 1999]. It is known that the effect of excitatory and inhibitory neu-
rotransmitters appears only upon the release from intracellular stores. The administration of a GABA
mimetic (phenibut, y-amino-B-phenylbutyric acid hydrochloride) makes it possible to recreate features
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of the GABAergic link activation and evaluate GABA influence on the oxidoreductase functioning
similar to that during acute hypoxia/anoxia.

Teleosts are a convenient experimental neurobiological object that allows the data obtained to be
extrapolated to higher vertebrates and humans. A zebrafish Danio rerio, the most famous Teleostei rep-
resentative among model organisms, has a high homology with the human genome (about 70%) in view
of a certain physiological similarity of the main organ systems and tissues [Lim et al., 2022].

The Black Sea scorpionfish (ruff) Scorpaena porcus Linnaeus, 1758 is a hypoxia-tolerant teleost.
The scorpionfish is able to survive under severe hypoxia conditions (0.35 mgO,-L™! for 4 h) [Solda-
tov et al., 2021] and can recover after 20-30 min of asphyxia resulting from air exposure [Lushchak
et al., 1998]. Establishing features of the GABA function implementation, which allow such vertebrates,
as the scorpionfish, to survive with little O, or being deprived of it, offers a new look at the problems
associated with hypoxia and possible ways of counteracting hypoxic brain damage.

The objective of this study was to investigate the effect of phenibut on oxidoreductase activity
in the brain compartments of adult and juvenile scorpionfish.

MATERIAL AND METHODS

Scorpionfish S. porcus used for the present study were captured in July 2023 in the Sevastopol Bay
using a seine net and were transferred to a laboratory in aerated 60-L plastic tanks within 2-3 h after
capture. After transportation, the fish were placed into a flow-through aquarium for one week. The ani-
mals were fed on minced fish flesh, and only robust, actively feeding fish specimens were used for further
experiments.

The study was carried out using a specially designed stand that made it possible to stabilize
the required temperature and oxygen concentration for an unlimited period. The water tempera-
ture in the experimental chamber was maintained at the seawater temperature level in the summer
season (+21...422 °C). All fish were kept at oxygen concentration of 5.6-6.7 mgO,L™" in wa-
ter (normoxia). The oxygen level in water was monitored potentiometrically with an oxygen sensor
ELWRO PRL T N5221 (Poland).

Experiments were carried out on adult (n = 16; body length 12—18 cm; weight 70-250 g; gonadal ma-
turity stage IV-V) and juvenile scorpionfish (n = 16; body length 8.5-12.0 cm; weight 35-63 g; gonadal
maturity stage I) divided into the control and experimental groups (8 specimens in each group). In the ex-
perimental groups, a GABA mimetic, phenibut, was injected intraperitoneally (400 mg-kg ™!, i. p.); after
that, the animals were returned to the darkened experimental chamber for 60 min. The scorpionfish
did not manifest any signs of intoxication or movement disorders after phenibut administration and till
the removal of tissue samples.

Fish in the control and experimental groups were killed by transspinal dissection. Brain tissues were
sampled on an ice table, (0 + 4) °C, immediately after fish decapitation and were divided into two parts:
medulla oblongata (MB) and forebrain, midbrain, and diencephalon (AB). The weighed brain samples
were instantly frozen on dry ice and stored at —80 °C until analysis (Forma 900 Series, Thermo Sci-
entific, USA). The supernatant was obtained by centrifuging the homogenates in an Eppendorf 5424 F
centrifuge (refrigerated) at 10,000 rpm for 15 min.

The activities of cytoplasmic oxidoreductases, malate dehydrogenase and lactate dehydro-
genase (MDH and LDH, respectively), were evaluated using spectrophotometric measurements
of the speed of NADH oxidation in 0.2 M Tris-HCI buffer (pH 7.5) in a 3-mL quartz cuvette with
10-mm pathlength at a wavelength A = 340 nm and +25 °C. The reaction was initiated by adding
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0.025-0.05 mL of extract, and the measurements were taken every 30 s during 2-3 min. Pyruvate
was used as a substrate to measure LDH activity, and oxaloacetate was used to measure MDH activity.
Each measurement was repeated 2-3 times, and the values of the corresponding measurements were
averaged. Specific activity of oxidoreductases was expressed as tmol NADH-min™'-mg™! of supernatant
protein. The ratio of the cytosolic MDH/LDH was defined as MDH activity divided by LDH activity,
and this allowed evaluating a potential capacity to conduct aerobic metabolism.

Catalase activity (H,O,: HyO;-oxidoreductase; 1.11.1.6) was assessed by the change in extinction
at A = 410 nm by a method based on the ability of hydrogen peroxide to form a colored complex
with ammonium molybdate. The measurements were repeated two times, and the results were aver-
aged. The tubes were filled with 1 mL of 0.03% hydrogen peroxide solution, 0.25 mL of 0.05 M phos-
phate buffer, pH 8.0, and 0.05 mL of supernatant. The control sample contained 0.25 mL of 12 mM
sodium azide solution. After samples incubation for 10 min at +25 °C, the reaction was stopped
by adding 2 mL of 4% ammonium molybdate solution. The specific activity of catalase was expressed
in uM H,0,-min""-mg™! of supernatant protein.

Protein content was estimated using the micro-biuret method. The colorimetric reaction was carried
out at +25 °C for 15 min, and the optical density was measured at A = 330 nm. Crystalline serum albumin
was used as a standard for creating a calibration curve.

The MDH/catalase and LDH/catalase indices were calculated based on the oxidoreductase activity,
in relation to which the ratio of the intensity of functioning of energy metabolism pathways to metabolic
tension was assessed.

Data are presented as mean + SD. The normality of data distribution was checked by the Pearson’s
test. Statistical comparisons were made using the two-sided Student’s #-test. The differences were consid-
ered statistically significant at p < 0.05. The two-sided correlation coefficient (r) between MDH, LDH,
and catalase activity in the brain compartments was calculated applying the Spearman’s rank correlation
coefficient. Statistical analysis and graphic representation of the obtained data were carried out using
the standard software package of MS Office Excel.

RESULTS

Oxidoreductase activity in the brain compartments of adult and juvenile scorpionfish. In MB
and AB of adult scorpionfish, MDH activity was almost identical, while in AB of juvenile individuals, this
index was slightly increased (Fig. 1a). In its turn, LDH activity in the brain samples of adult and juvenile
fish was lower than that of MDH (Fig. 1b).

Similar rates of catalase activity for the brain compartments in adult individuals contrasted with
the lower activity of this enzyme in juvenile fish (Fig. 1d). The lowest catalase activity was registered
in juvenile AB (p < 0.05).

A trend towards higher values of MDH/LDH index in the mature brain of scorpionfish was ob-
served (Fig. 1d). The lowest ratio of MDH/LDH was recorded in MB of juveniles (p < 0.05) (Fig. 1d).
At the same time, the values of MDH/catalase and LDH/catalase indices in the brain regions of juveniles
exceeded those in adults (p < 0.05) (Fig. 2).

MDH and LDH activities in MB of adult scorpionfish positively correlated with body weight (r = 0.65
and r = 0.80, respectively; p < 0.05) and body length (r = 0.67 and r = 0.80, respectively; p < 0.05).
Alongside with that, a close relationship was established between MDH and LDH activity in their AB
and body weight (r = 0.62 and r = 0.60, respectively; p < 0.05), as well as that of LDH activity and body
length (r = 0.66; p < 0.05).
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Fig. 1. Effect of phenibut on the activity of MDH (a), LDH (b), and catalase (c) and MDH/LDH in-
dex (d) in the brain compartments of Scorpaena porcus. White bars, control; dark bars, experiment. I, adults;
IL, juveniles. MB, medulla oblongata; AB, anterior brain compartments. Significant difference, p < 0.05:
* vs. control; A, vs. the same brain compartment of another age group; A, between brain compartments
of adults; #, between brain compartments of juveniles
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Fig. 2. Effect of phenibut on the ratio of oxidoreductase activity in the brain compartments of Scorpaena
porcus. White bars, control; dark bars, experiment. A, MDH/catalase; b, LDH/catalase. I, adults; II, juve-
niles. MB, medulla oblongata; AB, anterior brain compartments. Significant difference, p < 0.05: *, vs. con-
trol; A, vs. the same brain compartment of another age group; #, between brain compartments of juveniles

Mopckoii 6uonornyeckuii xkypHai 2025 Tom 10 Ne 1



Effect of GABA mimetic phenibut on oxidoreductase activity in the brain compartments. .. 59

Oxidoreductase activity in the brain compartments of adult and juvenile scorpionfish
under the effect of phenibut. After phenibut administration, MDH activity increased signifi-
cantly — 2.1-fold and 1.5-fold in MB and AB of adult individuals, respectively (p < 0.05) — reaching
4.60 uyM NADH-min"-mg™" of protein in MB and 3.26 uM NADH-min"!-mg! of protein in AB (Fig. 1a).
At the same time, LDH activity rose 1.8-fold in MB and 1.6-fold in AB (p < 0.05) acquiring a maximum
value in MB: 2.64 uM NADH-min"-mg™" of protein.

After phenibut administration to juveniles, MDH and LDH activity in their brain compartments de-
creased insignificantly, with the exception of AB (Fig. 1a), where LDH activity decreased from 1.63
to 1.22 uM NADH-min""-mg™" of protein (p < 0.05). Compared to the adult group, in juvenile fish,
MDH activity was lower in MB and AB, and LDH activity was lower in AB (p < 0.05). Differences be-
tween the brain regions of juveniles were established only in LDH activity under experimental conditions
(p <0.05).

It should be noted that after phenibut administration, LDH activity in the fish brain structures
remained significantly lower than MDH activity (p < 0.05).

At the same time, catalase activity increased in all brain compartments of scorpionfish in both
age groups treated with phenibut (p < 0.05) (Fig. 1c). The most prominent shifts were ob-
served in MB of mature scorpionfish: the enzyme activity was almost doubled (p < 0.05)
and amounted to 2.51 uMH,O,min"mg™ of protein. Catalase activity increased from 0.54
to 0.83 uM H,0,-min""-mg ™! of protein in AB of juveniles (Fig. 1b). At the same time, catalase activity
in immature fish remained significantly lower compared to that of adults (p < 0.05).

A close relationship was found between MDH and LDH activities in MB (r = 0.93; p < 0.05)
and AB (r =0.91; p < 0.05) in juveniles, as well as in adult fish (Table 1).

Table 1. Correlation coefficient (r) between MDH and LDH activities in the brain compartments of adult
and juvenile Scorpaena porcus after phenibut administration

. Adults Juveniles
Tissues - -
Control Phenibut Control Phenibut
Medulla oblongata 0.92%%* 0.63%* 0.93%%* 0.77%*
Anterior brain compartments 0.92%%* 0.80%* 0.91%%* 0.60%*

Note: *, p < 0.05; **, p < 0.01.
IIpumeuanue: * — p < 0,05; ** — p < 0,01.

MDH/LDH ratio in the brain of adult scorpionfish did not change significantly under the effect
of phenibut (Fig. 1d), and a weak trend towards its decrease was observed only in AB. MDH/catalase
and LDH/catalase indices also showed some stability (Fig. 2). Alongside with that, a decline of the above-
mentioned indices was registered practically in all brain compartments of immature scorpionfish (Fig. 2).

Previously noted high values of the correlation coefficient between MDH and LDH activity
in the brain compartments of different age groups of scorpionfish slightly decreased under the effect
of phenibut (Table 1). Moreover, phenibut administration canceled the initially established correlation
dependence of oxidoreductase activity on the weight and length of adult fish.

DISCUSSION

Age-related features of MDH and LDH activity in the brain compartments of scorpionfish.
The brain regions of adult and juvenile scorpionfish were characterized by comparable values of MDH
activity, although this parameter was slightly higher in juveniles.
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A weak trend to an increase in MDH activity in the brain of juveniles (especially in AB) may serve
as an age-related feature of the maturing brain that consumes energy on plastic processes, synaptogenesis,
and myelination. In particular, brain development in rats, reaching sexual maturity by two months of age,
is completely terminated only on the 90" day after birth, when myelination is completed in the cerebral
cortex [Bon, 2021]. Alongside with that, the intensity of energy metabolism in the brain can be indirectly
related to the lifestyle and nutrition. Juvenile scorpionfish live mainly on small crustaceans, molluscs,
and worms hiding in the thickets of aquatic plants, while adult individuals prefer fish. AB structures
can be relatively more active in juveniles compared to adult ambush predators due to differences in for-
aging behavior. In addition, AB includes the centers of regulation of muscle tone and body balance
coordination, as well as smell and vision centers that are necessary for defensive behavior, since juvenile
fish are a relatively easy prey for large predators.

LDH activity in the brain of juvenile scorpionfish noticeably exceeded that of adult fish. As shown,
the LDH activity level in the fish brain is a significant part of the mechanism of resistance to hypoxia
making it possible to endure O, starvation and adapt to low PO, [Mandic et al., 2013]. Obviously, in-
creased LDH activity in the brain of juvenile scorpionfish (MB and AB) is a part of an adaptive ap-
paratus that enhances the survivorship of young individuals under conditions of varying O, in aquatic
environments.

There is a close correlation between MDH and LDH activities in the brain compartments of scor-
pionfish which reflects the features of the regulation of metabolic pathways during energy production.
The mixed aerobic and anaerobic functions of MDH occupying an intermediate position between gly-
colytic enzymes and citrate synthase should be taken into account. Moreover, the activity of above-
mentioned oxidoreductases in both brain compartments of adult fish and in MB of immature individuals
was positively correlated with body weight. At the same time, an identical positive relationship between
oxidoreductase activity and body length was observed in adult fish, and it was completely absent in im-
mature scorpionfish. The changes in energy metabolism during growth have been reported in many
fish species and may reflect the way organisms deal with environmental constraints [ Almeida-Val et al.,
2000]. Such a positive correlation of MDH and LDH with the body size of juvenile Astronotus ocellatus
allows them to increase their anaerobic potential with growth [Almeida-Val et al., 2000]. It is obvious
that survivorship under hypoxia will rise due to a combination of effects of metabolic rate suppression
and an increase in anaerobic capacity as the fish grow. At the same time, the constancy of LDH and pyru-
vate kinase activity in the brain tissues of adult individuals of bathybenthic species (the barred sand
bass Paralabrax nebulifer and kelp bass Paralabrax clathratus) was observed over a wide range of body
sizes [Somero, Childress, 1980] which probably reflects the reaching of a certain plateau in the adaptive
capability of the mature brain.

Thus, apparently, the degree of MDH and LDH activity in the brain structures in different age
groups of scorpionfish is closely intertwined with the lifestyle, including foraging and defensive behavior
and the features of biochemical mechanisms of adaptation.

Age-related features of MDH and LDH activity in the brain compartments of scorpionfish
under the effect of phenibut. During hypoxia, the amount of released GABA is determined by species
differences and the brain’s need for metabolic depression which, in turn, depends on the ability for anaer-
obic ATP production. The extracellular level of neurotransmitters is approximately 1/1000 of intracel-
lular stores in the brain cells. The administration of GABA or its agonists makes it possible to recon-
struct the “manners” of metabolic pathways under acute hypoxia in vivo. Since hypoxic GABA release
1s subjected to significant individual variations [Hylland, Nilsson, 1999], the injection of a GABA
mimetic when converted to the body weight of model organisms allows to standardize and detail
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the influence of GABA on the mechanisms providing the tolerance to O, starvation. One of such agents,
phenibut, is a nonselective GABA agonist and GABA mimetic affecting both ionotropic GABA(A)
and metabotropic GABA(B) receptors.

In the brain compartments of adult scorpionfish, phenibut administration led to a simultaneous in-
crease in MDH and LDH activity, with an opposite trend towards a notable decrease in LDH activity,
i. e., limitation of anaerobic glycolysis in the juvenile brain.

The importance of cytoplasmic MDH rises, when there is a need to enhance glycolytic capac-
ity. MDH may support glycolysis in the absence of O,, since it delivers NAD" as a key cofactor re-
quired for functioning of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In its turn, the function
of GAPDH as a catalyst is meant to accelerate the reversible oxidative phosphorylation of glyceraldehyde-
3-phosphate to 1,3-diphosphoglycerate with NADH formation. During cerebral ischemia, a simultane-
ous increase in the activity of mitochondrial and cytosolic MDH forms accompanied by an increase
in malate is associated with the activation of the malate-aspartate shuttle mechanism for transporting
reduced equivalents from cytoplasm into mitochondria [Belenichev et al., 2012].

Simultaneously with an increase in MDH activity, LDH activity under the effect of phenibut also
enhanced in the brain of adult scorpionfish. During hypoxia, such a rise in LDH activity fulfils the im-
mediate energy demand for overcoming possible consequences of insufficient O, intake. In particular,
such an increase in LDH activity during hypoxia is observed in muscles of a catfish Clarias batrachus
tolerant to O, deficiency [Tripathi et al., 2013]. As a dietary supplement, GABA also caused a gain
in LDH activity in liver tissues of a hypoxia-tolerant Indian major carp, mrigal Cirrhinus mrigala, dur-
ing O, starvation [Varghese et al., 2020]. At the same time, LDH activity in mrigals under the effect
of GABA was somewhat lower than that when exposed to hypoxia. The term “pseudohypoxia” is often
used to indicate the activation of the pathway to a decrease in O, availability under non-hypoxic condi-
tions. Obviously, an increase in LDH activity in the brain compartments of adult scorpionfish subjected
to phenibut administration and in the presence of a sufficient amount of O, may correspond to the above
notion, L. e., it gives evidence of the reaction of this enzyme according to the “pseudohypoxic” type.

The simultaneous increase in MDH and LDH activity against the backdrop of phenibut reflects
an enhanced intensity of glycolytic processes in scorpionfish. The occurring discrepancy in the degree
of shifts in the oxidoreductase activity in different brain structures may be a consequence of significant
differences in the rate of GABA metabolism and specificity of GABA effect on energy metabolism
in the separate brain regions.

Noteworthy, phenibut administration contributed to a decrease in LDH activity (especially in AB)
in the absence of a noticeable MDH reaction in juvenile scorpionfish vs. mature individuals. It is possible
to explain LDH “behavior” in the age-related aspect only using a number of certain assumptions.

Hence, a decrease in LDH activity in juvenile scorpionfish (during catalase activation associated with
a probable increase in HyO, production) can be conditioned by oxidation of cysteine residues by ROS
in the enzyme molecule determining the formation of its spatial configuration [Ledo et al., 2022].

In addition, variations in the response of oxidoreductases to phenibut in scorpionfish individuals
of different age may be indirectly related to the phenomenon of transit of GABA mediator function.
It is known that GABA excitatory action is observed in higher vertebrates only at the early stages
of development (embryogenesis and early postnatal period) [Ben-Ari, 2014]. In the perinatal period,
GABA effect shifts from excitation to inhibition and, accordingly, from depolarization to hyperpolar-
ization of the cell membrane [Ben-Ari, 2014]. Transit of GABA function is mediated through the de-
velopmentally regulated expression of cation-Cl-cotransporters NKCC1 (Na*-K*-CI” cotransporter 1)
and KCC2 (K*-CI” cotransporter 2). It is assumed that the ratio between NKCC1 and KCC2 activities
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providing incoming and outgoing CI” fluxes, respectively, plays a key role in functioning of GABA(A) re-
ceptors [Virtanen et al., 2021]. A decrease in NKCCI1 activity with an increase in KCC2 activity
is the cause for a sharp change in the properties of GABA(A) receptors during mammalian ontogenesis.

