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Chrysichthys nigrodigitatus (Lacépede, 1803) has high economic significance in coastal areas of Nige-
ria, especially off the Lagos Lagoon as a source of protein for locals. It is also an important compo-
nent in the aquatic food web. Analysis of stomach content and digestive enzymes of 540 silver catfish
from Ibeshe Beach, the Lagos Lagoon, confirmed the omnivorous diet of the species. Overall, stom-
achs of 10.6% of specimens were empty, while stomachs of the others were characterized by a vary-
ing degree of fullness. According to the Index of Relative Importance (IRI), the prevailing food item
were diatoms accounting for 32.2%; those were followed by crustaceans, algae, and molluscs. The oc-
currence, distribution, and specific activities of digestive enzymes (carbohydrases, proteases, and li-
pases) in different gut regions of juvenile C. nigrodigitatus (standard length < 20.5 cm) and adult fish
(SL > 20.5 cm) were assessed using a digestive enzyme assay. The activity of these enzymes, which
enables the digestion of carbohydrates, proteins, and lipids, aligns with an omnivorous feeding habit.
These results underscore the trophic adaptability of C. nigrodigitatus to its environment, especially
in light of the high level of ongoing anthropogenic activity in the area, and provide insight into nutri-
tional physiology of the silver catfish. This study is relevant in terms of the development of age-specific
feed for this species, enhancing fisheries management and aquaculture practices.

Keywords: Chrysichthys nigrodigitatus, food items, gut, digestive enzymes, Lagos Lagoon

Water quality, human activities, and various environmental stressors are among the main factors that
greatly affect the structure and functioning of aquatic ecosystems. These factors often lead to a decrease
in the availability, diversity, and quality of food resources. Studies indicate that changes in the ecologi-
cal niches of fish species eventually affect their diet, nutritional strategies, and even the survival of fish
in the future [Kuton, Akinsanya, 2016]. The Lagos Lagoon, one of key natural and ecologically valuable
brackish water systems in Nigeria, faces serious environmental threats. Major problems, such as in-
creasing pollution, habitat destruction, eutrophication, and overfishing, remain unresolved up to now
and are subjects of extensive discussion. Intense human pressure on the ecosystem can affect species
composition, since it can result in local extinction and endangerment of native species, as well as in in-
vasion by alien ones [Wilson, 1994]. Therefore, determining the feeding habits and digestive responses
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of fish species in such disturbed environments is an important issue to elucidate their resilience and eco-
logical plasticity. In addition, such studies provide a scientific basis for formulating effective and feasible
strategies for sustainable fishery exploitation, habitat conservation, and aquaculture development.

Chrysichthys nigrodigitatus (Lacépede, 1803) is a species of high ecological and economic value
in Nigeria, especially along the Lagos Lagoon shores. This fish is a vital source of protein for locals,
and it plays an essential role in the aquatic food web. Numerous studies have analyzed various aspects
of its biology, particularly feeding ecology and growth patterns. Investigations of the silver catfish food
and feeding habits across different aquatic systems have confirmed its omnivorous and opportunistic
nature [Atobatele, Ugwumba, 2011; Kuton, Akinsanya, 2016]. Surveys on length—weight relationships
and condition factor have provided insights into its growth patterns [Kareem et al., 2015; Uneke, 2015].

Stomach content analysis was pivotal in determining the species trophic position and dietary plastic-
ity. For instance, M. Jeyol and N. Umar [2024] explored the feeding habits of the species in the Lagos
Lagoon; C. Ikechukwu et al. [2025] examined the stomach content of C. nigrodigitatus in the Otuocha
River; and I. Esenowo et al. [2017] focused on its biological characteristics in the Nwaniba River, South-
east Nigeria. All concluded that it is a voracious and flexible feeder. Earlier studies conducted by S. Fa-
gade and C. Olaniran [1973], K. Ikusemiju [1975; 1976] / K. Kusemiju [1981; 1991], and J. Igbinosun
and O. Robert [1988] also showed the dietary flexibility of this species. In [Ikusemiju, 1976; Kusemiju,
1981], foundational insights are provided into hydrobiology and ichthyofauna of the Lekki Lagoon link-
ing feeding behavior of fish with habitat characteristics and food availability. Collectively, these surveys
demonstrate that C. nigrodigitatus exhibits a high degree of trophic adaptability, enabling it to exploit
a wide range of food resources and thrive in fluctuating environmental conditions.

M. Hidalgo et al. [1999] and W. Uys and T. Hecht [1987] explain that fish feeding and food habits
are significant indicators of their digestive abilities. Understanding the digestive physiology of C. nigro-
digitatus requires analyzing both adults and juveniles: various fish are known to undergo ontogenetic
changes in their digestive enzyme activities as they mature, usually due to metabolic demands and bi-
ological processes, such as reproduction [Gisbert et al., 2018]. Few studies have investigated diges-
tive enzymes of C. nigrodigitatus along the Ibeshe area of the Lagos Lagoon, leading to a serious re-
search gap: there is a lack of comprehensive data on the distribution of digestive enzymes in the gut,
and on the ontogenetic changes in the digestion of different feed components [Oghenochuko et al., 2022].

This investigation contributes to developing a species-specific and nutritionally balanced feed with
reduced feed waste and an increased growth rate for C. nigrodigitatus, a fish of high economic and eco-
logical importance. Understanding its digestive physiology will help the Nigerian aquaculture in creating
more efficient feeding plan and reducing pressure on wild populations, especially with the rising inter-
est in farming the silver catfish. Also, due to its resilience to environmental stressors in the Lagos La-
goon, this species is a suitable model for studying the effect of changing estuarine habitats on nutrition
and digestion in hydrobionts.

This study aims to investigate the trophic adaptability and digestive efficiency of Chrysichthys nigro-
digitatus from Ibeshe Beach, the Lagos Lagoon. The objectives of the work are to analyze the diet
of the species by examining its stomach contents using numerical method, estimating frequency of oc-
currence, and involving volumetric method. Also, the objectives are to conduct a digestive enzyme assay
to identify the catalytic proteins involved in the breakdown of major food components, to determine
the distribution of these catalysts in different gut regions, to compare their activities between adult
and juvenile specimens, and to measure their specific activities.