After the final formation of interneuronal connections and the establishment of constant network
activity, time-averaged Cl™ loading, KCC2 expression level, and hyperpolarizing effect of GABAergic
currents reach their peak values [Virtanen et al., 2021]. Alongside with that, ion transport and energy
metabolism of neurons tend to their maximum values. In its turn, the neuronal damage leads to KCC2 loss
and to a “reversal” of the polarity of GABAergic currents which may be a part of a larger pattern of de-
differentiation that is necessary for the neuronal survival in adverse conditions [Virtanen et al., 2021]
and is manifested by a return to immature high [Cl"] and the excitatory effect of GABA [Ben-Ari, 2014].

The excitatory/inhibitory sequence of GABA function is just one of many aspects of the maturation
of brain activity. Since the shift from one to a diametrically opposite functional role of GABA occurs
in higher vertebrates at the prenatal and postnatal developmental stages, the oxidoreductase reaction
is likely to be observed in the brain of juvenile scorpionfish against the backdrop of a slowed transit
of the mediator function (transitional stage of the GABA function) to the classical inhibition of neu-
ronal activity. In case of a possible prolonged transit of the GABA function, the difference and direction
of the change in LDH activity in MB and AB of juveniles vs. mature scorpionfish correlates directly
with the unfolding of KCC expression in the caudal-to-rostral direction in the process of brain matura-
tion [Watanabe, Fukuda, 2015]. At the same time, phenibut makes it possible to maintain the interde-
pendence (observed in the control) between MDH and LDH activity in different brain compartments
of juvenile and adult scorpionfish which is indicative of a rather physiological, but not toxic effect of this
agent.

Age-related features of catalase activity in the brain compartments of scorpionfish. Energy
metabolism is both a source and a target for various oxidants which determines the close coordination
of enzymes of metabolic pathways and the antioxidant system. Brain tissue is notable for a particular
intensity of oxidative phosphorylation (hereinafter OXPHOS) which makes this tissue more susceptible
to oxidative stress. The main source of ROS is the leakage of electrons from the mitochondrial elec-
tron transport chain. Approximately 2—5% of the electron flow in the respiratory chain of isolated brain
mitochondria produce superoxide anion (O,") and H,O,. The high dependence of the brain on ATP
production via intensive OXPHOS determines the necessity for effective methods of O,  and H,0O,
detoxification. O, is inactivated by superoxide dismutase (SOD). H,O, formed in this process is de-
composed by catalase and glutathione peroxidase (hereinafter GPx). While catalase serves as the main
H,0, detoxification enzyme, GPx is more efficient in H,O, decomposition [Bagnyukova et al., 2005].
Moreover, GPx has a much higher affinity for H,O, which suggests the importance of GPx at low H,O,
concentrations, while the role of catalase increases under severe oxidative stress.

The brain antioxidant system is characterized by a low or moderate activity of catalase and GPx
against the backdrop of the predominant SOD activity [Bagnyukova et al., 2005]. The low catalase ac-
tivity may be associated with the production of H,O; as a transmitter which acquires a specificity in me-
diating signaling effects [Sies, Jones, 2020] and has the ability to modulate synaptic transmission [Lee
et al., 2015]. The level of antioxidant enzyme activity in fish has features that are characteristic and in-
herent to certain species, and this makes it difficult to compare the antioxidant system parameters [Radi
et al., 1985]. Moreover, the discrepancies in the activity of antioxidant enzymes in relation to the brain
structures manifest morphological and functional heterogeneity of the brain [Brannan et al., 1981].

Catalase activity in MB was slightly higher than that in AB in both age groups of scorpionfish.
The brainstem neurons in the mammalian brain (including MB) have a relatively high degree of catalase
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immunoreactivity compared to those of the forebrain [Moreno et al., 1995]. However, within the brain
structures themselves, there are regions with different catalase staining intensity [Moreno et al., 1995].
In many cases, densely stained cells appear to be more resistant to ischemia/reperfusion injury, whereas
weakly stained cells are more susceptible to ischemic injury.

The manifestation of catalase activity in the brain compartments of scorpionfish can be regarded
in two ways. On the one hand, high activity of antioxidant enzymes (catalase in particular) may be of cer-
tain importance for scorpionfish MB that contains cardiorespiratory reflexogenic centers and ensures
its viability. On the other hand, AB in a resting ambush predator should be less active functionally
at the appropriate OXPHOS intensity and at a lower rate of ROS/H,0, production.

H,0, is considered a dynamic reporter of neuronal activity and a “translational substance” blur-
ing the boundary between energy and information [Lee et al., 2015]. O, consumption is believed
to be proportional to the activity of brain structures which are characterized by the greatest demand
for macroergs in order to support ATP-dependent signaling, i. e., information processes. H,O, produced
during OXPHOS rapidly retranslates dynamic shifts in cellular metabolism, especially in the mitochon-
drial O, consumption, into a meaningful physiological signal [Lee et al., 2015]. H,O,-sensitive ion chan-
nels are the target of such a physiological signal and can affect the excitability of neurons directly produc-
ing H,O,. HO, can modulate GABAergic neurotransmission. Cellular transient receptor potential (TRP)
ion channels, subclass TRPM2 (transient receptor potential melastatin 2, non-selective cation channel),
are uniquely sensitive to the action of H,O,, and this leads to the activation of GABAergic neurons.
At the same time, such activation of KATP channels (ATP-dependent potassium channels) by H,0O,
reduces neuronal excitability [Lee et al., 2015]. There are certain differences in the H,O,-dependent
activation of KATP and TRPM2 channels for different animal species which is indicative of special
functions of this regulatory process. Apparently, the resulting effect of H,O, will reflect the balance
of activity of the expressed H,O,-sensitive target channels (KATP and TRPM?2) and thus ensure cellular
type-specific modulation patterns.

It should be noted that catalase activity in different brain compartments of juvenile scorpionfish (es-
pecially AB) was lower compared to that of adult individuals, and this is consistent with the data on a gain
in catalase activity in the mammalian brain in the process of its maturation from the postnatal period
to full maturity [Mavelli et al., 1982] and on a further age-dependent increase in the enzyme activ-
ity [Vertechy et al., 1993]. On the other hand, under normal conditions, low catalase activity is partially
compensated by GPx function [Bagnyukova et al., 2005]. In addition, total glutathione level is quite high
in the brain of goldfish highly tolerant to hypoxia (670 nmol per g wet weight) which indicates the im-
portance of this antioxidant tripeptide in H,O, neutralization. In its turn, low GPx activity can be com-
pensated by high catalase activity. The activity of the mentioned enzymes is negatively correlated in dif-
ferent mammalian species [Godin, Garnett, 1992]. Thus, GPx is likely to maintain cellular function
and adapt to the normal cellular metabolic activity, while catalase will be a part of the stress response
mechanism regardless of low metabolic rate or O, concentration in the aquatic environment. Moreover,
catalase does not require cofactors or energy expenditure for its activity, while GPx oxidizes glutathione
to GSSG that must then be processed by NADPH-dependent glutathione reductase. The preference
for an enzyme with minimal energy consumption in the environment with limited availability of resources
may be an effective survival strategy, especially for immature animals.

Relatively low catalase activity may suggest an increase in H,O; level in the brain regions of juvenile
scorpionfish. As mentioned above, H,0, is assigned the function of a volume neurotransmitter [Ledo
etal., 2022] and of a second messenger as well [Gonzélez et al., 2020]. O,-dependent production of H,O,
is a regulator of the erythropoietin (Epo) gene expression [Fandrey et al., 1994], a “multi-purpose” factor
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of general oxygen homeostasis. In particular, Epo exerts protective functions in different organs, includ-
ing brain, in case of ischemic injury [Grasso et al., 2004]. Epo gene and Epo receptor (EpoR) expression
has been identified in teleost species [Chu et al., 2007].

A decrease in catalase activity is likely to ensure functioning of H,O, as a second messenger
in juvenile scorpionfish which provides their adaptive potential and survivorship in hypoxia.

As mentioned above, calculated MDH/catalase and LDH/catalase indices reflect the ratio of energy
metabolism intensity to physiological tension (eustress). Adult scorpionfish, as well as juvenile ones,
were similarly characterized by slightly higher MDH/catalase and LDH/catalase indices in AB. More-
over, MDH/catalase and LDH/catalase in juvenile individuals were noticeably higher (“their own” age
norm), since less intense functioning of “energy-saving” catalase may be associated with an increased
“need” for H,O, as a second messenger in the processes of brain maturation and adaptation. Aerobic
and anaerobic pathways of energy metabolism in the brain of juvenile scorpionfish that supply ATP
for the protein synthesis, the development, and maintenance of synaptic transmission of neural networks
acquire special significance. At the same time, a sufficient amount of H,O, ensures the transcription
of genetic factors.

Age-related features of catalase activity in the brain compartments of scorpionfish under
the effect of phenibut. Increased catalase activity under the effect of phenibut in the scorpionfish brain
may serve as an indirect sign of large-scale H,O, production. Any stress response of the organism is ac-
companied by a short-term burst in ROS production and the development of oxidative stress. A puta-
tive increase in H,O, production in the scorpionfish brain under phenibut administration is associated
with the ability of GABA derivatives to stimulate OXPHOS [Mokrousov et al., 2019]. In MB of adult
scorpionfish, catalase activity reached the highest value among the studied brain samples which may
indirectly evidence for the dominant functional activity of this part of the brain of the ambush predator,
as mentioned above.

For successful survival in hypoxia, an organism must not only maintain its viability amidst O, short-
age, but also have an effective mechanism to minimize or prevent oxidative stress during the tran-
sition from hypoxia back to aerobic conditions. Some animal species consistently demonstrate high
levels of the activity of antioxidant system, while the others increase the antioxidant defense directly
on exposure to hypoxia in an anticipatory process coined “preparation for oxidative stress” [Hermes-
Lima et al., 1998]. The latter mechanism occurs in stress-tolerant species that are regularly exposed
to significant fluctuations in O, availability in their habitat [Vig, Nemcsok, 1989]. The enhancement
of antioxidant defense during physiological states requiring decreased ROS production is a prepar-
ative mechanism that minimizes potential damage due to oxidative stress, including reoxygenation.
It is obvious that phenibut has the properties of an agent quickly increasing the antioxidant status
of the scorpionfish brain.

The ability of exogenous GABA to enhance H,O, production [Jin et al., 2019] which provides modu-
lation of the currents mediated by GABA(A) receptors constitutes a reversible redox-sensitive signaling
mechanism [Hogg et al., 2015]. H,O, can limit GABAergic neurotransmission not only through the ef-
fect on presynaptic sites [Sah, Schwartz-Bloom, 1999], but also on postsynaptic sites [Sah et al., 2002].
ROS-induced plasticity of different GABA(A) receptor subtypes suggests oxidation of cysteine residues
by ROS in receptor subunits, and this is critical for ion channel activation [Gonzalez et al., 2020]. In ad-
dition, it was shown that the activation of a special type of GABA(A) receptors by ROS, including
a3 subunit, may enhance GABAergic synaptic transmission [Accardi et al., 2014]. Obviously, ROS,
as a putative homeostatic signaling unit, couple the cellular metabolism with the “strength” of inhibitory
neurotransmission [Accardi et al., 2014].
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Anyway, the effect of ROS on GABAergic signaling and the resulting effect is likely to depend entirely
on the cell type and the region of the central nervous system [Gonzalez et al., 2020]. The sensitivity
of GABA(A) receptors to ROS/H,0, remains an important factor in the development of neuronal injury
during ischemia and neurodegenerative processes [Accardi et al., 2014].

The MDH/catalase and LLDH/catalase indices, before and after phenibut administration in the dif-
ferent brain compartments of adult scorpionfish, remained comparable which is indicative of the stabil-
ity of functioning of energy metabolism pathways without signs of oxidative stress. At the same time,
a sharp reduction in similar indices, especially in AB, was observed in juvenile scorpionfish which was
determined by a decrease in the activity of energy metabolism-related oxidoreductases and by the in-
creased catalase activity. As MDH/LDG index in MB of adult and juvenile scorpionfish turned out
to be quite stable, it is possible to assume greater stability and protection of this part of the brain. How-
ever, a simultaneous decrease in MDH/catalase and LDH/catalase in the brain compartments of juveniles
indicates pronounced physiological tension. A decline in the mentioned ratios of oxidoreductase/catalase
activity occurred mainly due to catalase activation which can be regarded as an indirect sign of a rise
in the production of substrate (H,O,) for this enzyme. Given that H,O, actually acts as a second mes-
senger [Gonzdlez et al., 2020], the physiological meaning of increased H,O, production is to trigger
a regulatory cascade providing increased antioxidant protection through ROS-sensitive transcription
factors [Bagnyukova et al., 2005] as a protective mechanism in the maturing brain.

Conclusions. The brain of juvenile scorpionfish is characterized by a trend toward a higher intensity
of energy metabolism which may be determined by the completion of growth processes, with a notice-
ably lower catalase activity. In the mature fish brain, GABA mimetic phenibut causes activation of oxi-
doreductases according to a “pseudohypoxic” scenario. At the same time, activation of the GABAergic
mechanism can suppress LDH activity in the anterior brain compartments of juvenile fish that are more
vulnerable to O, starvation. A concomitant increase in catalase activity in the brain tissues of both
age groups is probably indirect evidence of an increase in H,O, production due to OXPHOS intensi-
fication. Deviations in catalase activity are likely to contribute to the implementation of the function
of H,0O; as a second messenger and a modulator of GABAergic signaling. Such a mechanism involving
H,0, may be especially significant for the maturing brain that completes the adjustment of neural
networks and also ensures and maintains brain resistance to hypoxia in juvenile and adult scorpionfish.

This work was carried out within the framework of IBSS state research assignment “Functional, metabolic,
and molecular genetic mechanisms of marine organism adaptation to conditions of extreme ecotopes of the Black
Sea, the Sea of Azov, and other areas of the World Ocean” (No. 124030100137-6).
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[Nosbienne ypoBHs I'AMK ciykHUT BBIKMBaHHUIO HEWPOHOB IpU TMIIOKCHMHU/aHOKCHUU. B mporecce
onroreHe3za F'AMK cnoco6Ha TpaHc(hOpMUPOBATh CBOIO MEIMATOPHYIO (PYHKIIMIO OT BO30YkKIaio-
e K TopMo3HOU. M3yduanu akTuBHOCTH oKcuaopemykras (ML, 1.1.1.37; JIAT, 1.1.1.27; karanassl,
1.11.1.6) B otmenax mosra — mnpojojroBatom mo3sre (MB) 1 nepenHeM, MpoMeXyTOUHOM U Cpell-
HeM Mosre (AB) — HenosoBo3pebIX ¥ B3pOCbIX 0c00el MOPCKOTo epiua Scorpaena porcus Ha (poHe
sBesienns Mumetnka TAMK enn6yra (400 mr-xr', i. p.). CTpykTypsl AB HemonoBo3pensix 0co-
Oell CKOPIIEHB! XapaKTepPU30BAJINCh MHTEHCUBHOCTBIO a9pOOHOr0 MeTadoM3Ma, COMOCTABUMOM € Ta-
KOBOI B3pOCIbIX 0coOel; B To ke BpeMsl B MB u AB monoau Obuta otMeudeHa Gojiee BBICOKas ak-
tiBHOCTh JIIT, cityxainasi, Mo-BUAUMOMY, TIOBBIIIEHUIO BBDKMBaeMOCTH Tipu HU3koM PO,. B obenx
BO3PACTHBIX TpYIIax MOKa3aTeay aKTUBHOCTH KaTalasbl ObUIM HECKOJIBKO Bhillle B MB, 4to MokeT
OBITh CBfI32HO KaK C MHTEHCUBHOCTBIO OKUCIUTEIHLHOTO (POChHOPHINPOBAHUS, TaK U C YCTOMYMBO-
CTBIO K NoBpexkaeHUI0 MB npu runokcuu. IIpr 5TOM akTUBHOCTB KaTasasbl B MO3re MoJIogH (Oco-
O6eHHO AB) Obl1a HECKOJIBKO HIKE TOKazaTesield B3pocibix ocodeid. PeHndyT MOBhIIal aKTUBHOCTD
MAT u JIAT B KOMOapTMEHTaxX MO3ra B3pOCJIbIX 0COOEH CKOPIIEHBI, UTO, BEPOSITHO, CBSI3aHO C aKTH-
BalMeil MajaT-acriapTaTHOrO IIYHTA, MPHU MPOTUBOMONOKHOM TpeHe K OrpaHUYEHHUIO aHA3POOHOTO
[JIMKOJIM3a B HE3peJioM Mo3re, 0co00 BhipaxxeHHOM B AB (p < 0,05). OnmHoBpeMeHHO (heHUOyT Crocoo-
CTBOBAJI YBEJIMUEHHIO aKTHBHOCTH KaTajla3bl BO BCEX KOMITAPTMEHTAX MO3ra BHE 3aBUCHMOCTH OT BO3-
pacta ckoprens! (p < 0,05); HanOOIbIIEN BEIMIMHBI AKTUBHOCTD KaTaia3sl JocTurajia B MB B3pociibix
ocobeit (p < 0,05). IIpeanonaraercs, 4To KOHTpoaMpyeMas KaTanazol npoaykuus H,O, nepeBoaut
W3MEHEHUsI B KJIETOYHOM MeTa0oInM3Me B 3HAUMMBIA (PU3MOJIOTMYECKUI OTBET MyTEM BO3AEHCTBUS
Ha H,O,-4yBcTBUTENbHBIE MOHHBIE KaHAJIbI, KOTOPbIE OMPEIEsIoT BO30YIMMOCTh HEHPOHOB, U MOLY-
mupyetr TAMKeprudeckyio nepenauy CUrHaioB. Takoi MeXaHU3M MOKET ObITh 3a[IeHiCTBOBAH HPH CO-
3peBaHMM MO3ra, OIEPKUBATH YCTOWIMBOCTh MO3Ta K TUITOKCHH U 00eCIIeYnBaTh a/1aNlTalliOHHbIE
MPOLIECCHl HETIOJIOBO3PEIIBIX M B3POCIIBIX 0COOEH CKOPIICHBI.
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of the basin, and pressure by an invasive predator — the warty comb jelly Mnemiopsis leidyi A. Agas-
1865. The tendency toward ecosystem recovery on the Crimean and Caucasian shelves during
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In spring 2023, an abundant population of adult gastropods Patella ulyssiponensis Gmelin, 1791
was recorded in the Sochi port area. P. ulyssiponensis, also known as a limpet, is an inhabitant of con-
tour biotopes and a crawling edible gastropod. This species is listed in Red Data Books of the Black
Sea, the Crimea, and Sevastopol and still does not occur on shelves of the Crimea, Ukraine, Romania,
Bulgaria, and Turkey. It was not registered on the Caucasian shelf since the middle of the XX century.
The paper provides data on distribution, morphological structure, and settlement density of P. ulyssipo-
nensis sampled in the Sochi port area in June 2023. According to the severity of radial ribs and their
association into bundles, the position of the crown, the morphometry of the shell itself, the color
of the shell inner surface, and the integrity or serration of the peristome, the found species was assigned
to P. ulyssiponensis. In the Black Sea, the limpet is known as Patella tarentina Salis Marschlins, 1793,
P. caerulea var. tenuistriata Weinkauft, 1880, and P. pontica Milaschewitsch, 1914 (syn.). In earlier
works on the Black Sea, it was combined with P. caerulea Linnaeus, 1758 endemic to the Mediterranean
Sea. P. ulyssiponensis abundance reached 240-320 ind.-m™ and was higher at the station on the outer
side of the southern pier than in the beach area. The limpets we registered were somewhat smaller than
those previously noted for the Black Sea. The maximum length of the shell for molluscs of the Sochi
port area reached 43.0 mm; width, 17.3 mm; and height, 20 mm. However, these individuals had
a higher shell than those of the Black Sea population and the population from the northern Aegean
Sea; this is typical for inhabitants of the water’s edge. The ratios of the shell height to its length were
(0.43 £ 0.05) and (0.45 % 0.07) for the first and second study areas, respectively. P. ulyssiponensis
reinvasion to the northeastern Caucasian shelf could be governed by anthropogenic transfer by ships
and by natural dispersal. Along with other aspects revealed in recent years in the Black Sea ecosystem,
this finding illustrates positive changes in gastropod fauna from the Caucasian shelf.