Marine Biological Journal 2026 Vol. 11 No. 1
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MATERIAL AND METHODS

To study C. nigrodigitatus diet, a total of 500 specimens were collected from artisanal fishermen
that used gill nets and cast nets between July and November 2023. To prevent putrefaction, the samples
were immediately preserved in ice boxes in the field and transported to a laboratory for further analy-
sis. The standard length (SL), total length, and weight of each specimen were measured by standard
morphometric techniques. The stomach of each specimen was then categorized as empty, one-quarter
full (Y4), half full (V2), three-quarters full (34), or full, following the established protocol for dietary
studies [Hyslop, 1980].

After dissection, stomach contents were emptied into Petri dishes, and examined under a Biobase
optical microscope (BMP-107B, Biobase, Shandong, China) at magnification from 40x to 400x. Food
items were identified to the lowest possible taxonomic level using Field Guide to the Commercial Ma-
rine Resources of the Gulf of Guinea [1990]. The food habits were quantified involving three indices:
frequency of occurrence (%F) as the percentage of stomachs containing a specific food item; numerical
composition (%N) as the proportion of each food item relative to the total number of items; and volumet-
ric composition (%V) as the relative volume of each food item compared to the total stomach content,
estimated via water displacement. The Index of Relative Importance (IRI) was calculated by the formula
described by E. Hyslop [1980]:

IRI = %F (%N + %V),

where %N (percent by number) is the number of individuals of prey type i expressed as a percentage
of the total number of all prey items in non-empty stomachs;

9%V (percent by volume) is the volumetric contribution of prey type i expressed as a percentage
of the total gut content volume [for macroscopic prey, it was estimated by wet weight (mg), while
for microscopic prey (diatoms and algae) and amorphous matter (detritus and unidentified masses),
9%V was estimated under a microscope by the point-count method and scaled to total stomach volume];

%F (frequency of occurrence) is the percentage of non-empty stomachs in which prey type i occurred
(empty stomachs were excluded from analysis).

IRI values were subsequently standardized to %IRI to allow comparison across prey categories:

where i is individual prey type.

For the digestive enzyme assay, 40 live specimens of C. nigrodigitatus were taken from fishermen
at the Ibeshe area of the Lagos Lagoon. The sample size (20 juveniles and 20 adults) was determined
based on methodological precedents in similar studies of fish digestive physiology [Gisbert et al., 2018;
Hidalgo et al., 1999]. Although this sample size is below the theoretical minimum for detecting medium
effect in a two-way ANOVA, it was adequate for revealing large effects. The significant differences ob-
served across gut regions and age classes support the validity of the sample size used. Healthy individuals,
showing no signs of diseases, were selected for analysis without sexual distinction. Specimens were eutha-
nized by cervical dislocation following ethical guidelines for fish research, with approval from the relevant
institutional review board. The entire gut was excised and divided into six anatomical regions: oesoph-
agus, stomach, pyloric caeca, anterior intestine, posterior intestine, and rectum, following established
protocols [Tengjaroenkul et al., 2000]. To ensure sufficient material for analysis, tissues from each gut
region were pooled for juveniles and adults.

Marine Biological Journal 2026 Vol. 11 No. 1
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Each gut region was weighed after thawing, and homogenized in an all-glass Potter—Elve-
hjem homogenizer (model GPE-10, VWR International, Germany) with 10 volumes of ice-
cold 1% neutralized KOH to produce a 1:10 homogenate. The homogenate was centrifuged
at 2,500 g for 20 min at +4 °C. The resulting supernatant was collected as the crude enzyme
extract and stored at —20 °C until analysis to preserve enzymatic activity, following the method
of M. Furné et al. [2005].

Protease activity was quantified involving casein hydrolysis [Kunitz, 1947]. The reaction mixture con-
tained 1 mL of crude enzyme extract and 1 mL of 1% casein solution (in phosphate buffer, pH 7.5); it was
incubated at +37 °C for 30 min. The reaction was terminated by adding 0.5 mL of 10% trichloroacetic
acid, and the mixture was centrifuged at 3,000 g for 10 min using a refrigerated centrifuge (model 5415R,
Eppendorf AG, Hamburg, Germany). The absorbance of the supernatant was measured at 280 nm with
a UV-Vis spectrophotometer (model UV-1800, Shimadzu Corporation, Kyoto, Japan). Lipase activ-
ity was measured titrimetrically using olive oil as a substrate [Winkler, Stuckmann, 1979]. A mix-
ture of 1 mL of enzyme extract, 2 mL of 50 mM Tris-HCI buffer (pH 8.0), and 2 mL of olive oil
was heated in a water bath at +37 °C for 60 min. After that, the mixture was titrated with 0.05 M NaOH
to pink endpoint. Enzyme activity was calculated from the difference in titrant volume between the test
sample and the control. Carbohydrase activity was determined in triplicate applying the dinitrosalicylic
acid (DNS) method of M. Furné et al. [2005]. Enzyme assays were performed using starch, maltose,
sucrose, and lactose as substrates.

For each assay, the reaction mixture consisted of 0.4 mL of 1% substrate solution, 0.2 mL of phos-
phate buffer (pH 8.0), 1.6 mL of DNS reagent, and 0.1 mL of enzyme extract. These mixtures were
heated at +37 °C for 30 min, and the absorbance of the product was measured at a wavelength of 540 nm
with a colorimeter (model 721 Visible Spectrophotometer, LabTex Digital, China). Enzyme activity
was expressed in laboratory-specific units: proteases (trypsin and pepsin), in ug-mL™-min! based on ty-
rosine equivalents; lipase, in units-mg'-min™' based on titration volume against NaOH; and carbohy-
drases (amylase, lactase, and maltase), in mg-mL™"-min™! based on glucose equivalents using standard
calibration curves. All enzyme activity data was normalized to the total protein concentration (mg-mL™
of enzyme extract) to control for inconsistencies arising from differences in tissue weight and extraction
efficiency.