Keywords: Patella ulyssiponensis, distribution, morphometry, density, Sochi port

Since the late 1990s, rare species of zooplankton and zoobenthos more and more often occur in var-
ious areas of the Black Sea: the ones that had disappeared during severe pollution, eutrophication
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the early XXI century coincided with a similar trend observed along the northwestern coast of Ukraine,
Romania, and Bulgaria, as well as on the Black Sea coast of Turkey [Arashkevich etal., 2015; Aydmetal.,
2021; Filimon, 2020; Kucheruk et al., 2002; Revkov, Boltacheva, 2022; Revkov et al., 2019; Selifonova,
2012; Todorova et al., 2022; etc.]. This phenomenon is associated with a shift of the Black Sea ecosystem
from a eutrophication phase to a de-eutrophication phase and with a gradual recovery of pelagic and ben-
thic communities [Oguz et al., 2008; Yunev et al., 2007; Zaika, 2011]. Since the 2000s, an increase
in abundance of certain populations of previously rare, endangered native species is recorded, and it is
accompanied by a mass introduction of invasive, alien species brought in via ballast water of merchant
ships [Alexandrov, 2004; Cinar et al., 2021; Seebens et al., 2019; Selifonova, 2018; Selifonova et al.,
2021; Shiganova et al., 2012; erc.].

One of the Black Sea species that disappeared or experienced a drastic population decline during
the ecological crisis of the ecosystem is a gastropod Patella ulyssiponensis Gmelin, 1791, also known
as a limpet. Its absence in published data and in a mollusc collection of the Sochi Geographical Society
assembled in the 1960s seems to evidence for the fact that P. ulyssiponensis vanished from the Caucasian
shelf of the Black Sea in the middle of the XX century. This species was considered critically endan-
gered and was listed in Red Data Books of the Black Sea, the Crimea, and Sevastopol [Black Sea Red
Data Book, 1999; Revkov, 2011, 2015]. According to data available, this mollusc still does not occur
on shelves of Ukraine, Romania, Bulgaria, and Turkey. The last time P. ulyssiponensis was recorded
in the Crimea in 2007; however, it is not listed in the Red Data Book of Krasnodar Territory [2017].
Since 2012-2014, researchers from the Sochi Geographical Society, L. Sonicheva and I. Antonova,
periodically found single Patella spp. along the coast from Lazarevskoye to Adler [Reneva, 2024].
In 2019-2020, the authors observed the mollusc developing in significant numbers not only in Sochi
vicinity, but also in Abkhazia, along Pitsunda and Gudauta coasts. In 2017, the online report docu-
mented Patella spp. finding off the Georgian coast, south of Batumi [Kurakin, 2023]. Observed mol-
luscs were initially identified by the author as Patella tarentina Salis Marschlins, 1793, but this name
is a junior synonym for P. ulyssiponensis. Notably, another Mediterranean species, Patella caerulea Lin-
naeus, 1758, has been registered at various sites of the Black Sea coast of Turkey [Aydin et al., 2021;
Culha et al., 2007; Giingor, Turan, 2019]. In April 2023, we noted an abundant population of molluscs
tentatively identified as P. ulyssiponensis in the Sochi port area. It raises a critical question: is it a biolog-
ical invasion of a Mediterranean species, or is it the recovery of the previously extinct native population
of P. ulyssiponensis on the Caucasian shelf?

In this study, we clarify the taxonomic identity and discuss the distribution of a gastropod Patella
ulyssiponensis registered in the Sochi port area. We provide data on the morphological structure
and population density of this species as well.

MATERIAL AND METHODS

For laboratory analysis, P. ulyssiponensis specimens were sampled on 22 and 26 June, 2023,
in the pseudolittoral zone on buoys and breakwaters along the outer side of the southern pier of the Sochi
port (station 1) and on a breakwater near the beach of the “Alexandriisky Mayak” apartment com-
plex (station 2). A schematic map of the sampling area is shown in Fig. 1. Molluscs were sampled
manually at depths of less than 1 m with a pocketknife and a 25 x 25 cm frame (in triplicate); 144 ind.
in total. Live specimens were measured, weighed, and fixed in 70% ethanol. Gastropods were identified
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down to the species level based on morphological analysis following the papers [Christiaens, 1973;
Golikov, Starobogatov, 1972]. Taxa are listed in accordance with the current edition of the WoRMS
Editorial Board [2023].

=
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Fig. 1. A, schematic map of records of gastropods of the genus Patella in the Black Sea. Patella ulyssipo-
nensis (@): 1-4, [Revkov, 2015]; 5, Selifonova ef al. (our data). Patella spp. (* ): 6, 7, Sonicheva L. (Sochi
Geographical Society, oral report); 8, 9, Antonova I. (Sochi Geographical Society, oral report); 10, [Ku-
rakin, 2023]. Patella caerulea (A): 11, [Aydin et al., 2021]; 12 — [Culha et al., 2007]; 13 — [Giingtr,
Turan, 2019]. B, stations of the mollusc records (1-3) and sampling: 1, outer side of the southern pier
of the Sochi port; 2, breakwater near the beach of the “Alexandriisky Mayak” apartment complex

RESULTS

Taxonomic, morphological, and ecological characteristics of molluscs.

Class Gastropoda Cuvier, 1795

Subclass Patellogastropoda Lindberg, 1986

Subfamily Patelloidea Rafinesque, 1815

Family Patellidae Rafinesque, 1815

Genus Patella Linnaeus, 1758

Patella ulyssiponensis Gmelin, 1791 (Figs 2, 3).

Material. Sta. 1, 80 ind., shell length of 21.4-43.0 mm. The Black Sea, a buoy, outer side
of the southern pier of the Sochi port (N43.578912°, E39.717003°), smooth concrete surface. Fouling:
algae of the genera Ulva, Cladophora (Chlorophyta), Ceramium, Polysiphonia (Rhodophyta), and Cysto-
seira (Phaeophyta); hydroids (Hydrozoa); sedentary forms of polychaetes of the genus Spirorbis (Poly-
chaeta); a bay barnacle Amphibalanus improvisus (Darwin, 1854) (Cirripedia); bryozoans (Bryozoa);
and bivalves Mytilus galloprovincialis Lamarck, 1819 and Magallana gigas (Thunberg, 1793) (Bivalvia).
At the site of cracks and hollows of the substratum, there were aggregations of small mussels (less than
20-30 mm in length). Samplers: M. Reneva and A. Boran-Keshishyan (22.06.2023).

Sta. 2, 64 ind., shell length of 19.1-35.1 mm. The Black Sea, a breakwater near the beach
of the “Alexandriisky Mayak” apartment complex (N43.575430°, E39.723044°), smooth concrete
surface. Fouling: algae U. rigida (Chlorophyta), Cystoseira (Phaeophyta), and a coralline alga
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Phymatolithon calcareum (Pallas) W. H. Adey & D. L. McKibbin ex Woelkering & L. M. Irvine,
1986 (Rhodophyta); hydroids (Hydrozoa); sedentary polychaete worms of the genus Spirorbis (Poly-
chaeta); a bay barnacle A. improvisus (Cirripedia); bryozoans (Bryozoa); a mussel M. galloprovincialis
(Bivalvia); and a hermit crab Clibanarius erythropus (Latreille, 1818) (Decapoda). Samplers: M. Reneva
and A. Boran-Keshishyan (26.06.2023).

Fig. 2. Settlement of a gastropod Patella ulyssiponensis on the buoys of the Sochi port

a b o

10 mm

Fig. 3. Patella ulyssiponensis: view from above (a); side view (b); view from below (c¢)

The sampled molluscs are deposited in collections of the Admiral Ushakov Maritime State
University (laboratory of marine biology and ecology), the A. O. Kovalevsky Institute of Biology
of the Southern Seas of RAS (department of benthic ecology), and the Sochi Geographical Society.

P. ulyssiponensis head and cephalic tentacles are semi-transparent and white, with a yellow buccal
disc. The foot is pear-shaped or oval; it is orange, though paler in smaller individuals. The mantle margin
is semi-transparent, typically darker than the body, and yellowish-white.
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Alternating long and short tentacles of white or yellowish coloration line the mantle margin. In live
molluscs, the mantle margin may slightly protrude beyond the shell. In Patella individuals studied, the an-
terior end of the shell was often narrower than the posterior one. The shell apex was centrally positioned
or slightly shifted forward.

Externally, the shell exhibits faint ribbing, with an irregular, often serrated edge. Internally, the shell
is milky white, occasionally with a bluish tint, and features prominent yellow-orange blotches.

For species identification, we referenced the classic taxonomic revision of the genus Patella [Chris-
tiaens, 1973]. Diagnostic traits outlined in this paper agree well with subsequent studies. Thus,
for specimens from Algerian coastal waters [Beldi et al., 2012], key differences between P. caerulea
and P. ulyssiponensis were rooted in shell morphology, foot coloration, and radula length. P. caerulea
has a thinner, more rounded shell, with a slightly eccentric apex and a nacreous bluish-gray interior.
P. ulyssiponensis features a thicker, elongated shell, with a centrally positioned apex and a porcelain-white
interior with faint bluish tint. P. caerulea exhibits a gray foot sole, while P. ulyssiponensis has a yellow-
orange one. P. caerulea has a radula approximately 1.5 times the shell length, whereas P. ulyssipo-
nensis has a shorter radula, roughly equal to the shell in its length [Beldi et al., 2012]. However,
other researchers [Christiaens, 1973; Fischer-Piette, 1935; Oztiirk, Ergen, 1999] report that differences
in radula length between the two species are minimal. This feature is too variable to serve as a reliable
diagnostic trait.

These findings agree well with results of Patella studies in coastal waters of the Tyrrhenian
Sea [Cretella et al., 1994] emphasizing the morphology of soft body parts. According to this paper,
P. caerulea has a gray head with dark-gray cephalic tentacles and a cream-colored buccal disc. The foot
sole is dark-gray along its edge, occasionally with a bluish tint, while the central area is cream-colored.
Along the body sides, P. caerulea exhibits a mix of long, medium, and short tentacles, with groups
of 5-8 alternating medium and short tentacles positioned between 2 long ones. In contrast, P. ulyssiponen-
sis features a white head, whitish cephalic tentacles, and a yellow buccal disc. The foot sole is uniformly
apricot, yellow, or cream-colored. Along the body sides, there are alternating long and short tentacles
only. The results of a comparative analysis of proteins via gel electrophoresis carried out in this study
and in an earlier paper [Sella et al., 1989] confirm that P. caerulea and P. ulyssiponensis are closely
related species, but separate ones.

The examined individuals were identified as P. ulyssiponensis based on the prominence of radial
ribs and their grouping into bundles, the position of the shell apex, shell morphometrics, internal shell
coloration, integrity or serration of the peristome, soft tissue pigmentation, and the structure of lateral
tentacles. Major distinctions between P. ulyssiponensis and P. caerulea lie in shell morphology and foot
sole coloration. As noted above, P. caerulea has a thinner and more rounded shell, with a slightly
eccentric apex and a nacreous bluish-gray interior. P. ulyssiponensis, in contrast, features a thicker
and elongated shell, with a centrally positioned apex and a porcelain-white interior, with faint bluish
tint. P. caerulea has a gray foot sole, while P. ulyssiponensis has a yellow-orange one [Beldi et al.,
2012]. As for other Patella species, Patella rustica Linnaeus, 1758 is distinguished by its dark inter-
nal shell coloration and brown foot sole, contrasting with the species studied [Beldi et al., 2012]. Patella
vulgata Linnaeus, 1758 shares the yellow foot sole coloration with P. ulyssiponensis (however, it can
be gray as well), but differs in gray exterior and yellow-orange interior shell pigmentation [Beldi et al.,
2012]. Patella ferruginea Gmelin, 1791 also resembles P. ulyssiponensis in its yellow-orange foot sole
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but typically features a gray marginal band. Moreover, P. ferruginea possesses long, medium, and short
tentacles along the mantle margin. Long tentacles align with radial ribs, while groups of 9-13 al-
ternating medium and short tentacles occupy the space between them [Cretella et al., 1994]. Im-
portantly, P. ulyssiponensis exhibits only alternating long and short tentacles. Patella depressa Pen-
nant, 1777 differs from the species studied in its gray-black foot sole and orange or brown internal shell
coloration [Beldi et al., 2012].

Morphometric population structure. Shell of P. ulyssiponensis of the Sochi port area is cap-shaped,
relatively thick, and oval (rarely rounded); it has a pointed apex and distinct growth rings. Based on these
rings, we can conclude that the age of the molluscs ranged 1 to 5 years. Shell dimensions varied as fol-
lows: length, 19.1-43.0 mm; width, 15.2—43.0 mm, and height, 7.0-20.0 mm. Ratios of shell height
to its length were (0.43 £ 0.05) and (0.45 + 0.07) for the first and second habitats investigated, respec-
tively. On average, P. ulyssiponensis of the Sochi port area were slightly larger. Detailed morphometric
data on the specimens analyzed are provided in Table 1.

Table 1. Morphometric structure of Patella ulyssiponensis population (n = 144) in the Sochi port area

Station 1, outer side Station 2, breakwater near the beach
Parameter of the southern pier of the “Alexandriisky Mayak”
of the Sochi port apartment complex
Length, mm* 344+1.1 269%0.5
Min 21.4 19.1
Max 43.0 35.1
Width, mm* 279+1.2 21.7+£0.5
Min 15.2 17.3
Max 43.0 29.1
Height, mm* 145 0.6 12.2+0.3
Min 7.0 8.1
Max 18.1 20.0
Height/length* 0.43 £0.05 0.45+£0.07
Min 0.33 0.35
Max 0.53 0.62
Weight, m* 5.99+0.5 3.68 £0.28
Min 0.9 1.1
Max 10.06 6.67

Note: *, mean * standard deviation is indicated.

Species population density and weight characteristics. P. ulyssiponensis population density
ranged within 240-320 ind.-m™, mean of (260 + 75.7) ind.-m™. Weight varied 3.68 to 5.99 g-m™2, mean
of (4.8 +0.3) g-m™. Density was higher at sta. 1, on the outer side of the southern pier of the Sochi port.

DISCUSSION

Should P. ulyssiponensis be considered a Mediterranean biological invader, or do we deal with the re-
covery of the native Black Sea population? To clarify this issue, we need to analyze the taxonomic sta-
tus of limpets from the Black and Mediterranean seas. Available literature provides divergent views
on the origin of this species. Below, we review up-to-date information supplemented by literature data
on P. ulyssiponensis biology.
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A mollusc Patella ulyssiponensis (P. tarentina Salis Marschlins, 1793; P. caerulea var. tenuistriata
Weinkauff, 1880 [Ostroumov, 1983]; P. pontica Milaschewitsch, 1914; P. caerulea pontica Milasche-
witsch, 1916 [II'ina, 1966]) belongs to the class Gastropoda and the family Patellidae (sea limpets)
[Golikov, Starobogatov, 1972; Kantor, Sysoev, 2006; Milaschewitsch, 1916; WoRMS,
2023] (see Fig. 3).

In agreement with the classical synopsis of the Black Sea and Sea of Azov fauna [Golikov, Staroboga-
tov, 1972], two Patella species inhabited the Black Sea: P. ferruginea and P. tarentina. The latter one,
according to the authors of the synopsis, is closely related to P. caerulea and penetrated both the Black
Sea and Sea of Azov. Notably, the researchers assert that P. caerulea was absent from the Black Sea,
even from the Bosphorus area, while both P. tarentina and P. caerulea inhabit the Mediterranean Sea
and the Atlantic coast of Europe as far north as England. They also clarify that P. ferruginea had not
been recorded in the Black Sea for the last 50 years. Importantly, the genus Patella is not mentioned
in the monograph on the Sea of Azov molluscs [Anistratenko et al., 2011].

Biodiversity of the Black Sea Patella representatives is interpreted quite differently in a later
monograph on the Black Sea gastropods [Chukhchin, 1984]. According to this author, only
one species (a highly variable one), P. caerulea, inhabited the Black Sea; it is considered as an endemic
to the Mediterranean Sea.

In contrast, the catalogue of Gastropoda of Russia and adjacent countries [Kantor, Sysoev, 2006]
lists three Patella species for the Black Sea: P. caerulea, P. ferruginea, and P. ulyssiponensis. There,
the latter species is treated as a synonym for P. tarentina and is reported for the Sea of Azov as well.
As additionally noted, P. ferruginea may have become extinct in the Black Sea.

P. ulyssiponensis occurrence in the Black Sea is reported not only by domestic researchers, but also
by foreign ones [Katsanevakis et al., 2008]. A recent paper [Gomes et al., 2021] based on genetic
and biogeographic studies proves that P. aspera Roding, 1798 is a synonym for P. ulyssiponensis, al-
though the World Register of Marine Species currently recognizes them as separate species. According
to WoRMS [2023], P. tarentina, P. caerulea var. tenuistriata, and P. pontica are synonyms for P. ulyssipo-
nensis. The latter species, along with P. caerulea and P. ferruginea, is now considered as a separate
and valid one. However, as mentioned above, P. ulyssiponensis was often conflated with a highly vari-
able species P. caerulea, a Mediterranean endemic [Chukhchin, 1984]. Thus, the assumption about
the independent status of P. ulyssiponensis and its occurrence in the Black Sea can now be considered
as well-supported and proved.

Morphometric analysis of shell structure is crucial for mollusc taxonomy. The specimens we exam-
ined were generally smaller, but had higher shells compared to those from the Black Sea population
and a population of the northern Aegean Sea (the Gulf of Saros), where P. ulyssiponensis had an average
shell length of 36.4 mm (maximum of 48.6 mm), width of 28.9 mm, and height of 9.5 mm [Oxztiirk, Er-
gen, 1999]. According to [Golikov, Starobogatov, 1972], the Black Sea specimens can reach the length
of 45.0 mm, width of 30.0 mm, and height of 14.0 mm. Flatter shells of Mediterranean Patella represen-
tatives compared to the Black Sea molluscs are known for a long time and are typical of limpets inhabiting
the intertidal zone [Chukhchin, 1984]. Thus, the Black Sea P. ulyssiponensis have some morphological
distinctions from the Mediterranean Sea ones. This raises the question of whether the differences reflect
intraspecific variability, or it is reasonable to consider the Black Sea populations of P. ulyssiponensis
as a separate subspecies or even species.
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We found no published data on P. ulyssiponensis reproduction and development. However, based
on what is known about P. caerulea [Aydn et al., 2021; Chukhchin, 1984; Ferranti et al., 2018; Wan-
ninger et al., 1999a, b], it is plausible to infer that P. ulyssiponensis is also a perennial polycyclic species
with protandric hermaphroditism and a short planktonic larval stage. Its reproduction likely occurs
in autumn (in October and November), the same as in P. caerulea.

Like other representatives of the genus, P. ulyssiponensis feeds by scraping bacterial-algal films
from rocks. Also, literature data [Ayas, 2010; Silva et al., 2008] evidence for the fact that this mollusc
feeds on multicellular green algae, Ulva lactuca Linnaeus, 1753 in particular. However, its primary diet
is thought to consist of red coralline algae, chiefly Ellisolandia elongata (J. Ellis et Solander) K. R. Hind
et G. W. Saunders, 2013 frequently noted in literature under its former name, Corallina elongata J. Ellis
et Solander, 1786. Pigments from red algae may impart an orange tint to inner layers of P. ulyssipo-
nensis shells. This species is reported [Branch, 1981; Katsanevakis et al., 2008] as a territorial one.
After foraging, adults consistently return to their habitats, where deep depressions can be formed due
to localized erosion of underlying soft coralline algae. However, research by M. Seabra er al. [2019]
did not support the hypothesis that P. ulyssiponensis larvae preferentially settle on red coralline algae
substrates. Laboratory-reared larvae showed similar settlement rates on concrete and stone surfaces.
These biological traits suggest that adult P. ulyssiponensis are unlikely to migrate from rocky substrates
to ship hulls or keels and thus be transported to other areas. Interestingly, settling of larvae on submerged
ship surfaces could enable dispersal to new sites: if larvae mature and release fertilized eggs en route,
this might facilitate colonization of previously unoccupied water areas.

Regarding the ecology of prosobranchs with short pelagic larval phase, such as P. ulyssiponensis,
it should be noted as follows: Patella species are inhabitants of contour biotopes. These crawling gas-
tropods inhabit hard-substrate communities in the mid-littoral, upper infra-littoral, and partly supralit-
toral zones along temperate Eastern Atlantic and Mediterranean coasts [Vafidis et al., 2020]. P. ulyssipo-
nensis prefers rocky shores with wave exposure levels ranging 1 to 4-5 on the Beaufort scale [Ballantine,
1961], where water turbidity does not impede algal growth. The species is common on open or semi-
open coasts, while in sheltered bays, its abundance declines. The primary limiting factor for molluscs
is coastal pollution, particularly by toxic surfactants, inter alia petroleum derivatives [Black Sea Red
Data Book, 1999]. Anthropogenic load is increasing and more and more affecting coastal ecosystems,
in particular altering Patella habitats and population structures. In the Sochi Port area, P. ulyssiponen-
sis settlements were recorded on smooth concrete surfaces (on a buoy and tetrapods) predominantly
colonized by green, red, and brown algae, as well as by oysters and mussels. A red coralline alga, typi-
cally associated with the primary habitat of this species, was observed rarely — only on a breakwater near
the beach of the “Alexandriisky Mayak” apartment complex (sta. 2). Notably, the outer side of the south-
ern pier (sta. 1) hosting a more abundant population benefits from water exchange with the open sea
and full-depth water clarity. This station is far from a more polluted semi-enclosed port water area,
where transparency is limited to 1-2 m and the seabed consists of silty black sediments emitting a strong
hydrogen sulfide odor (see Fig. 1). Improved habitat conditions along the Sochi coast have facilitated
P. ulyssiponensis distribution in the region.

The occurrence of the population of this species on the Caucasian shelf can be driven by the recovery
of the Black Sea ecosystem following a period of eutrophication, with reduced pressure from planktonic
predators (the warty comb jelly M. leidyi), reduction and shrinkage of the population of the rapa whelk
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Rapana venosa (Valenciennes, 1846), and with a shift in climate conditions [Arashkevich et al., 2015;
Pereladov, 2013; Sayenko, Marushko, 2018]. Analysis of literature data suggests a current trend toward
the recovery of the limpet populations in the southern Black Sea (on the Turkish coast) as well [Aydin
et al., 2021; Giingor, Turan, 2019].

Potential pathways of Patella ulyssiponensis dispersal in the Black Sea. Currently, P. caerulea
is recorded in various areas off the Black Sea coast of Turkey [Aydin et al., 2021; Culha et al., 2007;
Giingor, Turan, 2019]. Genetic and morphological analysis and studies of reproductive traits were
carried out for this species [Aydin et al., 2021; Giingor, Turan, 2019]. Comparative DNA analysis
revealed closely related haplotypes in P. caerulea individuals inhabiting the port of Sile area (coast
of Turkey) and the Sea of Marmara. According to [Gling6r, Turan, 2019], the greatest divergence was
observed between the Black Sea population and the Mediterranean one. In the Mediterranean basin, five
limpet species are documented: P. caerulea, P. rustica, P. ulyssiponensis, P. ferruginea, and P. depressa;
out of them, only P. caerulea is an endemic one [Mauro et al., 2003]. As noted earlier, P. ulyssiponen-
sis we studied features significant morphological differences from other Mediterranean Patella species.
Considering this, we hypothesize substantial genetic divergence between the Black Sea P. ulyssiponensis
population and the Mediterranean one.

It remains unclear, how did P. ulyssiponensis reach the northeastern Caucasian shelf if it has not been
recorded along the Black Sea coast of Turkey. Importantly, its absence in published material and in a mol-
lusc collection of the Sochi Geographical Society assembled in the 1960s evidences for the fact that
this species disappeared from the Caucasian shelf of the Black Sea in the middle of the XX century.
The staff of the Admiral Ushakov Maritime State University carried out summer benthic surveys with
scuba diving equipment in the areas of the Sochi port, Khosta breakwaters, and Cape Vidny in 2012—
2013 and in Sukhumi port area in 2016-2017 [Selifonova, 2018; Selifonova, Bartsits, 2018; Selifonova
et al., 2019]. There were no P. ulyssiponensis in fouling communities of piers, breakwaters, rocks,
and stones. Since 2012-2014, as already mentioned, researchers from the Sochi Geographical Society
registered single Patella spp. along the coast from Lazarevskoye to Adler (L. Sonicheva and I. Antonova,
oral reports). In 2019-2020, the authors observed a noticeable aggregation of the mollusc not only
in Sochi vicinity, but also in Abkhazia, along Pitsunda and Gudauta coasts. Based on shell age analysis,
we can conclude as follows: P. ulyssiponensis has been spreading along the entire Sochi coast from Adler
to Lazarevskoye since approximately 2017-2018. Along the Georgian coast, south of Batumi, Patella spp.
was recorded in 2017 [Kurakin, 2023].

Let us discuss potential pathways of dispersal (introduction vectors) of this mollusc in the shelf zone
of the Caucasian Black Sea coast.

One hypothesis (considering P. caerulea finding on the Black Sea coast of Turkey) covers P. ulyssipo-
nensis reinvasion from the Mediterranean Sea. Apparently, this transfer of the limpet occurred similarly
to the introduction of a gastropod R. venosa. According to a widely accepted hypothesis, the rapa whelk
was introduced to the Black Sea in the 1940s via a ship with a hull carrying its egg cases. An alterna-
tive pathway has also been proposed: transport via ballast water of ships [Pereladov, 2013]. The same
as with R. venosa, after P. ulyssiponensis introduction to the Black Sea, its morphological and biological
characteristics may gain variability under new ecological conditions.

Our study does not dismiss the hypothesis of the limpet transfer via fouling of plastic hulls of yachts
and boats. An adult specimen could be transported by a passenger vessel if a mollusc was attached
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to the submerged ship surface. Sochi hosts the largest passenger port on the Black Sea specializing
in cruises to the Black Sea and Mediterranean countries and republics: Abkhazia, Egypt, Georgia,
and Turkey (until recently, to Cyprus, Greece, and Israel as well). The Sochi port covers the main sea-
port in Sochi, eight marine terminals (Imeretinka, Adler, Kurortny, Khosta, Matsesta, Dagomys, Loo,
and Lazarevskoye), and the cargo area of the seaport, Sochi Imeretinsky, at the Mzymta River mouth.
In literature, just one case of introduction has been described (the only one so far): from the deepwater
commercial port of Sines on the Atlantic coast of Portugal [Seabra et al., 2008]. There, a hypothe-
sis was tested in 2005 about different distribution models for Patella molluscs on natural rocky sub-
strates outside the port and artificial tidal pools within the port area. Experimentally, the highest density
of settled larvae was observed on plastic (on PVC panels). Some researchers report the limpet intro-
duction far beyond marine basins. For example, a lake-type rounded shell of P. ulyssiponensis, about
4-5 years old, was washed ashore on a deserted bank of the Volga River in autumn 2022 (the Kuybyshev
Reservoir, Ulyanovsk) [Artemyeva, Semenov, 2022]. The authors suggest that the mollusc could have
been transported on hulls of river/sea vessels navigating the Volga — Don — Sea of Azov — Black Sea —
Mediterranean Sea waterway.

Another potential vector for P. ulyssiponensis dispersal is larval transfer via coastal currents and bal-
last water of merchant ships. However, this hypothesis is debatable due to the lecithotrophic larval
stage of the limpet which has a short developmental phase. The most plausible scenario is as follows:
adult molluscs reached the Caucasian shelf of the Black Sea within enclosed ballast water volumes
of ships transporting containers and bulk cargo through the Sochi Imeretinsky area during the construc-
tion of the Olympic Park facilities and later (in 2010-2022). Along the Caucasian coast, the Rim Cur-
rent flows east to west enabling P. ulyssiponensis to subsequently spread along the entire Sochi coastline.
During summer, catamarans, passenger ships, and recreational boats operate between Sochi and Ab-
khazia (Sukhumi and Gagra). Accordingly, there is the question: what are potential limits for further
limpet expansion in the Black Sea?

Despite existing diagnostic keys, P. ulyssiponensis morphological identification remains pretty chal-
lenging, as distinguishing traits within the genus are unreliable. This underscores the need for molecular-
genetic methods [Sanna et al., 2012]. Those have already confirmed that P. caerulea and P. ulyssipo-
nensis are separate species via comparison of mitochondrial DNA [Sa-Pinto et al., 2005]. The species
also differ in chromosome morphology and number: P. ulyssiponensis has a haploid set of 8 ones, while
P. caerulea has 9 [Petraccioli et al., 2010]. Given the pronounced morphological variability of P. ulyssipo-
nensis in the Black and Mediterranean seas, only comprehensive genetic analysis can clarify its taxonomic
status: is it a species, subspecies, ecomorph, or a case of individual variability.

Conclusions. Based on a literature review of morphological features, biology, and ecology
of the Black Sea and Mediterranean Patella representatives, as well as analysis of our own material
sampled in June 2023, we conclude that an abundant population found in the Sochi port area belongs
to the species Patella ulyssiponensis.

We assume that the limpet occurrence within the northeastern Caucasian Black Sea shelf is associated
with anthropogenic transfer by ships and its subsequent natural dispersal in the region. However, the pos-
sibility of a natural recovery of a previously existing local population cannot be ruled out. Available data
do not allow a definitive choice to be made between these two hypotheses. A precise determination
of P. ulyssiponensis occurrence in this area requires comparative genetic studies of Patella populations
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inhabiting the Black Sea off the Caucasian shores and coast of Turkey. The observed abundant aggrega-
tion of the limpet on the Caucasian shelf may be attributed to the recovery of the Black Sea ecosystem
following a period of eutrophication, reduced pressure from planktonic and benthic predators (the warty
comb jelly Mnemiopsis leidyi and the rapa whelk Rapana venosa, respectively), and a shift in climate
conditions.

Despite the emerging trend of P. ulyssiponensis population recovery at one site (along the Cau-
casian coast in the Sochi port area), long-term ecological effects of its historical decline persist in other
Black Sea regions (the Crimea, Ukraine, Bulgaria, and Romania). There, Patella representatives re-
main rare, endangered species. Consequently, due to its conservation status and absence in several
coastal zones of the Black Sea, P. ulyssiponensis cannot currently be considered a target for commer-
cial harvesting.

Nevertheless, this finding, along with other recent observations, highlights positive shifts in gastropod
fauna of the Caucasian Black Sea area.
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BPIOXOHOI'MA MOJLTIOCK PATELLA ULYSSIPONENSIS GMELIN, 1791
(GASTROPODA: PATELLIDAE)
HA KABKA3CKOM HIEJb®E YEPHOI'O MOPA:
BUOJIOTNYECKAS NHBA3UA
WJIA BOCCTAHOBJIEHUE HATUBHOM MOIIYJIAIAN?
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'TocymapcTBennbIil Mopckoii yHuBepcuTeT uMeHn aamupana ®. ®. Yinakosa, HoBopoccHiick,
Poccwuiickas depeparus

2CouMHCKMIT HAITMOHAJIBHBIHA napk, Coun, Poccuiickas ®Penepanus
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Becnoii 2023 r. B paiione COUMHCKOro opta 0OHapykeHa MHOTOUYMCIIEHHASI TIOMYJISIIUSI, COCTOSIIAS
13 B3pOCIIbIX 0co0eit OproxoHororo moJjutiocka Patella ulyssiponensis Gmelin, 1791. P. ulyssiponensis,
TaK Ha3bIBAEMOE MOPCKOE OJII0AEYKO, — KOHTYPOOUOHT, MOJI3AIIUN CheI0OOHBIA OPIOXOHOTHI MOJI-
JIOCK; OH 3aHecéH B KpacHyio kaury Yépnoro mopst, Kpeima 1 CeBacTonosis ¥ 10 CHX IIOp OTCYTCTBYET
Ha menbge Kpbima, Ykpaunsl, Pymeianm, boarapuu u Typuun. Ha kaBkasckoM 1enbge MoJutocka
HE HaxXOAWJIM NIPUMEPHO ¢ cepearHbl XX B. B padoTe npuBeaeHb! JaHHBIE O PaclipOCTPaHEHUH, MOP-
(ponornueckoit CTpyKType U TUIOTHOCTU TIOCEJIeHUsI MOJUTIOCKOB P. ulyssiponensis, COOpaHHbBIX B paii-
oHe CoumHckoro nopra B utoHe 2023 r. To BbIpakeHHOCTH paJHaIbHBIX pEOEp U UX 00bEANHEHHIO
B ITyYKH, TIOJIOKEHMIO MaKyIIKH, MOP(OMETpHY caMOl PaKOBHHBI, IIBETY BHYTPEHHEN MOBEPXHOCTH
PAKOBHHBI, & TAKKe LEJbHOCTH WM 3yOUaTOCTH NEePUCTOMBI OOHAPYKEHHBINI HAMU BUZL ObUT OTHECEH
K P. ulyssiponensis, koTopblil u3BecTeH B YEpHOM Mope Kak Patella tarentina Salis Marschlins, 1793,
P. caerulea var. tenuistriata Weinkauff, 1880 u P. pontica Milaschewitsch, 1914 (syn.). B 6onee pan-
HUX paboTax mo Yépromy mMopio ero odobeaunsuu ¢ P. caerulea Linnaeus, 1758 — suaemukom Cpenu-
3eMHOro MopsL. ITnoTHOCTS P. ulyssiponensis B paiione CounHckoro nopta gocturana 240-320 3k3.-M~2
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1 ObLjIa BBIIIIE HA CTAHLIMM, PACIIOJIOKEHHON Ha BHEIIHEH CTOPOHE I0KHOTO MOJIA, YeM B parOHE ILIsI-
xell. VI3yueHHble HaMU 0cOOM ObLITM HECKOJIBKO Mellbue paHee OTMeueHHHBIX B UépHOoM Mope. Makcu-
MaJibHasl AJIMHA PAKOBUHBL B pailoHe HcclienoBaHus gocturaia 43,0 MM, mmpuHa — 17,3 mm, BbICO-
Ta — 20 MM. Ocobu u3 paifona Count umenu 6osee BHICOKYIO PAKOBUHY, YeEM OCOOM YEpHOMOPCKOM
TIOMYJISIIIAY Y TIOMYJISIIIVY U3 CEBEPHOM YacTH DreiiCKOro Mopsl, 4To XapaKTepHO i oOuTatelielt ype-
3a BOJpbI. JIJ11 MEPBOro U BTOPOIO UCCJIEJOBAHHOIO MECTOOOMTAHMSI OTHOIIEHHE BHICOTHI PAKOBUHbBI
K e€ mmHe cocrapisio (0,43 £ 0,05) u (0,45 = 0,07) coorBerctBenHo. PennBazus P. ulyssiponensis
B CEBEPO-BOCTOYHYIO YaCTh KaBKA3CKOTO Ieib(ha MOTIIa ObITh CBSA3aHA C aHTPOIOTEHHBIM ITEPEHOCOM
CYy/IaMH U C €CTECTBEHHBIM paccelieHreM. DTO OTKPHITHE, HapsiAy C IPYTMMU aclieKTaMH, OTMEUeHHBI-
MU B MOCJIEJHUE TOIbI B 9KOcUcTeMe YEPHOTo MOPS, MIUTIOCTPUPYET MO3UTUBHBIE M3MEHEeHUs B (payHe
OPIOXOHOTMX MOJUTIOCKOB KaBKa3CKOTO Miesibda.

KuroueBrbie caoBa: Patella ulyssiponensis, pacnpoctpaHeHue, MOpGOMETpUs, IUIOTHOCTb,
CouunHCKUI TOPT
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The occurrence of myxosporeans of the genus Kudoa in fish inhabiting waters of different salinity was
studied. The work is based on own materials on fish myxosporeans sampled in 1987-2021: more than
12,000 specimens of about 100 fish species in the basins of the Atlantic Ocean [the Sea of Azov (Rus-
sia and Ukraine), Black Sea (Russia, Ukraine, and Turkey), and Mediterranean Sea (Italy and Spain);
the Central Eastern Atlantic (abeam Mauritania) and southern latitudes off the coast of Africa (abeam
Namibia); waters of the northern (near Norway) and southern (abeam Argentina) parts of the ocean;
and off the southeastern coast of the USA], the Indian Ocean [the coast of Yemen], and the Pacific
Ocean [South China Sea (Vietnam)]. In total, 27 representatives of myxosporeans of the genus Kudoa
were analyzed using original material; out of them, 19 were identified down to the species level. Also, all
available literature sources and a global database of fish species FishBase were investigated. As estab-
lished, out of 291 species of fish hosting Kudoa, 169 species are exclusively marine, 76 species can in-
habit marine- and brackish-water environments, 42 species are euryhaline and can occur both in marine
and brackish waters and in freshwater, and only 4 species are exclusively freshwater ones. Out of 128 Ku-
doa species, 117 (91.4%) were found in the marine zone of the World Ocean; 8 (6.3%), in its estuar-
ies (7, in marine fish; 1, in a freshwater host); and 3 (2.3%), in freshwater reservoirs. In 2008-2019,
Kudoa nova Naidenova, 1975 was studied in estuarine-type ecosystems off the coast of the Crimea
at the Chernaya River mouth and Karkinitsky Bay (the Black Sea), as well as in Eastern Sivash (the Sea
of Azov). A total of 2,232 specimens of 11 goby species were examined. As established, the peri-
odic desalination of some areas by waters of paddy fields and the constant occurrence of freshwater
in a surface layer of the Chernaya River mouth did not cause a noticeable change in salinity (except
for the northern area of Eastern Sivash) which would be destructive for this parasitic species. However,
there were no K. nova in gobies caught in 1998 in the Taganrog Bay (the Sea of Azov) significantly
desalinated by the Don River water. Also, this species was not recorded in 2011 in the Bug and Vis-
tula rivers when studying microparasites of gobies that spread from the northwestern Black Sea along
the central invasive corridor. Our experiment testified to the negative influence of freshwater on spores
of this parasite: under its effect, spores were deformed and darkened, and the function of the polar
filament extrusion was disrupted.