Statistical analyses were performed involving ANOVA, with gut region and organism size
as sources of variation. Post-hoc comparisons were executed using Tukey’s Honest Significant Differ-
ence (HSD) test to characterize specific group differences and detect essential relationships. A p-value
of less than 0.05 was considered statistically significant.

RESULTS

Stomach fullness analysis of 500 C. nigrodigitatus specimens revealed that 48.2% had full stom-
achs, while 10.6% had empty ones (Fig. 1). A summary of food items that constituted the diet
of C. nigrodigitatus from the Ibeshe sampling site of the lagoon is given in Table 1. Diatoms
were the dominant food item, with the value of the Index of Relative Importance (IRI) account-
ing for 32.2%. Those were followed by crustaceans (19.5%), algae (18.7%), and molluscs (8.9%).
The presence of plant materials and fish parts (IRT of 5.5% and 5.4%, respectively) suggests
an omnivorous feeding habit. IRI for detritus and unidentified materials were of 7.4% and 2.4%,
respectively (Fig. 2).

Marine Biological Journal 2026 Vol. 11 No. 1
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Fig. 1. Stomach fullness of 500 Chrysichthys nigrodigitatus

Table 1. Share (%), occurrence, and volume of food items in Chrysichthys nigrodigitatus stomachs

Food item Numerical method Occurrence method Volumetric method

N %N F %F A" %V
Diatoms 5,652 37.7 252 56.4 850 17.0
Algae 4,761 31.7 237 53.0 100 2.0
Crustaceans 2,344 15.6 219 49.0 1,125 22.5
Molluscs 1,229 8.2 192 43.0 575 11.5
Plant materials 499 33 179 40.0 490 9.8
Fish parts 523 35 149 333 600 12.0
Detritus - 0 157 35.1 1,010 20.2
Unidentified mass - 0 205 45.9 250 5.0

Note: %F is a number of stomachs containing prey item =+ total of non-empty stomachs (n = 447). Empty stomachs
(n =53) were excluded.

Unidentified
— —_  mass
\ 2'4‘?.0
Fish parts ~
5.4%
Plant Diatoms
materials _— 32.2%
5.5%
Molluscs /
8.9% Algae

Crustacean 18.7%

19.5%

Fig. 2. The Index of Relative Importance (%) of food items in stomachs of Chrysichthys nigrodigitatus
from Ibeshe Beach, the Lagos Lagoon

The digestive enzyme profiles of C. nigrodigitatus juveniles and adults revealed consistent activity
of proteases (trypsin and pepsin), lipases, and glycosidases (amylase, lactase, and maltase) across all gut
regions (Tables 2, 3, Figs 3-5). In juveniles (SL < 20.5 cm), trypsin and pepsin activities were the highest
in the anterior intestine: (0.75 * 0.015) and (0.76 + 0.010) pg-mL™'-min™!, respectively. Lipase activ-
ity ranged from (0.54 % 0.10) units-mg '-min™! in the pyloric caeca to (0.78 % 0.10) units-mg !-min™!
in the stomach, indicating a capacity of lipid digestion throughout the gut.

Marine Biological Journal 2026 Vol. 11 No. 1
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Table 2. Specific activity of enzymes in the gut of Chrysichthys nigrodigitatus juveniles (standard length
< 20.5 cm) (with Tukey’s HSD superscripts) off Ibeshe Beach, the Lagos Lagoon, Nigeria (mean  SD)

Gut region Proteases, ug-mL~!-min~! unitS-rIrlllgp‘IE ;nin‘l Glycosidases, mg-mL~"-min™!
Trypsin Pepsin Lipase Amylase Lactase Maltase
Oesophagus 0.70£0.01* | 0.59+0.01* | 0.72£0.10%* | 0.47£0.02* | 0.09£0.01* |2.54 £0.02*%*
Stomach 0.44£0.01* | 0.35+£0.01* | 0.78£0.10%* | 0.51 £0.02* | 0.77 £0.02* | 2.16 £0.04**
Pyloric caeca 0.52+0.02* | 0.17£0.01* | 0.54£0.10%* | 0.24£0.01* | 1.31£0.08%* | 3.07 £ 0.02**
Anterior intestine | 0.75 £0.02* | 0.76 £0.01* | 0.74 £0.15*%* | 0.42+0.02* | 0.91£0.02* | 1.37 £0.02**
Posterior intestine | 0.57 £0.01* | 048 £0.01* | 0.62+0.15%* | 030+0.02* | 2.70 £0.10%* | 2.81 £ 0.01**
Rectum 0.61 £0.02* | 0.86+0.02* | 0.71 £0.02** | 0.28 £0.02* | 0.43£0.01* |2.34£0.03**

Note: * and ** mark significant differences within the same row among different enzymes (Tukey’s HSD, P < 0.05).

Table 3. Specific activities of enzymes in the gut of Chrysichthys nigrodigitatus adults (standard
length > 20.5 cm) (with Tukey’s HSD superscripts) off Ibeshe Beach, the Lagos Lagoon, Nigeria

(mean £ SD)
. Proteases, ug-mL~"-min! . Lip_ild, . Glycosidases, mg-mL~!-min~!
Gut region units-mg- -min
Trypsin Pepsin Lipase Amylase Lactase Maltase
Oesophagus 0.54£0.01* | 0.51+£0.02*% | 0.73£0.15%* | 0.24+0.02* | 0.05%£0.01* | 0.53 £0.03%%*
Stomach 0.56 £0.01* | 0.50+0.01* | 0.71 £0.10%* | 0.26£0.01* | 0.02£0.01* |2.51 £0.04*%*
Pyloric caeca 0.97+£0.01* | 0.93+£0.01* | 0.77£0.20%* | 0.44£0.01* | 1.96£0.03** | 3.00 £ 0.01**
Anterior intestine | 0.81 £0.01* | 0.83£0.01* | 0.78£0.15*%* | 0.34+0.01* | 0.41+0.01% |2.74 £0.04**
Posterior intestine | 1.17 £0.02* | 0.98 £0.01* | 0.81+0.10** | 0.41+0.02* | 0.70£0.03* | 2.10 £ 0.06%*
Rectum 0.71 £0.01* | 0.59+0.01* | 0.82£0.15%* | 0.55%+0.02* | 1.20+0.01* | 2.40£0.01%*%*

Note: * and ** mark significant differences within the same row among different enzymes (Tukey’s HSD, P < 0.05).
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Fig. 3. Trypsin activity in different gut regions
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Fig. 4. Amylase activity in different gut regions
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0
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Glycosidase activity was the highest in the py-

loric caeca: (3.07 %
tase and (1.31 *

0.021) mg-mL " min™" for mal-
0.081) mg-mLl-min™" for lactase.

Strong activity was also observed in the posterior intes-
tine for both lactase [(2.70 + 0.081) mg-mL™\min™!]

and maltase [(2.81

+ 0.015) mg-mL_l-min_l] re-

flecting intensive carbohydrate digestion in midgut
and hindgut sections.

Adult fish (SL > 20.5 cm) exhibited elevated over-
all enzyme activities. Trypsin and pepsin activities
reached the highest values in the posterior intestine:
(1.17 + 0.021) and (0.98 + 0.010) pg-mL™"min",
respectively. Lipase activity was uniformly dis-
tributed along the gut, peaking in the rectum:
(0.82 + 0.15) unitss-mg ' min”!. Glycosidase ac-
tivity was the pyloric caeca
[(299 *+ 0.006) mg-mL ™ min™' for maltase and
(1.96 £ 0.025) mg-mL’1~min'1 for lactase] and ante-
rior intestine [(2.74 + 0.036) mg-mL™"-min™" for mal-
tase], confirming active digestion of carbohydrate-rich
diets in these gut regions.

concentrated in
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These results demonstrate that C. nigrodigitatus possesses a full complement of digestive enzymes
at both life stages, supporting its omnivorous feeding habit. The enzyme distribution shows ontoge-
netic adaptation: juveniles increased activity of carbohydrase, while adults increased protease and lipase
activity, reflecting a dietary shift with growth.

DISCUSSION

Food and feeding habits of fish are crucial for aquaculture and provide valuable insights into habi-
tat characteristics, ecological productivity, and environmental heterogeneity. C. nigrodigitatus feeds
on a variety of food items in the lagoon. In its diet, 8 major items were recorded, of both plant
and animal origin: diatoms, algae, crustaceans, molluscs, plant materials, fish, detritus, and unidenti-
fied mass. These observations are consistent with prior studies by M. Lawal et al. [2010], T. Edem
and C. Odey [2019], and J. Dada and P. Araoye [2008]. Quantitative analysis revealed that diatoms,
a plant component, were the prevailing food item, constituting 37.7% by number and 56.4% by frequency
of occurrence. Plant materials were also reported as a major food for this species in Asa Dam [Dada,
Araoye, 2008]. I. Udosen and O. Rufus [2018] reported six main food groups, including plant ones (phy-
toplankton) and animal ones (crustaceans, insects, molluscs, and worms), as well as unidentified matter;
this indicates that C. nigrodigitatus is an omnivorous feeder. A similar report on this species published
by N. Inyang and C. Nwani [2004] suggested that it fed on both plants and animals, but animal
components predominated in its food. This contradicts the results of the present study, in which di-
atoms were the prevailing food item. Such a discrepancy could be the result of an unspecialized mode
of fish feeding, which can be explained by differences in food availability between various habitats.
0. Oghenochuko et al. [2022] confirmed the overlapping and omnivorous feeding nature of C. nigrodig-
itatus, linking it to opportunistic behavior. This conclusion was supported by O. Atobatele and O. Ug-
wumba [2011], as well as B. Uneke [2014]. R. Welcomme [2001] also reported that unspecialized feed-
ers consume items like insects, zooplankton, detritus, and plant matter based on their relative abundance
in the environment.

We recorded high glycosidase activity, which indicated that C. nigrodigitatus can effectively di-
gest carbohydrates. Apparently, starch digestion starts in the esophagus and continues in the poste-
rior intestine. In adults, high glycosidase activity in the pyloric caeca (1.96 mg-mL™\-min~! for lactase
and 2.99 mg-mL"-min™! for maltase) and anterior intestine (2.74 mg-mL"-min™' for maltase) ensures
the complete digestion of carbohydrates in these regions. The strong specific activity of the amylase
enzyme observed in the stomach suggests that the digestion of carbohydrates, which starts in the ante-
rior segment (esophagus), intensifies as food moves into the stomach. This fact provides evidence that

Marine Biological Journal 2026 Vol. 11 No. 1
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the digestion of carbohydrate is largely concluded in these parts of the alimentary canal [Oghenochuko
et al., 2022]: a finding consistent with that in the paper of D. Odedeyi and O. Fagbenro [2010]. Li-
pase activity was detected uniformly throughout the entire gut of C. nigrodigitatus, and a similar pattern
was reported for Heterotis niloticus (Cuvier, 1829) by O. Fagbenro et al. [1993]. As noted by R. Budding-
ton [1985], the presence or absence of specific digestive enzymes in fish depends on its diet and feed-
ing habits, and also on the functional morphology of gut regions. The occurrence of various glycosi-
dases, proteases, and lipases in C. nigrodigitatus gut correlates with its omnivorous diets. Furthermore,
the digestive enzyme activities were higher in adults than in juveniles, supporting conclusion of C. Tra-
mati ef al. [2005] that the digestive processes in Diplodus puntazzo (Walbaum, 1792) are correlated with
body size and dietary composition.

The high protease and lipase activities in adults indicate that a protein- and lipid-rich diet would
enhance the growth rate of fish in a culture system, and this aligns with recommendations established
for omnivorous species [Cahu, Zambonino Infante, 2001]. Conversely, the high carbohydrase activity
in juveniles suggests that a plant-based diet is both cost-effective and nutritionally suitable during the ear-
lier stages of cultivation [Francis et al., 2001]. Consequently, this investigation provides a basis for for-
mulating stage-specific feeds, reducing the reliance on expensive animal-based feed ingredients, thereby
lowering costs and enhancing the sustainability of culturing the silver catfish.