Keywords: myxosporeans, Kudoa, water salinity, world fauna

One of the key ecological factors of the external environment (second-order environment) signifi-
cantly affecting fish infestation by certain myxosporeans is salinity of water where fish and, periodically,
their parasites occur. This is evidenced by the clear division of all myxosporean species into marine
and freshwater ones [Shulman et al., 1997]. This monograph thoroughly examines the issue on examples
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of both freshwater and marine species not belonging to the genus Kudoa Meglitsch, 1947. An exception
1s K. nova Naidenova, 1975 reported as a marine species found in desalinated waters of the Sea of Azov.
The researchers emphasize the qualitative and quantitative depletion of myxosporean fauna in marine
basins within their brackish spots and adverse effects of increased salinity on diversity and abundance
of exclusively freshwater species in freshwater habitats (it is entirely expected). A group of euryhaline
fish hosts is highlighted whose myxosporeans typically originate from both marine and freshwater envi-
ronments. They can inhabit zones of various salinity and should be classified as brackish-water species.
According to S. Shulman [1966], such hosts act as a sort of ‘artificial climate compartment’ for para-
sites. The relative ease with which certain myxosporeans shift between marine and freshwater environ-
ments and backwards is associated not only with the presence of euryhaline hosts, but also with pro-
tective properties of spore valves in Myxosporea that shield an amoeboid embryo from harmful effect
of environment.

In earlier work, we explored the effect of salinity on infestation of the Black Sea fish by myxospore-
ans of other genera [Yurakhno, 1994]. We also reported a gradual depletion of marine myxosporean
fauna and replacement by freshwater elements when moving from west to east, from the Black Sea
to the Caspian Sea. This trend is accompanied by a significant reduction in myxosporean species diver-
sity in fish of the Sea of Azov and Caspian Sea as compared to that for the Black Sea [Yurakhno, 1994;
Yurakhno, Ozer, 2018, 2020].

Analyzing the world fauna of Kudoa myxosporeans comprehensively outlined in the latest synopsis
of species [Eiras et al., 2014], we confirmed this pattern on the example of representatives of this genus.
Thus, five Kudoa species are registered in the Black Sea [K. anatolica Ozer, Okkay, Gurkanli, Ciftci
& Yurakhno, 2018, K. niluferi Ozer, Okkay, Gurkanli, Ciftci & Yurakhno, 2018, K. nova, K. stellula
V. Yurakhno, 1991, and K. quadratum (Thélohan, 1895)], while only two are recorded in the Sea of Azov
[K. nova and K. dicentrarchi Sitja-Bobadilla & Alvarez-Pellitero, 1992]. Notably, there are no Kudoa
species in the Caspian Sea. At first glance, the negative effect of desalination seems evident support-
ing the earlier opinion that the entire order Multivalvulida to which Kudoa belongs covers exclusively
marine forms [Shulman et al., 1997]. However, recent investigations have revealed rare facts of Kudoa
infecting freshwater fish not only in lagoons [Fomena, Bouix, 1997; Siau, 1971] or estuaries [Sarkar,
Chaudhury, 1996], but also in a river connected to the Atlantic Ocean [Azevedo et al., 2016; Casal et al.,
2008; Velasco et al., 2015]. The effect of salinity on Kudoa infestation of fish has not been system-
atically analyzed in literature, aside from carrying out experiments on survival of K. nova spores [Yu-
rakhno, 2015b, 2016a, 2018] and Kudoa septempunctata Matsukane, Sato, Tanaka, Kamata & Sugita-
Konishi, 2010 spores [Yokoyama et al., 2016] in freshwater and saline water, as well as our own stud-
ies on myxosporean fauna in Crimean estuarine zones. Results on the latter ones are published only
in conference abstracts and proceedings [Dmitrieva et al., 2015; Korniichuk et al., 2016; Yurakhno,
2012, 2013, 2014, 2015a, 2016b; Yurakhno, Tokarev, 2017]. To fill this gap, we aimed at providing
comprehensive insights into the issue.

MATERIAL AND METHODS

This study is based on our own original data on fish myxosporeans sampled in 1987-2021.
Over 12,000 specimens of approximately 100 fish species were examined in the basins of the At-
lantic Ocea [the Sea of Azov (Russia and Ukraine), Black Sea (Russia, Ukraine, and Turkey),
and Mediterranean Sea (Italy and Spain); the Central Eastern Atlantic (abeam Mauritania) and southern
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latitudes off the coast of Africa (abeam Namibia); waters of the northern (near Norway) and south-
ern (abeam Argentina) parts of the ocean; and off the southeastern coast of the USA], the Indian
Ocean [the coast of Yemen], and the Pacific Ocean [South China Sea (Vietnam)]. In total, 27 Ku-
doa representatives were identified based on original material; this covers 19 ones identified down
to the species level [K. alliaria Kovaleva, Shulman & Yakovlev, 1979, K. anatolica, K. borimiri
Yurakhno, Slynko, Nguyen, Vo & Whipps, 2022, K. clupeidae (Hahn, 1917), K. dicentrarchi, K. his-
tolytica (Pérard, 1928) Meglitsch, 1947, K. igori Yurakhno, Slynko, Nguyen, Vo & Whipps, 2022,
K. inornata, K. mirabilis Naidenova & Gaevskaya, 1991, K. monodactyli Gunter, Cribb, Whipps
& Adlard, 2006, K. niluferi, K. nova, K. paniformis Kabata & Whitaker, 1981, K. rosenbuschi
(Gelormini, 1943), K. stellula, K. thyrsites (Gilchrist, 1924) Meglitsch, 1947, K. trifolia Holzer,
Blasco-Costa, Sarabeev, Ovcharenko & Balbuena, 2006, K. unicapsula Yurakhno, Ovcharenko, Holzer,
Sarabeev & Balbuena, 2007, and K. whippsi Burger & Adlard, 2010] and 8 Kudoa spp. Additionally,
descriptions of 128 Kudoa species documented in global scientific literature up to 2021 were analyzed.
To assess Kudoa occurrence in fish inhabiting waters of various salinity, we referenced FishBase
(https://www.fishbase.se/search.php) verifying data in available sources [Debelius, 2009; Fadeev, 2005;
Svetovidov, 1964; The Living Marine Resources, 2016].

For the salinity-dependent infestation analysis of gobies by K. nova, we examined 2,232 specimens
of 11 fish species in 1998 and 2008-2019. Sampling sites included estuarine biotopes of the Black Sea
and Sea of Azov and the central invasive corridor connected to the Black Sea (Bug, Narew, and Vistula
rivers in Poland).

For water samples from the Karkinitsky Bay (2014-2016), salinity was measured via argentom-
etry (the guiding document RD 52.10.243-92, Manual of Chemical Analysis of Marine Waters,
01.07.1993) by T. Bogdanova (IBSS). Salinity data for 2008—2013 in this region were provided orally
by N. Shadrin (IBSS). Sivash Lagoon salinity was sourced from oral report by A. Boltachev (IBSS)
(measurements were carried out by T. Bogdanova) and from the paper [Shadrin et al., 2018]. Data
on the Taganrog Bay salinity in 1998 were provided by AzNIIRKh researchers. Salinity values
for the Vistula and Bug rivers were derived from literature [Kasprzak et al., 2016] and from an online
source (https://en.wikipedia.org/wiki/Bug_(river)), respectively, with lower water salinity thresholds
for the Bug River provided by N. Ovcharenko (the W. Stefariski Institute of Parasitology of the PAS,
Warsaw, Poland). Data on salinity in the Dnieper—Bug estuary were sourced from literature [Grinevetsky
et al., 2015].

RESULTS AND DISCUSSION

When analyzing all Kudoa hosts by their ability to survive in water of various salinity (Table 1), it be-
comes evident that the overwhelming majority of Kudoa myxosporeans parasitize marine fish inhabiting
seas and oceans. Out of 294 fish hosts for Kudoa, habitat preferences were determined for 291 species.
Out of them, 169 species are exclusively marine, 76 can inhabit marine- and brackish-water environ-
ments, 42 are euryhaline and can occur both in marine and brackish waters and in freshwater, and only 4
are exclusively freshwater ones. For 3 fish hosts with unresolved taxonomic status, habitat preferences
could not be established.

Most Kudoa species were registered in marine zones of the World Ocean confirming the marine
origin of this genus. Exceptions cover four Kudoa found in freshwater fish from freshwater basins ad-
jacent to the Atlantic Ocean. Out of them, three were reported from fish of the order Cichliformes —
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from Aequidens plagiozonatus Kullander, 1984 (Kudoa aequidens Casal, Matos E., Matos P. & Azevedo,
2008) [Casal et al., 2008] and Chaetobranchopsis orbicularis (Steindachner, 1875) (Kudoa orbic-
ularis Azevedo, Rocha, Matos, Oliveira, Matos, Al-Quraishy & Casal, 2016) [Azevedo et al.,
2016] — and from fish of the order Siluriformes — from Hypophthalmus marginatus Valenciennes,
1840 (Kudoa sp.) [Velasco et al., 2015] — in the lower Amazon River basin (Brazil). Interestingly,
K. orbicularis was found in the Arari River, 135 km from the Amazon River mouth. And the fourth
species (Kudoa eleotrisi Siau, 1971) was noted in a sleeper goby Kribia kribensis (Boulenger, 1907)
in the Porto-Novo Lagoon (Benin, coast of Africa) [Fomena, Bouix, 1997; Siau, 1971]. Kudoa cascasia
Sarkar & Chaudhury, 1996 was recorded in the freshwater yellowtail mullet Minimugil cascasia (Hamil-
ton, 1822) in the Hooghly estuary (the Indian Ocean, Western Bengal, India) [Sarkar, Chaudhury, 1996].

Table 1. Occurrence of myxosporeans of the genus Kudoa in fish of various taxa of the world fauna, with
indication of the affiliation of hosts to waters of different salinity*

Fish species Fish habitat in waters Myxosporean species
with taxonomic classification of different salinity** of the genus Kudoa
Class Chondrichthyes

Subclass Elasmobranchii
Superorder Selachomorpha
Order Carcharhiniformes

Family Carcharhinidae

Carcharhinus amboinensis M, B K. carcharhini
C. cautus M K. carcharhini
C. limbatus M, B K. carcharhini

Order Orectolobiformes

Family Hemiscylliidae

Hemiscyllium ocellatum M K. hemiscylli
Family Orectolobidae

Orectolobus hutchinsi M K. hemiscylli
O. maculatus M K. hemiscylli
O. ornatus M K. hemiscylli
Suborder Batomorpha

Order Myliobatiformes

Family Dasyatidae

Hemitrygon fluviorum M, B K. hemiscylli
Neotrygon kuhlii M K. hemiscylli
Taeniura lymma M K. hemiscylli
Order Rhinopristiformes

Family Rhinobatidae

Aptychotrema rostrata M, B K. hemiscylli
Glaucostegus typus M, B, Fr K. hemiscylli
Class Actinopterygii

Infraclass Teleostei

Order Carangaria incertae sedis

Family Sphyraenidae

Sphyraena jello M, B K. sphyraeni

Continued on the next page...
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S. pinguis M K. megacapsula
S. putmamae M K. barracudai
Order Eupercaria incertae sedis

Family Gerreidae

Eugerres brasilianus M K. eugerres
Family Labridae

Coris julis M K. quadratum
Halichoeres bivittatus M K. ovivora

H. garnoti M K. ovivora

H. poeyi M K. ovivora
Tautogolabrus adspersus M K. clupeidae
Thalassoma bifasciatum M K. ovivora
Th. lunare M K. thalassomi
Th. lutescens M K. thalassomi
Family Lethrinidae

Gymnocranius audleyi M K. lethrini
Lethrinus harak M, B K. lethrini

L. nebulosus M, B K. iwatai

L. variegatus M K. iwatai

Family Lutjanidae

Caesio cuning

K. chaetodoni

Lutjanus campechanus

K. hypoepicardialis

L. carponotatus

K. chaetodoni

L. ehrenbergii

K. lethrini, K. yasunagai

L. erythropterus

K. iwatai, K. lutjanus

L. fulviflamma

K. lethrini

L. lemniscatus

=
Z|z|2|w|2|2|5
2

K. lemniscati

Family Monodactylidae

Monodactylus argenteus M, B, Fr K. monodactyli

Family Moronidae

Dicentrarchus labrax M, B, Fr K. dicentrarchi, K. iwatai

D. punctatus M, B K. dicentrarchi

Family Nemipteridae

Nemipterus japonicus M K. schulmani

Scolopsis monogramma M K. yasunagai

Family Priacanthidae

Priacanthus hamrur M K. iwatai

Family Scaridae

Calotomus japonicus M K. igami, K. {ateolabracis, K. thalassomi,
K. yasunagai

Scarus flavipectoralis M K. thalassomi

Sparisoma aurofrenatum M K. ovivora

S. radians M K. ovivora

S. rubripinne M K. ovivora

Continued on the next page...
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Family Sciaenidae

Cheilotrema fasciatum M K. sciaenae

Cynoscion nebulosus M, B K. inornata

Leiostomus xanthurus M, B K. branchiata, K. leiostomi
Nibea coibor M, B K. coibori

Paralonchurus peruanus M K. sciaenae

Pogonias cromis M, B K. hypoepicardialis
Sciaena deliciosa M K. sciaenae

Stellifer minor M K. sciaenae

Family Sillaginidae

Sillago analis M, B K. ciliatae

S. ciliata M, B K. ciliatae, K. yasunagai

S. maculata M, B K. ciliatae, K. yasunagai

S. sthama M, B K. petala

Family Sparidae

Acanthopagrus latus M, B, Fr K. lutjanus

A. schlegelii M, B K. iwatai

Argyrops filamentosus M K. iwatai

Boops boops M K. boopsi

Dentex macrophthalmus M K. nova

Pagellus acarne M K. nova

Pagrus major M K. iwatai, K. yasunagai

P. pagrus M K. pagrusi

Rhabdosargus haffara M K. aegyptia

Sparus aurata M, B K. dicentrarchi, K. iwatai
Stenotomus chrysops M K. clupeidae

Order Ovalentaria incertae sedis

Family Pomacentridae

Abudefduf bengalensis M K. amamiensis, K. thalassomi, K. whippsi
A. septemfasciatus M K. gunterae

A. sexfasciatus M K. amamiensis, K. gunterae
A. sordidus M, B K. gunterae

A. vaigiensis M K. amamiensis, K. whippsi
A. whitleyi M K. amamiensis, K. thalassomi, K. whippsi
Acanthochromis polyacanthus M K. whippsi
Amblyglyphidodon curacao M K. thalassomi

Amphiprion akindynos M K. kenti, K. thalassomi, K. whippsi
A. melanopus M K. kenti, K. thalassomi, K. whippsi
Chromis chrysura M K. amamiensis

Ch. notata M K. amamiensis

Ch. viridis M K. gunterae, K. whippsi
Chrysiptera assimilis M K. amamiensis

C. cyanea M K. gunterae, K. thalassomi
Dascyllus aruanus M K. gunterae, K. thalassomi
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D. trimaculatus M K. iwatai

Dischistodus perspicillatus M, B K. kenti

D. pseudochrysopoecilus M K. gunterae
Neoglyphidodon melas M K. gunterae, K. thalassomi, K. whippsi
Neopomacentrus miryae M K. iwatai
Plectroglyphidodon leucozonus M K. gunterae, K. kenti
Pomacentrus chrysurus M K. gunterae, K. whippsi
Order Acanthuriformes

Family Chaetodontidae

Chaetodon baronessa M K. thalassomi

C. collare M K. muscularis

C. paucifasciatus M K. iwatai

C. unimaculatus M K. chaetodoni, K. thalassomi
C. vagabundus M K. thalassomi

Chelmon rostratus M, B K. thalassomi
Heniochus monoceros M K. thalassomi

Family Leiognathidae

Leiognathus brevirostris M, B K. uncinata
Nuchequula nuchalis M, B K. uncinata

Family Lobotidae

Lobotes surinamensis M, B ‘ K. hypoepicardialis
Family Siganidae

Siganus rivulatus M, B ‘ K. iwatai

Order Acropomatiformes

Family Lateolabracidae

Lateolabrax japonicus M, B, Fr K. cruciformum, K. iwatai, K. yasunagai
Lateolabrax sp. ? K. lateolabracis
Family Pempheridae

Pempheris ypsilychnus M ‘ K. amamiensis, K. minithyrsites
Order Atheriniformes

Family Atherinidae

Atherina hepsetus M, B, Fr ‘ K. anatolica, K. stellula
Order Batrachoidiformes

Family Batrachoididae

Batrachoides surinamensis M, B ‘ K. viseuensis

Order Beloniformes

Family Belonidae

Strongylura strongylura M, B ‘ K. chilkaensis

Family Exocoetidae

Cypsilurus ago M K. thyrsites

Cypsilurus sp. M K. thyrsites

Family Hemiramphidae

Hyporhamphus gamberur M K. iwatai
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Order Beryciformes

Family Berycidae

Beryx splendens M K. thyrsites

Order Blenniiformes

Family Blenniidae

Parablennius gattorugine M K. quadratum

P. zvonimiri M K. quadratum

Order Callionymiformes

Family Callionymidae

Callionymus lyra M K. quadratum

Order Carangiformes

Family Carangidae

Alepes djedaba M K. javaensis, K. pyramidalis

Atropus atropus M K. atropi

Carangoides fulvoguttatus M K. quadricornis

C. plagiotaenia M K. paraquadricornis

Caranx crysos M, B K. hypoepicardialis

C. ignobilis M, B K. paraquadricornis

C. papuensis M, B K. paraquadricornis

C. sexfasciatus M, B, Fr K. amamiensis, K. paraquadricornis

Decapterus maruadsi M K. decaptera

D. russeli M K. thyrsites

Seriola dumerili M K. amamiensis, K. insolita

S. lalandi M K. neurophila, K. thyrsites

. . K. amamiensis, K. iwatai, K. yasunagai,

S. quinqueradiata M . T
K. megacapsula, K. pericardialis

Trachurus capensis M K. nova

T. mediterraneus M, B K. quadratum

T. picturatus M K. nova

T trachurus M K. azeve.doi, K. nova, K. quadratum,
K. thyrsites

T. trecae M K. nova

T. japonicus M K. trachuri

Family Coryphaenidae

Coryphaena hippurus M, B ‘ K. thyrsites

Family Istiophoridae

Istiophorus platypterus M ‘ K. musculoliquefaciens

Family Xiphiidae

Xiphias gladius M ‘ K. musculoliquefaciens

Order Centrarchiformes

Family Latridae

Latris lineata M ‘ K. neurophila

Family Oplegnathidae

Oplegnathus fasciatus M K. iwatai, K. yasunagai

O. punctatus M K. iwatai
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Order Cichliformes

Family Cichlidae

Aequidens plagiozonatus Fr K. aequidens
Chaetobranchopsis orbicularis Fr K. orbicularis
Order Clupeiformes