This study shows that C. nigrodigitatus is a promising species for both wild capture and aquaculture
due to its omnivorous and opportunistic feeding habits, which make it resistant to constantly chang-
ing environmental conditions. The dietary and enzymatic activity data provided in this investigation
can be integrated into fisheries management strategies, supporting the species economic potential, par-
ticularly in regions like Ibeshe, where it serves as a vital source of protein for locals, while also helping
to maintain ecological balance. However, realizing this potential requires regular monitoring of pop-
ulation dynamics and ecosystem health, especially in the face of anthropogenic threats like pollution
and the habitat degradation from ongoing sand mining in the Lagos Lagoon [Wilson, 1994].

Conclusions. This study provides crucial insights into the feeding ecology and digestive physiology
of Chrysichthys nigrodigitatus: a species of ecological and economic importance in coastal and estuarine
systems of West Africa. The identification of a diverse range of dietary items, particularly diatoms, algae,
crustaceans, and molluscs, alongside the distribution of carbohydrases, proteases, and lipases throughout
the gut, underscores the species trophic adaptability and omnivorous feeding strategy. Such physiological
and dietary flexibility is likely to contribute to resistance of the silver catfish to anthropogenic pressures
and fluctuating environmental conditions in habitats like the Lagos Lagoon.

The observed ontogenetic variation in digestive enzyme activity reflects an adaptive physiological
response to changing dietary needs across life stages. This insight can be directly applied to design nutri-
tionally efficient, age-specific diets, thereby improving feed formulation, optimizing growth, and reduc-
ing production costs in aquaculture. From a fisheries management perspective, understanding the species
ecological role as both a consumer of diverse food resources and a key contributor to energy transfer
in the aquatic food web is vital for developing effective conservation strategies to wild populations.

Given its ecological plasticity and economic importance, C. nigrodigitatus should be a priority species
in ecosystem-based management plans. Further in-depth studies are recommended to investigate how
environmental stressors, seasonal dynamics, and habitat changes affect feeding ecology of the silver cat-
fish, its reproductive success, and long-term population stability. Such research will enhance our capacity
to balance aquaculture development with the conservation of natural stocks and ecosystem functions.

Marine Biological Journal 2026 Vol. 11 No. 1



Dietary composition and digestive enzymes of Chrysichthys nigrodigitatus (Lacépede, 1803)... 11

Acknowledgement. My appreciation goes to the Marine Biology section at the Nigerian Institute of Oceanog-
raphy and Marine Science (NIOMR) for their significant contribution and expertise to this research. Sincere thanks
are also extended to the artisanal fishermen of the Lagos Lagoon for their assistance in the timely supply of samples.
I am grateful to my family for their moral and financial support throughout this study.

REFERENCES

1. Atobatele O. E., Ugwumba O. A. Condi- 8649.1973.tb04449

interrelationship of fishes in the Lagos Lagoon.
Journal of Fish Biology, 1973, vol. 5, iss. 2,
pp- 205-225. https://doi.org/10.1111/j.1095-

Marine Biological Journal 2026 Vol. 11 No. 1

tion factor and diet of Chrysichthys nigro- 8. Fagbenro O. A., Adedire C. O., Owoseeni E. A,
digitatus and  Chrysichthys auratus  (Siluri- Ayotunde E. O. Studies on the biology and aqua-
formes: Bagridae) from Aiba Reservoir, Iwo, culture potential of feral catfish Heterobranchus
Nigeria. Revista de Biologia Tropical, 2011, bidorsalis (Geoffroy St. Hilaire 1809) (Clariidae).
vol. 59, no. 3, pp. 1233-1244. https://doi.org/ Tropical Zoology, 1993, vol. 6, iss. 1, pp. 67-79.
10.15517/rbt.v0i0.3394 https://doi.org/10.1080/03946975.1993.10539209

. Buddington R. K. Digestive secretions of lake stur- 9. Field Guide to the Commercial Marine Resources
geon, Acipenser fulvescens, during early develop- of the Gulf of Guinea / W. Schneider (Ed.). Rome :
ment. Journal of Fish Biology, 1985, vol. 26, iss. 6, Food and Agriculture Organization of the United
pp. 715-723. https://doi.org/10.1111/j.1095- Nations, 1990, 268 p. (FAO species identification
8649.1985.tb04313.x sheets for fishery purposes).

. Cahu C. L., Zambonino Infante J. Substitution 10. Francis G., Makkar H. P. S., Becker K. Antinu-
of live food by formulated diets in marine fish tritional factors present in plant-derived alternate
larvae. Aquaculture, 2001, vol. 200, iss. 1-2, fish feed ingredients and their effects in fish. Aqua-
pp.- 161-180.  https://doi.org/10.1016/s0044- culture, 2001, vol. 199, iss. 3—4, pp. 197-227.
8486(01)00699-8 https://doi.org/10.1016/s0044-8486(01)00526-9

. Dada J. O., Araoye P. A. Some aspects of the bi- 11. Furné M., Hidalgo M. C., Lopez A., Garcia-
ology of Chrysichthys nigrodigitatus (Pisces: Sil- Gallego M., Morales A. E., Domezain A.,
uroidae) in Asa Lake Ilorin, Nigeria. Nigerian Jour- Domezain J., Sanz A. Digestive enzyme activ-
nal of Fisheries, 2008, vol. 5, no. 1, pp. 73-84. ities in Adriatic sturgeon Acipenser naccarii
https://doi.org/10.4314/njf.v5i1.41971 and rainbow trout Oncorhynchus mykiss. A com-

. Edem T., Odey C. O. Condition factor, food parative study. Aquaculture, 2005, vol. 250,
and feeding habit of Chrysichthys nigrodig- iss. 1-2, pp. 391-398. https://doi.org/10.1016/
itatus  (Siluriformes: Bagridae) from Lower j-aquaculture.2005.05.017
River Benue, Makurdi, Nigeria. Asian Jour- 12. GisbertE., Morais S., Moyano F. J. Feeding and di-
nal of Advances in Agricultural Research, gestion in fish larvae: An overview of ontoge-
2019, vol. 10, iss. 4, art. ajaar.49196 (7 p.). netic changes and nutritional implications. Reviews
https://doi.org/10.9734/ajaar/2019/v10i430035 in Aquaculture, 2018, vol. 10, iss. 3, pp. 620-639.