Family Clupeidae

Alosa aestivalis M, B, Fr K. clupeidae

A. mediocris M, B, Fr K. clupeidae

A. pseudoharengus M, B, Fr K. clupeidae
Brevoortia tyrannus M, B K. clupeidae
Clupea harengus M, B K. clupeidae
Konosirus punctatus M,B K. guangdongensis
Sardinella lemuru M K. thyrsites
Sardinops sagax M K. thyrsites
Family Engraulidae

Engraulis australis M, B K. thyrsites

E. encrasicolus M, B K. histolytica

E. japonicus M K. thyrsites
Family Spratelloididae

Spratelloides delicatulus M K. thyrsites

S. robustus M, B K. thyrsites

Order Cyprinodontiformes

Family Fundulidae

Fundulus heteroclitus M, B, Fr K. funduli

F. majalis M, B K. funduli

Order Gadiformes

Family Gadidae

Gadus chalcogrammus M, B K. thyrsites
Macruronus magellanicus M K. alliaria
Micromesistius australis M K. alliaria

M. poutassou M K. thyrsites
Pollachius pollachius M K. thyrsites
Family Merlucciidae

Merluccius australis M K. alliaria

M. capensis M K. thyrsites

M. gayi M K. hallado, K. peruvianus
M. hubbsi M K. alliaria, K. rosenbuschi
M. productus M, B K. paniformis, K. thyrsites
Order Gobiiformes

Family Butidae

Kribia kribensis Fr ‘ K. eleotrisi
Family Gobiidae

Acanthogobius hasta M, B, Fr K. akihitoi, K. empressmichikoae
Acentrogobius chlorostigmatoides M, B, Fr K. acentrogobia
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Gobius cobitis M, B K. nova

G. cruentatus M K. niluferi

G. niger M, B K. nova

G. ophiocephalus M, B K. nova

Knipowitschia longicaudata M, B, Fr K. nova

Mesogobius batrachocephalus M, B, Fr K. nova

Neogobius melanostomus M, B, Fr K. niluferi, K. nova

N. fluviatilis M, B, Fr K. nova

Pomatoschistus microps M, B, Fr K. camarguensis, K. nova

P. minutus M, B K. camarguensis, K. nova

Ponticola cephalargoides M K. nova

P. eurycephalus M, B K. nova

P. platyrostris M, B K. nova

P. ratan M, B K. nova

P. syrman M, B K. nova

Proterorhinus marmoratus M, B, Fr K. nova

Tridentiger trigonocephalus M, B, Fr K. nova

Order Kurtiformes

Family Apogonidae

Cheilodipterus macrodon M K. thalassomi

Ch. quinquelineatus M K. cheilodipteri

Ostorhinchus aureus M K. cheilodipteri, K. whippsi, K. iwatai

O. cookii M K. cookii

O. cyanosoma M K. cheilodipteri, K. whippsi

O. doederleini M K. whippsi

O. fleurieu M, B K. iwatai

O. properuptus M K. gunterae, K. whippsi

Zoramia leptacantha M K. leptacanthae

Z. viridiventer M K. leptacanthae

Order Mugiliformes

Family Mugilidae

Chelon auratus M, B, Fr K. dicentrarchi, K. trifolia, K. unicapsula

Ch. labrosus M, B, Fr K. dicentrarchi

Ch. ramada M, B, Fr K. dicentrarchi, K. trifolia, K. unicapsula

Ch. saliens M, B K. dicentrarchi

Crenimugil crenilabis M, B K. crenimugilis

C. seheli M, B, Fr K. dicentrarchi

Ellochelon vaigiensis M, B, Fr K. yasunagai

Minimugil cascasia Fr K. cascasia
K. bora, K. dicentrarchi, K. tetraspora,

Mugil cephalus M, B, Fr K. intestinalis, K. iwatai, K. quadratum,
K. surabayaensis

M. japonica M, B K. bora

Osteomugil cunnesius M. B, Fr K. borimiri, K. dicentrarchi, K. igori,

K. valamugili
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0. perusii M. B K. boia,.K. borimiri, K. dicentrarchi,
K. fujitai

Planiliza carinata M, B K. bora

P. melinoptera M, B, Fr K. dicentrarchi

P. parsia M, B, Fr K. haridasae, K. sagarica

Planiliza sp. D sensu M, B, Fr K. borimiri, K. dicentrarchi

Order Ophidiiformes

Family Carapidae

Echiodon sp. ‘ ? ‘ K. cutanea

Order Perciformes

Family Aulorhynchida

Aulorhynchus flavidus ‘ M ‘ K. thyrsites

Family Cheilodactylidae

Cheilodactylus zonatus ‘ M ‘ K. whippsi

Family Cottidae

Icelinus filamentosus M K. thyrsites

Leptocottus armatus M,B K. thyrsites

Myoxocephalus brandtii M K. nova

M. scorpius M, B K. quadratum

Family Cyclopteridae

Cyclopterus lumpus M K. islandica

Family Hexagrammidae

Hexagrammos octogrammus M K. azoni

Ophiodon elongatus M K. thyrsites

Pleurogrammus azonus M K. azoni, K. pleurogrammi

P. monopterygius M K. pleurogrammi

Family Nototheniidae

Patagonotothen canina M K. alliaria

P. ramsayi M K. alliaria, K. ramsayi

Family Pholidae

Pholis ornata ‘ M ‘ K. thyrsites

Family Platycephalidae

Platycephalus sp. ‘ ? ‘ K. iwatai

Family Polynemidae

Pentanemus quinquarius ‘ M,B ‘ K. iidae

Family Sebastidae

Sebastes elongatus M K. miniauriculata

S. minor M K. sebastea

S. paucispinis M K. clupeidae, K. miniauriculata

Family Serranida

Cephalopholis boenak M K. thalassomi

Hyporthodus nigritus M K. hypoepicardialis

Morone saxatilis M, B, Fr K. cerebralis

Family Zoarcidae

Zoarces americanus M, B K. clupeidae
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Order Pleuronectiformes

Family Bothidae

Arnoglossus imperialis M K. lunata
A. laterna M K. lunata
A. thori M K. lunata
Family Cynoglossidae
Cynoglossus senegalensis M, B, Fr K. cynoglossi
Family Paralichthyidae
Paralichthys adspersus M K. thyrsites
K. lateolabracis, K. paralichthys,
P. olivaceus M K. septempunctata, K. shiomitsui,
K. thyrsites, K. yasunagai
Family Pleuronectidae
Atheresthes stomias M K. aburakarei, K. thyrsites
Hippoglossus stenolepis M K. thyrsites
Lepidopsetta bilineata M K. thyrsites
Microstomus pacificus M K. thyrsites
Parophrys vetulus M K. thyrsites
Platichthys flesus M, B, Fr K. clupeidae
Family Scophthalmidae
Zeugopterus punctatus M K. kabatai
Order Salmoniformes
Family Salmonidae
Oncorhynchus gorbuscha M, B, Fr K. thyrsites
O. kisutch M, B, Fr K. thyrsites
O. mykiss M, B, Fr K. thyrsites
O. tshawytscha M, B, Fr K. thyrsites
Salmo salar M, B, Fr K. thyrsites
Order Scombriformes
Family Centrolophidae
Hyperoglyphe japonica M K. ogawai
Icichthys australis M K. vesica
Family Gempylidae
Thyrsites atun M, B ‘ K. thyrsites
Family Nomeidae
Nomeus gronovii M ‘ K. hypoepicardialis
Family Pomatomidae
Pomatomus saltatrix M, B ‘ K. clupeidae, K. hypoepicardialis, K. nova
Family Scombridae
Auxis thazard M K. histolytica
Euthynnus alletteratus M, B K. nova
Grammatorcynus bicarinatus M K. grammatorcyni
Rastrelliger kanagurta M K. quraishii, K. saudiensis
Sarda sarda M, B K. histolytica
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K. caudata, K. histolytica, K. scomberi,

Scomber japonicus M K. thyrsites

S. scombrus M, B K. histolytica, K. thyrsites

Scomberomorus commerson M K. crumena, K. p ermuliicapsula,
K. scomberomori

S. maculatus M K. crumena

S. niphonius M K. konishiae

S. sierra M K. rayformis

Thunnus albacares M, B K. crumena, K. hexapunctata, K. neothunni

T. alalunga M K. thunni

T. obesus M K. nova

T. orientalis M, B K. hexapunctata, K. prunusi, K. yasunagai

T. thynnus M, B K. clupeidae, K. nova

Family Trichiuridae

Lepidopus caudatus M K. thyrsites

Trichiurus lepturus M, B K. mirabilis

Order Scorpaeniformes

Family Anarhichadidae

Anarhichas lupus M K. islandica

A. minor M K. islandica

Order Siluriformes

Family Ariidae

Ariopsis felis M, B K. shkae

Plicofollis layardi M, B K. tachysurae

P. platystomus M, B K. bengalensis

P. polystaphylodon M, B, Fr K. quadratum

Family Plotosidae

Plotosus lineatus M, B K. yasunagai

Order Syngnathiformes

Family Syngnathidae

Entelurus aequoreus M, B K. quadratum

Syngnathus abaster M, B, Fr K. quadratum

S. acus M, B K. quadratum

S. tenuirostris M K. quadratum

Order Tetraodontiformes

Family Tetraodontidae

Sphoeroides annulatus M, B K. dianae

Takifugu rubripes M, B, Fr K. shiomitsui, K. yasunagai

Order Zeiformes

Family Zeidae

Zeus capensis M K. thyrsites

Z. faber M, B K. thyrsites

Note: *, all systematic groups and species are alphabetized, starting from cartilaginous fishes and ending with bony
fishes; **, habitation in waters of different salinity (M, marine water; B, brackish water; Fr, freshwater environment).
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Given the hypothesis that myxosporeans originated from marine fish [Shulman et al., 1997] and con-
sidering the overwhelming prevalence of Kudoa findings in saline water basins, it can be concluded
as follows: the transition to parasitizing in some freshwater hosts occurred evolutionally later and likely
involved euryhaline hosts.

Also, seven Kudoa species have been documented in marine fish inhabiting estuarine zones. In par-
ticular, they were found in euryhaline mullets. Thus, Kudoa haridasae Sarkar & Ghosh, 1991 and Ku-
doa sagarica Das, 1996 were reported from the goldspot mullet Planiliza parsia (Hamilton, 1822)
(the Indian Ocean, the Hooghly estuary, Western Bengal, India) [Das, 1996; Sarkar, Chaudhury, 1996].
K. unicapsula was registered in the thinlip mullet Chelon ramada (Risso, 1827) and golden grey
mullet Ch. auratus (Risso, 1810) (the Mediterranean Sea, Santa Pola, Ebro River delta, Spain) [Yu-
rakhno et al., 2007]. Besides, myxosporeans were found in brackish-water gobies: Kudoa camarguen-
sis Pampoulie, Marques, Rosecchi, Crivelli & Bouchereau, 1999 was recorded from the sand goby
Pomatoschistus minutus (Pallas, 1770) and common goby P. microps (Krgyer, 1838) (the Mediter-
ranean Sea, Rhone River delta, France) [Pampoulie et al., 1999]. Kudoa cerebralis Paperna & Zwer-
ner, 1974 was noted in the striped bass Roccus saxatilis (Walbaum, 1792) from the Atlantic Ocean,
where this species chiefly occurs in estuaries (North American Coast, mouths of Rappahannock and York
rivers) and occasionally in marine waters (the Chesapeake Bay coast, the USA) [Paperna, Zwerner,
1974]. This host species is anadromous, migrating between freshwater and marine basins. Its spawn-
ing commonly occurs in freshwater. K. inornata was found in an estuarine fish, Cynoscion nebu-
losus (Cuvier, 1830) (the Atlantic Ocean, South Carolina coast, the USA, Romaine Harbor, Ash-
ley River, Ashepoo, Combahee, and Edisto basin) [Dykova et al., 2009]. Kudoa viseuensis Mon-
teiro, Da Silva, Hamoy, Sanches & Matos, 2019 was noted in a marine host, Batrachoides suri-
namensis (Bloch & Schneider, 1801), near the spot of the Amazon River inflow into the Atlantic
Ocean (Viseu municipality, state of Pard, northern Brazil) [Monteiro et al., 2019]. Another Ku-
doa sp. was reported from a brackish-water host, the white perch Morone americana (Gmelin, 1789),
in the Atlantic Ocean basin, in the Choptank River, Chesapeake Bay (Maryland, the USA) [Bunton,
Poynton, 1991].

Only one ocean myxosporean species, K. thyrsites, is known to infect five anadromous salmonids:
four Pacific species [the pink salmon Oncorhynchus gorbuscha (Walbaum, 1792), coho salmon O. kisutch
(Walbaum, 1792), rainbow trout O. mykiss (Walbaum, 1792), and Chinook salmon O. tshawytscha (Wal-
baum, 1792)] and one inhabitant of the Atlantic and Arctic oceans [the Atlantic salmon Salmo salar Lin-
naeus, 1758] [Eiras et al., 2014]. This evidences for the likelihood that host infestation by this parasite
occurs exclusively in marine habitats.

Thus, out of 128 Kudoa species, 117 (91.4%) were found in marine zones of the World Ocean,
8 (6.3%) were recorded in its estuaries (7 species in marine fish, and 1 in a freshwater host), and 3 (2.3%)
were registered in freshwater bodies.

To assess the effect of desalination on myxosporean fauna in fish of the Black Sea and Sea of Azov,
we conducted long-term studies in Crimean estuarine ecosystems focusing, among other issues, on Ku-
doa in gobies. In 2008-2019, we examined myxosporeans in 308 gobies in the Chernaya River mouth,
807 specimens in the Karkinitsky Bay (the Black Sea), and 757 Gobiidae specimens in Eastern Sivash
(the Sea of Azov) (Table 2).
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We analyzed species composition and abundance of fish parasites in two estuarine biotopes in the area
of the Chernaya River inflow to the Sevastopol Bay (the Black Sea): in the river mouth with increased bot-
tom salinity and in 1,5 km upstream, in a biotope with salinity of 4—5%o [ Yurakhno, 2012, 2014, 2015a].
In investigated hydrobionts, along with eight predominantly marine myxosporeans, one Kudoa represen-
tative — K. nova — was found from the chameleon goby Tridentiger trigonocephalus (Gill, 1859), grass
goby Gobius ophiocephalus Pallas, 1814, black goby G. niger Linnaeus, 1758, tubenose goby Proterorhi-
nus marmoratus (Pallas, 1814), mushroom goby Neogobius eurycephalus (Kessler, 1874), and round
goby N. melanostomus (Pallas, 1814). Infestation prevalence by this parasite varied 5 to 92% for dif-
ferent hosts in different seasons. In our study, K. nova was noted in a biotope with bottom salinity
of 12-16%o. This species was absent in freshwater area of the Chernaya River we surveyed owing
to the lack of hosts (gobies) in catches.

K. nova was analyzed in gobies of the Karkinitsky Bay in 2008-2018. It was recorded in three gobies:
in the round goby, monkey goby Neogobius fluviatilis (Pallas, 1814), and tubenose goby, while the grass
goby and knout goby Mesogobius batrachocephalus (Pallas, 1814) were free of this parasite. Fish were
caught from areas with various hydrological conditions. Some sampling sites were located 8—13 km
from our base, the Portovoye village (the Andreevka, Avrora, Steregushchee, and Risovoe villages).
Thus, in 2008-2013, gobies were sampled in open sea zones periodically affected by freshwater inflow
from paddy fields near the Portovoye and Risovoe and in more distant spots near the Avrora and Stere-
gushchee. In different seasons, prevalence of K. nova infestation in the monkey goby from slightly de-
salinated zones was significantly high (31-56%). Infestation rates in the round goby were also high
and comparable across different salinity gradients (40—47%), except for the site in the Risovoe vicinity,
where it was only 12%. In subsequent years, after rice cultivation ceased in the Crimea, K. nova per-
sisted in gobies, with infestation prevalence dropping noticeably in the round goby (down to 4-30%),
but remaining sometimes rather elevated in the monkey goby (up to 47-63%).

In 2014 and 2015, fish was sampled near the former Andreevka village (opposite the Ogni settle-
ment) and in the Avrora southward to the Portovoye, closer to the Bakalskaya Spit. Sampling depth
was slightly more than 1 m; interestingly, by fishermen evidences, such depths stretch only along 200 m
from the coast and are characterized by sandy substrates (clay-mixed sediments in the Avrora vicin-
ity). Here, only 10% of the round goby individuals were infected with K. nova. In 2014, the monkey
goby was sampled once from a shallow brackish lagoon (salinity of 27.60%0) in the Portovoye vicin-
ity, on the Sary-Bulat Spit, with silty substrate; 18% of fish were infected with K. nova. The highest
infestation rates of gobies by this parasite were recorded in 2015 in a shallow Sary-Bulat Lagoon near
the Portovoye. There, depths of 10-60 cm extend over 2 km toward islands, and bottom is a black silt.
Salinity gradients differed as well: areas near the Andreevka and Avrora experienced minimal freshwa-
ter effect, while shallow waters in the Portovoye vicinity were affected by six Dnieper River discharge
channels until 2014. Subsequent data obtained for the open sea and adjacent Sary-Bulat Lagoon con-
firmed higher infection rates in the lagoon. For example, prevalence of K. nova infestation in the round
goby from the Sary-Bulat Lagoon was 4 times higher in 2016 and 2.6 times higher in 2017 than in fish
from the open sea. The monkey goby in the lagoon showed the prevalence of 63%, and the tubenose
goby, 50-65%. Accordingly, higher infection rates of fish with myxosporeans were recorded in shallower
and highly silty areas of the Karkinitsky Bay that seems to reflect intensified accumulation of infective
stages there [Dmitrieva et al., 2015; Korniichuk et al., 2016; Yurakhno, 2013, 2015a, 2016b; Yurakhno,
Tokarev, 2017].
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In general, in the Swan Islands nature reserve, Kudoa representatives and other myxosporeans form
a typical marine fauna, and it is consistent with salinity dynamics in the area. According to data pro-
vided by N. Shadrin (IBSS), salinity in periodically desalinated open sea in the Risovoe and Portovoye
vicinity fluctuated between 10 and 15%o within 2008-2013. After the cessation of freshwater discharge
from paddy fields, salinity near Portovoye increased. In the open sea, we recorded the values of 19.30%o
in 2014, 21.08%o in 2015, and 17.90-18.59%¢ in 2016. In the Sary-Bulat Lagoon, salinity reached
20.87%o0 in 2015 and 18.14-21.35%0 in 2016. Apparently, periodic freshwater inflow from paddy fields
into the Karkinitsky Bay did not reduce salinity to levels critical for K. nova survival, unlike in other
areas analyzed (see below).