. Esenowo I. K., Ugwumba A. A. A., Umoh L. [, https://doi.org/10.1111/raq.12189
Andem A. B. Aspects of the biology of silver 13. Hidalgo M. C., Urea E., Sanz A. Comparative
catfish (Chrysichthys nigrodigitatus) in Nwaniba study of digestive enzymes in fish with different nu-
River, Southeast Nigeria. Asian Journal of Biol- tritional habits. Proteolytic and amylase activities.
ogy, 2017, vol. 3, iss. 1, art. ajob.34408 (9 p.). Aquaculture, 1999, vol. 170, iss. 3—4, pp. 267-283.
https://doi.org/10.9734/ajob/2017/34408 https://doi.org/10.1016/s0044-8486(98)00413-x

. Fagade S. O., Olaniyan C. I. The food and feeding  14. Hyslop E. J. Stomach contents analysis—a review

of methods and their application. Journal of Fish
Biology, 1980, vol. 17, iss. 4, pp. 411-4209. https://
doi.org/10.1111/j.1095-8649.1980.tb02775.x


https://doi.org/10.15517/rbt.v0i0.3394
https://doi.org/10.15517/rbt.v0i0.3394
https://doi.org/10.1111/j.1095-8649.1985.tb04313.x
https://doi.org/10.1111/j.1095-8649.1985.tb04313.x
https://doi.org/10.1016/s0044-8486(01)00699-8
https://doi.org/10.1016/s0044-8486(01)00699-8
https://doi.org/10.4314/njf.v5i1.41971
https://doi.org/10.9734/ajaar/2019/v10i430035
https://doi.org/10.9734/ajob/2017/34408 
https://doi.org/10.1111/j.1095-8649.1973.tb04449
https://doi.org/10.1111/j.1095-8649.1973.tb04449
https://doi.org/10.1080/03946975.1993.10539209
https://doi.org/10.1016/s0044-8486(01)00526-9
https://doi.org/10.1016/j.aquaculture.2005.05.017
https://doi.org/10.1016/j.aquaculture.2005.05.017
https://doi.org/10.1111/raq.12189
https://doi.org/10.1016/s0044-8486(98)00413-x
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x

12

B. H. Aminu

15.

16.

17.

18.

19.

20.

21.

22.

Igbinosun J. E., Roberts O. O. Studies on the Nu-
trition of Brackish Water Catfish — Chrysichthys
nigrodigitatus. Ill. Effects of Processing Methods
on the Nutrition of Quality of Soybean Meal in Cat-
fish Nutrition / Nigerian Institute for Oceanogra-
phy and Marine Research. Victoria Island, Nigeria :
[s. n.], 1988, 12 p. (Technical paper ; no. 41).
Ikechukwu C. C., Akinrotimi O. A., Amachree D.,
Ayaobu-Cookey 1. K., Nwankwo C. G,
Nwosu P. O., Nwankwoala I. C. Stomach
content analysis of silver catfish (Chrysichthys
nigrodigitatus) in Otuocha River, Anambra State,
Nigeria.
and Remote Sensing, 2025, vol. 4, iss. 1, art. 115
(5 p.). https://doi.org/10.36266/ijgrs/115
Ikusemiju K. A comparative study
of the catfish Chrysichthys nigrodigitatus (Lacede)
from Lagos and Lekki Lagoons, Nigeria. Bul-
letin de Ulnstitut fondamental d’Afrique noire,
série A, Sciences naturelles, 1975, t. 37, n° 4,
pp- 887-898.

International Journal of Geoscience

racial

Ikusemiju K.  Distribution,  reproduction
and growth of the catfish Chrysichthys
walkeri (Gunther) in Lekki Lagoon, Nige-
ria. Journal of Fish Biology, 1976, vol. 8,

pp. 453-458. https://doi.org/10.1111/j.1095-
8649.1976.tb03988.x

Inyang N. M., Nwani C. D. The food and feed-
ing habits of Distichodus rostratus (Pisces: Dis-
tichodontidae) in Anambra River Basin, Nigeria.
Journal of Biological Research and Biotechnol-
ogy (Bio-Research), 2004, vol. 2, no. 2, pp. 1-6.
https://doi.org/10.4314/br.v2i2.28551

Jeyol M. C., Umar N. J. Stomach content analy-
sis of Chrysichthys nigrodigitatus (Lacepede, 1803)
of the Lagos Lagoon, Nigeria, with respect to mi-
crophytobenthos. Journal of Environment, Earth
Sciences and Ecology, 2024, vol. 6, no. 3, pp. 8-25.
Kareem O. K., Olanrewaju A. N., Orisasona O.
Length-weight relationship and condition factor
of Chrysichthys nigrodigitatus and Schilbe mys-
tus in Erelu Lake, Oyo State, Nigeria. Journal
of Fisheries & Livestock Production, 2015, vol. 3,
iss. 4, pp. 150-154. https://doi.org/10.4172/2332-
2608.1000150

Kunitz M. Crystalline soybean trypsin inhibitor:

23.

24.

25.

26.

27.

28.

29.

30.

II. General properties. Journal of General Phys-
iology, 1947, vol. 30, iss. 4, pp. 291-310.
https://doi.org/10.1085/jgp.30.4.291

Kusemiju K. Fishes, Man and the Aquatic Envi-
ronment. Lagos : University of Lagos Press, 1991,
36 p. (Inaugural lecture series).

Kusemiju K. The hydrobiology and fishes of Lekki
Lagoon, Nigeria. Nigerian Journal of Natural Sci-
ences, 1981, vol. 3, iss. 1-2, pp. 135-146.

Kuton M. P., Akinsanya B. Food and feeding
habits of Chrysichthys nigrodigitatus (Lacépede,
1803) and evaluation of physico-chemical param-
eters in the Lagos Lagoon, Nigeria. Egyptian
Journal of Experimental Biology (Zoology), 2016,
vol. 12, iss. 1, pp. 73-79.