Another estuarine biotope we examined for Kudoa was Eastern Sivash. The round, grass, and monkey
gobies were sampled in November—December 2010 in its northern area, near the Mysovoe, Chaikino,
and Chongar villages [Yurakhno, 2015a; Yurakhno, Gorchanok, 2011]. Fish were sampled with fixed
nets at depths of 2—4 m; water temperature was of +10...+14 °C; and areas were characterized by various
salinity. In the Mysovoe and Chaikino vicinity, salinity during sampling was 11.5%o. As known according
to data provided by A. Boltachev (IBSS), the value could drop down to 1%o due to occasional freshwater
discharge from paddy fields to Sivash. In the Chongar vicinity, salinity was 17%e. In 2010, K. nova
was absent in 47 round gobies sampled from desalinated zones of the Mysovoe and Chaikino, but it was
registered in 1 out of 5 monkey gobies. In the Chongar area, 43% of round gobies were infected, and there
were no K. nova in 1 monkey goby caught. In 2013, prevalence in the round goby near Mysovoe rose
to 47% suggesting the lack of strong freshwater effect in this spot in previous years.

From December 2012 to June 2015, we carried out further studies on myxosporeans in gobies in East-
ern Sivash, with the focus on its hypersaline inner zone (the Semisotka and Kamenskoe villages) and cen-
tral area (the Dmitrovka village). The round, sand, grass, and knout gobies were surveyed [Yurakhno,
2015a]. One species of parasite — K. nova — was registered in muscles of the round and sand gobies.

Infestation prevalence of examined fish varied seasonally and annually: it was 22% in the mon-
key goby and 16—-69% in the round goby. Neither inner zone of Eastern Sivash, nor its central area
was highly desalinated; values of host infestation by K. nova were rather noticeable and comparable
to those in marine waters, the same as in 2013 in the northern lagoon. This fact was proved by data
of other researchers [Shadrin et al., 2018]. Thus, in 2013, water salinity in the central and inner areas
varied within 10.0-40.0%0 (mean of 25.2%o0). In 2014, it was 25.9-26.7%o in summer and 22.7-42.2%o
in autumn; at several spots, salinity reached 50.0-65.0%c. In 2015, it was 55.0-65.0%c in the central
area and 70.0-75.0%o in the southern one.

The cessation of freshwater inflow from paddy fields in 2014 to Eastern Sivash likely improved con-
ditions for K. nova proliferation in local populations of gobies. This is evidenced by higher infection
rates in the round goby (up to 53-69% in various seasons) in recent years of the study in the hypersaline
inner zone of Sivash — in the Kamenskoe vicinity. It is the southernmost area, the furthest from paddy
fields, and the one with maximum salinity [ Yurakhno, 2015a].

K. nova was a common species in the parasite fauna of gobies for all three estuarine ecosystems
surveyed.

Our data for periodically desalinated marine areas in the Crimea evidence for a negative effect
of strong desalination (down to 1%o or lower values) on infection rates of gobies by K. nova. Conversely,
higher infection rates were observed in areas with elevated salinity (Table 2). When analyzing changes
in mean infestation prevalence by this parasite in gobies up to 2013 (a period of discharge from paddy
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fields into the Karkinitsky Bay and Sivash, including designated spots within the latter one) and in later pe-
riods, we observed shifts in the round goby alone. Interestingly, these changes are contradictory between
the areas compared. Thus, since 2014, mean infestation prevalence of the goby by K. nova in the Karkinit-
sky Bay decreased by nearly twofold, whereas in the inner Sivash zone, it doubled. This suggests that
factors other than salinity may affect these dynamics.

The absence or sporadic occurrence of K. nova in highly desalinated areas of the Ponto—Azov region
is corroborated by both literature data and our own information. According to N. Naidenova [1974]
and our expeditionary research, this parasite was absent in summer 1998 in gobies sampled in the highly
desalinated Taganrog Bay (the Sea of Azov) into which the Don River flows [Yurakhno, Gorchanok,
2011]. According to data of AzNIIRKh researches, the mean salinity in the area was 1-3%o. Similarly,
during summer 2011, no myxosporeans were noted in the parasite fauna of invasive gobies that spread
from the northwestern Black Sea along the central invasive corridor: the round goby N. melanostomus,
racer goby N. gymnotrachelus (Kessler, 1857), monkey goby N. fluviatilis, and western tubenose goby
Proterorhinus semilunaris (Heckel, 1837). These fish were sampled in the Bug and Vistula rivers. In 2012,
the prevalence of K. nova infestation in the Dnieper River estuarine zone, near Ochakiv city, was only
2.7% [Kvach et al., 2014] (Table 2).

A near-complete absence of this species or its significantly low occurrence in hosts from highly de-
salinated areas evidence for the following. The first, K. nova spores which spend most time after the host
death in the water column, in sediment, or substrate may not survive low salinity. The second, the species
composition of oligochaetes and polychaetes — potential definitive hosts for myxosporeans — is notably
scarce in regions with the pronounced desalination and salinity fluctuations. However, a two-host life
cycle of myxosporeans has only been confirmed for 36 out of more than 2,000 species [Dykova, Lom,
2007]. Most of them are freshwater inhabitants, and none of them belong to the genus Kudoa. Thus,
we just hypothesize that not only fish, but also invertebrates may participate in K. nova life cycle.

To assess spore survival under different salinities, an experiment was carried out in sum-
mer 2014 [Yurakhno, 2015b, 20164, 2018]. Cysts isolated from host muscle tissue were stored in spring
water (freshwater) in refrigerator. After 3 days, nearly half of spores in freshwater featured structural
abnormalities, including deformities. By the 34" day, 87% of spores in freshwater were degraded,
and the function of the polar filament extrusion was disrupted in alkaline solutions indicating loss of vi-
ability of darkened spores. In contrast, the most comfortable conditions were formed in cysts immersed
in seawater in refrigerator; there, the share of normal spores was 94-98% throughout month-long exper-
iments. As for cysts in muscles, the key role in spore preservation was played by their occurrence in host
tissues in biochemical environment. In this case, shares of abnormal spores in freshwater and marine wa-
ter at ambient temperature were comparable and relatively low: in freshwater, 9 to 17%, and in seawater,
410 20%.

The rapid detrimental effect of freshwater on K. nova spores is surprising given their presumed re-
silience and theoretical ability to persist longer in unsuitable environment. This parasite is known to tol-
erate slight desalination; it occurs in significantly higher abundance in mesohaline shallows of the Sea
of Azov than in the Black Sea, especially in estuaries. However, pure freshwater directly disrupts struc-
ture and viability of these spores when exposed to unsuitable environment. When K. nova spores re-
main within muscle tissue of the host, its biochemical environment mitigates adverse effects of fresh-
water. In contrast, spores of oceanic species are often more affected by freshwater, and this effect
can be detrimental. Thus, a proven method to inactivate spores of K. septempunctata — a parasite
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causing diarrhea and vomiting in consumers of raw meat of Paralichthys olivaceus (Temminck
& Schlegel, 1846) — is to immerse it in freshwater (0%o0) or a hypersaline solution (160%o) for five
minutes [ Yokoyama et al., 2016].

We registered K. nova in both fully saline Black Sea waters and mesohaline Sea of Azov ones (there,
infestation prevalence often reached 100% in host fish inhabiting shallow estuaries). However,
we recorded no specimens of this parasite in oligohaline and freshwater habitats. K. nova spores exhibit
negative buoyancy, and this is regarded as an adaptation for infecting benthic hosts. In lower-salinity en-
vironments, spores settle more rapidly onto a substrate mixing with surface silt layer and thereby optimiz-
ing the contact with potential hosts. K. nova proliferation into oligohaline and freshwater systems seems
to reflect the limited occurrence of its putative definitive hosts: in these habitats, possibly oligochaetes
or polychaetes. Moreover, as demonstrated by our experiments, K. nova spores cannot survive prolonged
exposure to freshwater after the host death. Accordingly, this parasite is likely of marine origin; it oc-
curs in water basins of various salinity (including oceanic one) and is widely distributed in Gobiidae
representatives in the Black Sea and Sea of Azov [Yurakhno, 2014; Yurakhno, Gorchanok, 2011].

This work was carried out within the framework of IBSS state research assignment “Biodiversity as the ba-

sis for the sustainable functioning of marine ecosystems, criteria and scientific principles for its conservation”
(No. 124022400148-4).
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W3yyena BcTpevaeMOCTh MUKCOCTIOpUaWi poaa Kudoa B pribax, oOMTAIONIMX B BOJAX Pa3HOW CO-
néHoctu. Pabota ocHOBaHa Ha COOCTBEHHBIX MaTepuajiaX MO MHUKCOCIIOPUAWSM pbO, COOpaHHBIX
B 1987-2021 rr. 10 60s1€e yeMm 12 000 3k3. okoJj10 100 Bu0B puid B OacceHax ATIAHTUYECKOIO OKe-
aHa [A3oBckoe (Poccus, Ykpauna), YépHoe (Poccus, Ykpauna, Typuus) u Cpeauzemuoe (Urtanus,
HUcnanus) mopsi; perrionsl LlenrpansHo-Bocrounoit Atnantuku (Ha TpaBep3e MaBpUTaHUH) U 10K-
Hble IHUPOTH y GeperoB Adpuku (Ha TpaBepze HamuOunm); BOMIBI ceBepHO# (Henaneko ot Hopeeruu)
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1 10KHOM (Ha TpaBep3e ApreHTHHbI) YyacTel okeaHa; oro-socrounsie 6epera CIIIA], nauiickoro okea-
Ha [oGepexbe Hewmena] 1 Tuxoro okeana [IOxno-Kutaiickoe Mope (BretHam)]. Beero Ha opuruHaib-
HOM MaTepHaJie ccieJoBaHo 27 npejcraBuTesel Mukcocnopuanii poga Kudoa, n3 kotopsix 19 omnpe-
JesieHsl 10 Buaa. Takke mpoaHaTU3UPOBAHBI BCE TOCTYITHBIE JIUTEPATypHbIE UCTOUHUKHU U JIEKTPOH-
Hast 6a3a FishBase. YcraHosieHo, uro u3 291 npexacraBurenst peld — xo3steB Kudoa 169 BumoB siB-
JISIIOTCSL YMCTO MOPCKUMHU, 76 BUIOB MOTYT OOUTATh B MOPCKOW M COJIOHOBAaTOBOJHOM cpene, 42 Buna
SBPUTAJIMHHBL U MOTYT OBITh BCTPEUCHBI KAk B MOPCKMX M COJIOHOBATHIX, TAK M B MPECHBIX BOJAX,
Y JIWIIb 4 BUJA SIBJISIOTCS YKCTO MpecHOBoAHbIMU. U3 128 BunoB Kudoa 117 (91,4 %) Obltn HalineHbl
B MOPCKOi1 30He MupoBoro okeaHa, 8 (6,3 %) — B ero acryapusix (7 BUOB — B MOPCKHX PbIOaX,
1 BUI — B IPEeCHOBOAHOM X03siMHE), 3 (2,3 %) — B mpecHOBOAHBIX Bojoémax. B 2008-2019 rr.
MpoBeJeHbl ucciienoBanust Kudoa nova Naidenova, 1975 B skocuctemax scTyapHOro Tuma y Oepe-
roB Kprima B ycrbe peku YeépHasa u B KapkunurckoM 3ause (UY€pHoe mope), a Takke B Boctounom
Cugaine (A3zoBckoe Mope). Beero BekpoiTo 2232 9k3. 11 BUI0B OBIYKOBBIX PhIO. YCTaHOBJIEHO, UTO I1e-
PHOINYECKOE OTIPECHEHHE STUX PAallOHOB BOJAaMH PUCOBBIX YEKOB, a TAK)Ke MOCTOSTHHOE MPUCYTCTBUE
IIPeCHON BOJIBI B TIOBEPXHOCTHOM CJIO€ YCThsl peKr YEpHasi He BHI3BIBAJIM CHJIBHOTO MU3MEHEHHUsI CO-
JIEHOCTH (32 UCKJTIOUEHHEM MEJIKOBOJIHON ceBepHOU yactu Boctounoro Cugaina), KoTopoe ObLIo Obl
ryOUTENIbHBIM JJIs1 JIAHHOTO Bujia napa3utos. [Ipu 3tom K. nova MOJHOCTBIO OTCYTCTBOBaJia B ObIU-
Kax, BbUJIOBJIEHHBIX B 1998 r. B 3HaUMTENILHO ONPECHEHHOM Bogamu peku JoH Taranporckom 3anuBe
AsoBckoro mops1. He oOHapyskena ona u B 2011 r. B pekax Byr u Bucia npu ucciieioBaHMA MUKPO-
Mapa3’uToB OBIYKOB, PACIPOCTPAHUBIIUXCS U3 CEBEPO-3aNaHON YacTu YEPHOTro MOps MO IEHTPATb-
HOMY WHBa3UBHOMY Kopuiopy. [locTaBieHHBI HAMU OTIBIT 3aCBUIETEILCTBOBAJ HETATUBHOE BITHSTHYC
MIPECHOM BOJIBI HA CTIOPHI IAHHOTO MIapa3uTa: Mol e€ BO3EHCTBUEM OHU JIe(hOPMUPOBAJIMCH U TEMHEIIU;
TaKke Hapylaiach (PyHKIIMS BHICTPETUBAHUS TTOJISIPHON HUTH.

KuiroueBrble ciioBa: Mukcociopuanu, Kudoa, COnéHOCTb BOAbl, MUpoOBas (payHa
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CHRONICLE AND INFORMATION
ON THE ANNIVERSARY OF D. SC., PROF. IGOR DOVGAL

On 29 October, 2024, D. Sc., Prof. Igor Dovgal cel-
ebrated his 70" birthday. He is a renowned protistologist
heading the laboratory of population biology of hydrobionts
at the A. O. Kovalevsky Institute of Biology of the Southern
Seas of the Russian Academy of Sciences.

I. Dovgal was born on the Sakhalin Island into a mil-
itary family. In 1959, he moved to Kyiv with his parents.
In 1980, he graduated from the faculty of biology of the Taras
Shevchenko Kyiv State University specializing in zoology
and botany. While still a student, he began studying parasitic
ciliates in the laboratory of invertebrates at the 1. I. Schmal-
hausen Institute of Zoology of National Academy of Sci-
ences of Ukraine and successfully defended his coursework
and diploma thesis. He joined the Institute of Zoology in 1979
and worked there until 2014.

A young protistologist was interested in poorly studied

groups of infusoria: suctorians and chonotrichs. In 1981-1982, he completed a one-year internship
at the Zoological Institute of the Academy of Sciences of the Soviet Union in Leningrad under
the guidance of D. Sc. A. Yankovsky, a well-known specialist on infusoria.

In 1989, Igor Dovgal defended his PhD thesis in Kyiv, “Tentaculate Infusoria (Ciliophora, Suctoria)
of the Ukrainian Polesia.” In 2003, he defended his D. Sc. dissertation in Saint Petersburg, “Evolution,
Phylogeny, and Systematics of Tentaculate Infusoria (Ciliophora, Suctorea).”

Within 1987-1992, he was involved in studying the ecological consequences of the Chernobyl
disaster.

In 2005, the Higher Attestation Commission of Ukraine awarded I. Dovgal the scientific title of senior
researcher. In 2010, by decree of the Minister of Education and Science of Ukraine, he was awarded
the title of Professor.

Over the years of his professional activity, Igor Dovgal contributed much to the development of pro-
tistology as a systematist. As a result of his systematic and nomenclatural revisions, he substantiated
the identification of 1 order, 1 suborder, and 4 families of infusoria and described 6 new genera
and 23 new species.

He developed an original concept of the hydrodynamic boundary water layer as an adaptive zone
for sessile protozoans, a von Baer’s law for unicellular eukaryotes (“the principle of tomite simi-
larity”), and a hypothetical evolutionary scenario for the formation of morphogenetic mechanisms
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during the transition of unicellular eukaryotes to multicellularity. Together with co-authors, he pro-
posed a scale-dependent model for distribution of marine planktonic infusoria. In collaboration with
researchers from Switzerland and China, he developed a phylogenetic scheme for ciliates of the subclass
Chonotrichia. This scheme is based on comparative morphology, ontogeny, and molecular genetics.

I. Dovgal has published over 250 scientific works, including 4 monographs, 138 articles (55 in Web
of Science indexed journals and 20 in Scopus indexed ones), 1 popular science book, and 4 biology text-
books. He became the editor-in-chief of the Red Data Book of Sevastopol. Moreover, he is a co-author
of two invention patents in Ukraine.

In 2004-2014, Igor Dovgal headed the department of fauna and invertebrate systematics,
and in 2007-2014, he was the deputy director for scientific affairs at the 1. I. Schmalhausen Institute
of Zoology of National Academy of Sciences of Ukraine. In 2003-2013, he taught at Zhytomyr State
University.

Since 2016, 1. Dovgal is a chief researcher at IBSS, member of the Institute’s dissertation council,
and deputy chairman of the scientific council.

He serves on editorial boards of five scientific journals: Biodiversity and Sustainable Development,
Ecologica Montenegrina, Ecosystems, Marine Biological Journal, and Protistology. Also, he is a member
of the topical advisory panel of the scientific journal Diversity. Igor Dovgal joined the International Soci-
ety of Protistologists (ISOP) in 2006, served as its Vice President in 2007-2008, and became its Emeritus
Member in 2022. Since 2021, he is a member of the Russian Hydrobiological Society.

For many years, I. Dovgal carried out joint research with foreign colleagues, participated in interna-
tional scientific meetings at institutions in Germany, Denmark, Turkey, Montenegro, Italy, and Mexico,
and lectured at Shandong University (SDU) and National Autonomous University of Mexico (Universi-
dad Nacional Auténoma de México, UNAM). His co-authors represent 30 countries. Igor Dovgal actively
participates in expeditionary research, conferences, congresses, and symposia.

He lectures “Systematics and Morphology of Hydrobionts” and “Population Biology of Hydrobionts”
for master students of the department of hydrobiology and general ecology at the Sevastopol State
University. He has supervised ten PhDs and one D. Sc.

For his significant contribution to science and outstanding achievements, I. Dovgal has been awarded
the I. I. Schmalhausen Prize of the National Academy of Sciences of Ukraine. He received a letter
of gratitude from the Governor of Sevastopol, a letter of gratitude from the Department of Natural
Resources and Ecology of Sevastopol, and a certificate of honor from the Russian Academy of Sciences.

Friends and IBSS colleagues warmly congratulate Igor Dovgal on his anniversary and wish him good
health and fruitful work for the benefit of national and global science.

Dear Igor Vasilyevich, in you, our institute has gained a highly skilled specialist, a talented teacher,
a kind-hearted colleague, and an honest and decent person, and we all have found a true friend!