Lawal M. O., Sangoleye O. J., Seriki B. M.
Morphometry and diet of Chrysichthys nigro-
digitatus (Lacépede) Nige-
ria. African Journal of Biotechnology, 2010,
vol. 9 (46), pp. 7955-7960. https://doi.org/
10.5897/ajb09.1514

Odedeyi D. O., Fagbenro O. A. Feeding habits
and digestive enzymes in the gut of Mormyrus rume
(Valenciennes 1846) (Osteichthyes Mormyridae).
Tropical Zoology, 2010, vol. 23, iss. 1, pp. 75-89.
Oghenochuko O. M., Leramo F. G., Adeo-
sun O. M., Bangura P., Adeosun F. I. Biol-
ogy, digestive enzymes and organosomatic in-
dices of Chrysichthys nigrodigitatus (Lacépede,
1803) from Oyan Dam, Southwestern Nigeria.

in Epe Lagoon,

Ege Journal of Fisheries and Aquatic Sciences,
2022, vol. 39, iss. 4, pp. 326-331. https://doi.org/
10.12714/egejfas.39.4.08

Smith B. I, T,
Smith S. A. Distribution of intestinal enzyme

Tengjaroenkul B., Caceci
activities along the intestinal tract of cultured Nile
tilapia, Oreochromis niloticus L. Aquaculture,
2000, vol. 182, iss. 3-4, pp. 317-327.
https://doi.org/10.1016/s0044-8486(99)00270-7
Tramati C., Savona B., Mazzola A. A study
of the pattern of digestive enzymes in Diplodus
puntazzo (Cetti, 1777) (Osteichthyes, Sparidae):
Evidence for the definition of nutritional protocols.
Aquaculture International, 2005, vol. 13, iss. 1-2,
pp. 89-95. https://doi.org/10.1007/s10499-004-
9028-0

Marine Biological Journal 2026 Vol. 11 No. 1


https://doi.org/10.36266/ijgrs/115
https://doi.org/10.1111/j.1095-8649.1976.tb03988.x
https://doi.org/10.1111/j.1095-8649.1976.tb03988.x
https://doi.org/10.4314/br.v2i2.28551
https://doi.org/10.4172/2332-2608.1000150
https://doi.org/10.4172/2332-2608.1000150
https://doi.org/10.1085/jgp.30.4.291
https://doi.org/10.5897/ajb09.1514
https://doi.org/10.5897/ajb09.1514
https://doi.org/10.12714/egejfas.39.4.08
https://doi.org/10.12714/egejfas.39.4.08
https://doi.org/10.1016/s0044-8486(99)00270-7
https://doi.org/10.1007/s10499-004-9028-0
https://doi.org/10.1007/s10499-004-9028-0

Dietary composition and digestive enzymes of Chrysichthys nigrodigitatus (Lacépede, 1803)... 13

31.

32.

33.

34.

Udosen 1. E., Rufus O. Aspects of the biol-
ogy of Chrysichthys nigrodigitatus in Uta-Ewa
Creek, Akwa Ibom State, Nigeria. African Journal
of Aquatic Science, 2018, vol. 33, iss. 1, pp. 55-63.
Uneke B. 1. Diet composition, feeding habits
and condition factor of Chrysichthys nigrodigita-
tus in Ebonyi River (a tropical flood river sys-
tem), South-Eastern Nigeria. Continental Jour-
nal of Agricultural Sciences, 2014, vol. 8, iss. 1,
pp. 29-37.

Uneke B. I. Length-weight relationship and condi-
tion factor of three Chrysichthys species of the mid
Cross River flood system, South Eastern Nigeria.
AASCIT Journal of Biology, 2015, vol. 1, no. 3,
pp- 29-33.

Uys W., Hecht T. Assays on the digestive
enzymes of sharptooth catfish, Clarias gariepi-

35.

36.

37.

nus (Pisces: Clariidae). Aquaculture, 1987,
vol. 63, iss. 1-4, pp. 301-313. https://doi.org/
10.1016/0044-8486(87)90080-9

Welcomme R. L. Inland Fisheries: Ecology
and Management. Oxford, UK Black-
well Science, 2001, 358 p. https://doi.org/
10.1002/9780470995693

Wilson R. P. Utilization of dietary carbohy-
drate by fish. Aquaculture, 1994, vol. 124,
iss. 1-4, pp. 67-80. https://doi.org/10.1016/0044-
8486(94)90363-8
Winkler U. K.,
hyaluronate, and some other polysaccharides

Stuckmann M. Glycogen,

greatly enhance the formation of exolipase
by Serratia marcescens. Journal of Bacteri-
ology, 1979, vol. 138, no. 3, pp. 663-667.
https://doi.org/10.1128/jb.138.3.663-670.1979

COCTAB IINII'M 1 NNIIIEBAPUTEJIbHBIE ®EPMEHTbI
B KUNIIIEYHUKE CHRYSICHTHYS NIGRODIGITATUS (LACEPEDE, 1803)
V IVIAZKA UBEHIE, JIAT'VHA JIATOC, HUT'EPUA

b. X. AMuny

Ypanbsckuii peepabHBI YHUBEPCUTET MMEHH TiepBoro npe3ujenTta Poccuu b. H. Enblinna,