K IOBWIEIO TOKTOPA BUOJIOTTHMYECKHUX HAVK, ITPOPECCOPA
UTroPA BACUJIBEBUYA TOBI'AJIA

29 okts6ps 2024 r. cBo€ 70-neTrie otMeTH A. 6. H., mpod. Urops Bacunbesuy JloBrasb, 3aBeLy0muii
naboparopueil nomyasiuMoHHor 6uonorun runpodrontos PULL MHBIOM. M3BecTHBI poTHUCTONOT
W. B. Josrans — aBTop 1 coaBTop Oojee yeM 250 HayyHBbIX padOT 1 OJIMH U3 OTBETCTBEHHBIX PEAAKTO-
poB Kpacnoti kauru ropoaa Cesactonons. Takxke Urops BacuibeBud BXOIUT B COCTaB PEIKOJUIET U
TATH HAYYHBIX KYPHAJIOB.
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Lidiya Oven, a remarkable person and brilliant ichthyologist, passed away in January 2021. She con-
tributed much to ichthyology, especially to investigation of fish reproductive biology, by building
and developing the methodological principles for studying oogenesis and reproduction of portion-
spawning marine fish. Her human and personal qualities are no less important to us. We, her former
graduate students, would like to honor her memory with this informal obituary. We both were graduate
students in difficult times: in the early 1990s, when a decision to become a scientist was not trivial in it-
self. Lidiya Oven supervised our first steps in science and taught us to analyze the biological processes
on our own; her contribution to the shaping us as researchers was invaluable. With this publication,
we would like to remind about this wonderful person to new generations of young biologists.

Perhaps it is true that nothing worth knowing can be taught—
all the teacher can do is [to] show that there are paths.

Richard Aldington, 1933

Lidiya Oven (nee Egurazdova) was born on 6 May 1930 in Pervomaysky village in the Gorky
region (today, Nizhnegorodsky region). Her father was a CPSU (Communist Party of the Soviet Union)
representative and trade union steward, while her mother was a homemaker, who raised five children.

In 1953, L. Oven defended her diploma thesis, Migration of embryos and larvae of pelagophilic
fishes in the Amur River near Yelabuga in the summer of 1952, and graduated Lomonosov Moscow State
University (MSU) with a specialist degree in zoology—ichthyology from the Department of Ichthyology
in the Faculty of Biology and Soil Science, thus launching her long scientific career studying
the reproductive biology of fish.

There are ten graduates from the Department of Ichthyology in 1953 listed on the MSU website
(http://ichthyology.msu.ru/?page_id=84): Yuriy Yurovitskiy, I. Vasil’'yeva, D. Arrojo Bueno, Al'vina
Matveeva, Boris Vronsky, V. Mityushkin, Petr Borogoditsky, Lidiya Egurazdova (Oven), Elza
Pompik (Kalinina), and Juanita Montes Kanad.

After working for nearly a year in her native department of ichthyology at MSU, L. Oven moved
to the Crimea in 1954 [To the memory of Lidiya Oven, 2021] and started her work at the Karadag
Biological Station. Today, it is formally known as the T. I. Vyazemsky Karadag Scientific Station;
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it is a nature reserve of the Russian Academy of Sciences (RAS) and branch of the A. O. Kovalevsky
Institute of Biology of the Southern Seas of RAS (IBSS).

After the Second World War, the Karadag Biological Station became known for its marine
research in the Soviet Union. Konstantin Vinogradov, an outstanding marine biologist and ichthyologist,
had been its director until 1952, devoting much effort to developing numerous research fields, training
students, and bolstering scientific educational activity in this beautiful corner of the Crimea.

The 1960s, the Karadag Biological Station laboratory building (left) and administrative building (right) with
a library and first-aid post. Above at a distance stands the hydrometeorological station where its staff lived.
Source: personal archive of N. Kustenko

Remembering K. Vinogradov, his son wrote that in the postwar years, Karadag was a prominent
marine research center in the USSR. Many world-renowned scientists came here during that
period: biochemist A. Palladin; biologists Academicians E. Pavlovsky, E. Kreps, L. Zenkevich,
B. Bykhovsky, and G. Gauze; Corresponding Member of the Academy of Sciences of the Soviet Union
P. Svetlov; Professors A. Lyubishchev and N. Gaevskaya; geologists Academicians D. Shcherbakov
and Corresponding Member M. Muratov; astronomer Academician V. Fesenko, efc. Exchanging ideas
with them was an excellent learning opportunity for Konstantin Vinogradov and other researchers
at the Station. Scientific seminars and meetings were often held here, and tens of students, biologists,
geographers, and geologists, as well as all manner of famous university teachers, visited the Karadag
Biological Station every year [Vinogradov, 2009].

The Karadag old-timers recalled that the research community at the Station was a hotbed
for innovation in the 1950-1960s. A powerhouse scientific collective had formed here and was
studying marine and terrestrial ecosystems of the Crimea with great enthusiasm. The staff was regularly
replenished with young specialists. This was the environment in which Lidiya Oven found herself
in 1954. First as a junior researcher (1954—1959) and then as acting scientific secretary (1960-1963),
she studied reproductive characteristics of Black Sea fishes, primarily their oogenesis and fertility.
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In 1950, K. Vinogradov and K. Tkacheva had found and described multi-portion spawning in fish
inhabiting the Black Sea [Vinogradov, Tkacheva, 1950], but it was L. Oven who studied in detail
the multi-portion spawning and peculiarities of oogenesis of many Black Sea fishes. Many years later,
she recalled her work at Karadag and her unexpected discovery: females of a small coastal fish, the red
mullet, were able to spawn daily during the whole spawn season of 3 to 3.5 months a year. Such a long
spawning period had not been previously identified for any Black Sea fishes; the generally accepted
consensus was that most species spawned just once per season.

Discovery and further research into multi-portion spawning of Black Sea fishes allowed
a reevaluation of their fecundity leading to a significant increase in their understood reproductive
potential.

Karadag became more than the place for Lidiya Oven’s first scientific discoveries. After moving
there for work, she met a young employee of the hydrometeorological station in the village
of Kurortnoye, Evgeny Oven. Soon after, they got married and lived a happy life together since.
They were united by a love for the natural wonders of Karadag, the Crimea, and the Black Sea.

After successfully defending her thesis and receiving a PhD in biology from the Odessa State
University in 1963, L. Oven began a new position at the A. O. Kovalevsky Institute of Biology
of the Southern Seas in Sevastopol.

Since 1964, her entire career was connected with IBSS: here, she charted the path from a junior
researcher to head of the department of ichthyology.

Lidiya Oven’s main research interests included studies of reproductive biology of fish with
a focus on gametogenesis, sexual maturation, formation of fecundity, and analysis of the effects
of anthropogenic pollution of aquatic environments on these processes [70-letie, 2000].

Uncovering and studying of the process of multi-portion spawning in marine fish has changed
the collective understanding about their reproductive potential. L. Oven showed that during a spawning
season, oocytes of not only trophoplasmic but also protoplasmic growth can mature and be spawned;
this significantly increases the overall seasonal fish fecundity.

She summarized the results of many years of research in the monograph Features of Oogenesis
and Characteristics of the Spawning of Marine Fish [1976]. The book presents data on reproduction
of members of 18 families of Black Sea fish and 7 families of tropical and subtropical fish from waters
of the Atlantic, Indian, and Pacific oceans. Material for this work had been sampled from the Indian
and Atlantic oceans, the Black, Mediterranean, and Red seas, and the Sea of Azov between 1955
and 1973. This collection of data was the result of comprehensive observation of maturation
and spawning of 38 marine species with pelagic and demersal eggs under both experimental and natural
conditions. While working on the monograph, Lidiya Oven prepared histological samples of ovaries
and testicles of 1,500 specimens of 89 fish species. For studies of egg size distribution, 100 to 700 yolk
oocytes were measured in each ovary.

L. Oven suggested the use of the following main attributes to characterize and study
the reproduction of multi-portion spawning fish: size distribution of oocytes in the ovaries of mature
females, the portion coefficient, the ratio of yolk oocytes of different size groups, and the change
in the maturity coefficient of females during the spawning period. She also stressed the need
for simultaneous biometrical analysis of ovarian eggs, histological analysis of the gonads, and separate
counting of maturated eggs and yolk oocytes by size groups.
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It is also worth noting the modification of R. Mailyan’s method for counting eggs in the ovaries
of marine fish made by L. Oven in her research.

In 1978, Lidiya Oven successfully defended her D. Sc. thesis Peculiarities of Gametogenesis
and Spawning Strategies of Marine Fish before the dissertation committee at the Institute
of Evolutionary Morphology and Ecology of Animals (now, the Severtsov Institute of Ecology
and Evolution Problems of the RAS).

She was never the type to hole up in her office shying away from fieldwork and getting
dirt under her fingernails. In the course of her career, she participated in seven major scientific
expeditions — to the Black, Red, and Mediterranean seas, as well as to the Atlantic and Pacific
oceans — aboard the RVs “Akademik A. Kovalevsky” and “Professor Vodyanitsky.” Three times,
she lead the research expeditions [70-letie, 2000].

For many years, L. Oven was a member of the IBSS scientific council. She served on the editorial
boards of Ecology of the Sea, a scientific anthology issued by IBSS, and the Journal of Ichthyology,
a renowned Russian journal.

During the 1990s, her studies focused on the effect of the anthropogenic transformation of the Black
Sea ecosystem on the reproductive systems of fish. In fact, she laid the foundation for a new direction
of research: bioindication of the state of the marine environment by analyzing the state of fish gonads.

Lidiya Oven published her second monograph through the VNIRO publishing house [2004].
In this book, she described reproduction characteristics of 17 families of fish with pelagic eggs
and 8 families of fish with demersal eggs. Data presented in the monograph showed that portioned
spawning is a characteristic shared by a substantial number of marine fish of temperate, tropical,
and subtropical latitudes. In most marine polycyclic fish species, oocytes grow asynchronously during
oogenesis developing according to one of two types — intermittent or continuous. Fish with intermittent
type of oogenesis may have single spawning and two-, three-, or even multi-portion spawning. Fish with
continuous oogenesis spawn in multiple portions.

She continued to conduct research and to mentor young scientists at IBSS even long after her
well-deserved retirement.
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Some personal reflections

Life had connected us with Lidiya Oven at the end of the 1980s and then scattered us to different
cities and even countries, but we, her grad students, still keep very fond memories of our teacher.

Tatiana Bagnyukova, PhD

I entered the correspondence PhD program at IBSS in 1988 after graduating from the Odessa State
University. The Karadag Biological Station, transformed by that time into the Karadag Natural Reserve,
was my first workplace. Advised by L. Oven, I based my investigation of fish reproduction on her
work conducted in the same region almost 40 years earlier. As a result, a comparative study came
together demonstrating that the deterioration of reproductive characteristics of some Black Sea fish
in the period from the late 1980s to the first half of the 1990s compared to the 1950s was well explained
by anthropogenic pollution of coastal waters at the end of the 20th century.

I remember with great warmth my interactions with Lidiya Oven. I was struck by the lively sparkle
in her eyes, the genuine interest in my work and in Karadag, where her own career had started.
Iremember with what delight she described her boat trips to sample ichthyoplankton and how insistently
she advised me to work with live, unfixed samples for species identification in order to see the whole
palette of colors and shades of eggs and larvae that are typically bleached by formalin. And indeed,
the vibrant living world I saw under binocular microscope was amazing!

Histological slides of fish ovary I sampled at Karadag caused a kind of furor. I analyzed the fish
species that were studied by L. Oven in the 1950s in detail: the red mullet, horse mackerel, European
seabass, picarel, efc. Numerous photos of similar histological slides of the same species were included
in her monograph published in 1976. Interestingly, the histology of fish ovaries collected in 1989-1991
was strikingly different from the “old” set of slides: the newer set showed signs of resorption
of maturing oocytes up to their full destruction as well as other multiple pathologies of egg development.
The situation near Karadag, as in all coastal water areas of the Black Sea, had changed with increasing
pollution primarily affecting the most sensitive early stages of fish ontogenesis. This part of my study,
performed with the direct supervision of Lidiya Oven, was the best part of my PhD thesis, according
to many specialists.

I want to commend the incredible patience she had when working with my first attempts to write
papers and then, my thesis. Few people can express their thoughts and describe results of their research
at the beginning of their careers, and a mentor has the difficult task to teach their PhD student this
as well. Lidiya Oven jokingly called the style of my first drafts, especially the early version of my
thesis, “German.” I tried to put as much information as possible into one phrase; my texts were so
full of compound and complex sentences that often there were not more than two or three sentences
per printed page. She did much to improve my writing style.

L. Oven, even at the mature age when I met her, was a person with a young soul. She remains in my
memory as a very gentle, kind person, who did not allow any harsh comments about other people. She
was one of several people thanks to whom I did not leave research in the difficult 1990s. Although I have
since changed my research field, I still feel the benefits of her mentorship and the strong foundation
laid down when she guided my work.

About the author: T. Bagnyukova was a PhD student of Lidiya Oven in 1988-1992. She
graduated from the Odessa State University in 1988 and was distributed to work at the Karadag
Natural Reserve. She entered the correspondence PhD program at IBSS (Sevastopol) the same year.

Marine Biological Journal 2025 Vol. 10 No. 1



116 T. Bagnyukova and A. Pashkov

In 1996, she defended PhD thesis Dynamics of Reproductive Characteristics and Spawning Intensity
of Mass Species of the Black Sea Fish near Karadag (adviser, L. Oven). Then, she conducted
research on glycolytic enzymes under different physiological conditions, as well as oxidative processes
and antioxidant enzymes of fish and amphibians under stress factors. Later, she studied epigenetic
mechanisms of development of some cancer types at the National Center for Toxicological Research
(Jefferson, AR, USA). Since 2009, T. Bagnyukova has studied molecular mechanisms of drug
resistance and novel approaches for cancer treatment at the Fox Chase Cancer Center (Philadelphia,
USA).
Andrei Pashkov, PhD

In the 1970-1980s, graduates of the Kuban State University faculty of biology were often sent
to work at IBSS in Sevastopol. Upon learning that I grew up in a seaside town, my university mentor
Yu. Abaev contacted Lidiya Oven and recommended me for a summer student position in her lab.

I remember well my first meeting with her in her office. She had heard that I liked diving and said:
“There are nice people working at our biological station in Batiliman. When they have scuba-dived,
they found a lot of new things — for example, that the sea scorpions “run” on the sand at night. I think
you belong there.”

For training, I was assigned to a junior research M. Kruglov. Both Lidiya Oven’s lab staff
(V. Giragosov, T. Klimova, N. Shevchenko, and T. Chesalina) and specialists from other IBSS
departments (A. Petrov and N. Revkov) provided assistance with my work.

Material collected under her supervision during that period became the basis for my diploma
thesis, and later, expanded and supplemented during my PhD program, the basis of my dissertation
Ichthyofauna of the Black Sea Shelf in Polyhaline Waters. L. Oven helped me to define the key direction
of my research: the study of species composition and biological features of coastal Black Sea fish
based on a combined method of sampling including net fishing and conduction of visual underwater
observation.

As my PhD program was conducted via correspondence and there was no opportunity to make
long-distance phone calls or use the Internet that time, Lidiya Oven and I communicated mainly using
regular mail. After discussing with her main concerns and plans for sampling, material processing,
and its analysis during my visits to Sevastopol two or three times per year, I would then return
to the biological station of the Kuban State University (Betta farm) from where I corresponded with her
by mail. For me, those letters were an invaluable source of ideas and a guiding example of a competent
approach to the organization of research.

For Lidiya Oven, I had always been just Andrei whether I was in my 20s, 30s, or 50s — no matter
if I was a student, teacher, or researcher. Since our first meeting and to our last phone conversation,
she has addressed me with the formal “you.”" An a priori respectful attitude towards colleagues,
including her subordinates and scientific opponents, was one of her striking characteristics. I never
heard her raise her voice at anyone.

L. Oven was very sensitive to the presentation of research results. I still remember the stern talking
she gave to me after finding some typos in my diploma thesis which I had proudly presented to her
before entering the PhD program.

"There are two forms of “you” in Russian: a singular, informal “you” and a singular formal and plural “you.” As a show
of respect, people use the formal “you.”
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Even after retiring, she remained actively interested
in my work, remembered the birthdays of my family
members, and never forgot to send me holiday well wishes.

Lidiya Oven’s support helped not to leave research
in the 1990s and guided me in my life after that.

About the author: A. Pashkov was a PhD student
of L. Oven in 1992-1996. He attended the Kuban State
University in 1987-1992. In 1990-1992, he completed
the summer program at IBSS (Sevastopol). After graduation
in 1992, he started working at the Betta Biological Station
of the Kuban State University; at the same time, he entered
the correspondence PhD program at IBSS. In 1993-2001,
he headed the Betta Biological Station, and after defending
his PhD thesis in biology at “VNIRO,” he worked as teacher,
senior teacher, associate professor, and head of department
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Fragment of a letter from L. Oven
to the second author (1993)

at the Kuban State University. In 2016-2019, he was the deputy head of the Krasnodar Branch
of the Azov Research Institute of Fisheries. Since 2019, he has been the leading researcher
of the Krasnodar Department of the Azov—Black Sea branch of the “VNIRO” (“AzNIIRKh”).

The text of this paper has been approved by Lidiya Oven’s daughter, Mariya Rubakhina.

The authors express their deep gratitude to Professor Irina Rudneva, D. Sc., for her help in preparing materials

for the paper.
The main publications

(https://repository.marine-research.ru/).
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B ITAMATD O BAMEYATEJIbHOM YEJIOBEKE 1 UXTUOJIOT'E —
JINJAUN CEPTEEBHE OBEH

T. B. Barnwokosa!, A. H. ITamkos?

'Onkonornueckuii ueHTp Pokc Yeit3, Punagenndus, [lencunbanus, CIHA
2 A30Bo-Yepromopckuii puman PTBHY «BHAPO» («AsHUMPX»),
Pocrog-na-/lony, Poccuiickas ®eneparms
E-mail: pashkovan@azniirkh.vniro.ru

B staBape 2021 r. yiwa u3 sxusau Jlugus Cepreeena OBeH — 3aMedaTe IbHbIA Y€I0BEK U OJIeCTAIIMH
nxtrosor. OHa BHEC/Ia BECOMBIN BKJIaJ] B MXTHUOJIOTHIO, OCOOEHHO B M3y4YeHHE PEerpOAyKTUBHON OHO-
JIOTUH pbIO, (PaKTUYECKHU 3aJI0)KUB U Pa3BHB METOI0JIOTMYECKHE OCHOBBI MCCIIEIOBAHUST OCOOEHHOCTEN
OOTeHe3a U XapaKTepa Pa3MHOKEHUs MOPIIMOHHO HEPECTYIONMX MOPCKUX prid. He MeHee BaXHBIMU
HaM KaXyTcs e€ yeJloBeuecKue, JIMIHOCTHhIE KauecTBa. Mbl, ObiBIINe acnupaHThl JIngun CepreeBHsl,
XOTUM TIOUTHTH €€ TaMsTh 3TUM He(OpMaIbHBIM HEKpOJIOoroM. Mbl 00a 00ydasluch B acliMpaHType
B CJIO)KHOE BpeMsi — B TiepBoii nosioBrHe 1990-x IT., Koria camo 1o ceGe pelieHre CTaTh yYEHbIM
6bu10 HeTpuBHaTbHBIM. Britag JI. C. OBeH B (hopMupOBaHME HAC KaK YIEHBIX HEOLIEHUM: OHA PYKOBO-
JIVJTa HAIIIMMHY TIEPBBHIMU IIaTaM¥ B HayKe U y4JiJia CaMOCTOSITeNIbHO aHAIM3NPOBATh UCCIIeTyeMble OHO-
Joruveckue mporiecchl. JJaHHO# myOnuKanyel Mbl XOTUM HATIOMHHUTh HOBBIM ITOKOJIEHHSM MOJIOIBIX
610JI0rOB 00 3TOM MPEKPACHOM YeJIOBEKE.
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