Exatepun6ypr, Poccuiickas ®enepanus

E-mail: baminu@urfu.ru

Chrysichthys nigrodigitatus (Lacépede, 1803) mmeeT 60JbIlIOe SKOHOMUYECKOE 3HAYEHUE LIS TPU-
OpexHbIX pailoHoB Hurepru, oco6eHHO JaryHsl Jlaroc, Kak ICTOUYHHK OeJIKa JIst MECTHOTO HaCeJICHU s,
a TaKXe KaK BaKHBIM KOMIIOHEHT MOPCKOU MUINIEBOM eNy. AHATU3 COJAEPKUMOTO KEJIyJKOB, a TaK-
e IUIIeBapuTebHbIX (hepMeHToB 540 ocobeit coma C. nigrodigitatus, BBUIOBICHHBIX Y Tuisika Hbere
B JiaryHe Jlaroc, cBHIETENLCTBYET O BeesiTHOCTH 3Toro Buna. Y 10,6 % pwi0 sxemyaKu ObUIN MyCTHIMY,
a 'y OCTaJIbHBIX 0cOOeH CTerneHb HAOJTHEHHOCTH pa3indaiack. CorinacHO 3HaYeHUsIM UH/IEKCa OTHOCH-
tenbHOM 3HauMMocTH (Index of Relative Importance, IRI), noMuHUpYIOIINM NHIIIEBHIM OO BEKTOM ObI-
JIM IMATOMOBBIE Bojiopociii — 32,2 %; 3a HUMU CJIeJIOBAI paKoOOpa3Hble, BOJIOPOCIU W MOJUTIOCKU.
¥V monoau C. nigrodigitatus (standard length < 20,5 cm) u B3pocisix ocobdeit (SL > 20,5 cM) ¢ moMoIiibo
(bepmMeHTATUBHOTO aHaJIM3a YCTAHOBJIEHO paclpe/ie/ieHUe MUIEBAPUTENIbHBIX (pepMeHTOB (KapOorui-
pas, mpoTeas W JIMIAa3) B Pa3IMYHBIX OTIAE/NaX KHUIIEYHWKA U OIpele/ieHa UX yAeIbHash aKTUBHOCTb.
CrnocoOHOCTh Pa3HOBO3PACTHBIX 0COOEH TOr0 BUIA TIepeBaApUBAThH YITIEBOJIbI, OCIIKU U KUPHI OTpa-
JKaeTcsl B aKTUBHOCTH NHIIIEBAPUTENIbHBIX (DEPMEHTOB, UTO MOATBEPKIAET BCEeSTHOCTh coma. [loiy-
YeHHbIe Pe3yJbTaThl MOTYEPKUBAIOT €ro TPO(PUIECKYIO aITAalITUBHOCTh K YCIOBUSIM CPEJlbl OOUTAHHUS
Y K YPOBHIO aHTPOIIOTEHHOW HArpy3KH, JIaBasi peICTaBIeHNs 0 (PU3UOJIOTHH MTUINEBAPUTETLHOTO ITPO-
1iecca 3Toro Buja. Pe3yibTaThl UCC/IeIOBaHUS BaXKHBI 1JIs1 pa3padOTKU BO3paCTCrepUIeCKuX Kop-
moB miis1 C. nigrodigitatus B 1eJISIX COBEPIIIEHCTBOBAHUS YIIPaBJICHUsI PHIOHBIMU PECYpPCaMU B PeroHe

1 OITUMH3AIU aKBaKYJIbTYPBI.

Kurouessnie cioBa: Chrysichthys nigrodigitatus, nuineBble 00bEKThI, KUINEYHUK, TTUITIEBAPUTEIIHHBIC

(pepmenTsl, maryna Jlaroc
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Biotechnology of microalgae is a promising field for obtaining renewable sources of biomass rich in pro-
teins, lipids, and pigments; this makes the search for optimal cultivation conditions highly relevant. Rep-
resentatives of the genus Scenedesmus Meyen, 1829 feature rapid growth, resistance to environmental
changes, and high content of biologically active compounds, which determines their potential for use
in the food, pharmaceutical, and energy industries. The aim of the study was to analyze the growth per-
formance and photosynthetic pigment content in a culture of Scenedesmus rubescens (P. J. L. Dangeard)
E. Kessler, M. Schafer, C. Hummer, A. Kloboucek & V. A. R. Huss, 1997 on three types of mineral
nutrient media: complete Tamiya medium, its half-strength modification (Tamiya %2), and Bold’s basal
medium (BBM) (variants No. 1, 2, and 3, respectively). In the experiment, S. rubescens was cultured
for 16 days under continuous illumination and additional carbon dioxide supply. On BBM and Tamiya
medium, a high specific growth rate (u) was recorded: 0.48 and 0.49 day™', respectively. When using
Tamiya %2 nutrient medium, S. rubescens specific growth rate was lower: 0.33 day™!. Linear growth
on all three media was observed up to the 4™ day. During this period, the cell density of S. rubescens
in experimental variants No. 1 and 3 increased nearly 7-fold, and in variant No. 2, by 3.7 times.
The maximum productivity of S. rubescens for the experimental variants No. 1, 2, and 3 was 0.35,
0.18, and 0.31 gdry weight-L™"-day™, respectively, with no morphological changes in cells. Significant
differences were revealed in the biochemical and kinetic growth characteristics of S. rubescens cul-
tured on the three nutrient media. High concentrations of chlorophyll a and b were recorded in cells
grown on Tamiya medium and BBM. The obtained results indicate very similar growth characteristics
of S. rubescens for variants No. 1 and 3 during the exponential and linear growth phases. This suggests
that cultivation on BBM can provide productivity and accumulation of valuable compounds comparable
to those reached on Tamiya medium.

Keywords: Scenedesmus rubescens, Bold’s basal medium, Tamiya nutrient medium, batch culture,
productivity, photosynthetic pigments
Microalgae biotechnology contributes much to solving global problems related to the population

growth, environmental pollution, depletion of fossil fuel reserves, and need for sustainable food and en-
ergy resources. As a renewable source of a range of biologically active substances with numerous po-
tential applications, microalgae offer enormous opportunities for innovation. In other words, microal-
gae attract attention due to the multifunctionality of products obtained and significant potential for use
in various industries (in land reclamation, as well as in the production of dietary supplements, feed, fuel,
and cosmetics) [Levasseur et al., 2020; Suresh, Benor, 2020].
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The growth rate of microalgae allows for the production of enormous amounts
of biomass (10-20 times higher than that of corn or soybeans per unit area), with a high content
of proteins, pigments, lipids, and microelements. The biochemical composition of biomass can be
controlled by changing the physical and chemical parameters of the habitat. Representatives of the genus
Scenedesmus Meyen, 1829 (the class Chlorophyceae) are often revealed in freshwater bodies. These
immobile colonial green microalgae consist of cells about 8 wum wide and 14 um long and are of high
nutritional value. Many species of this genus are used worldwide in various commercial projects because
of their rapid growth, ease of cultivation, and ability to adapt to different environmental conditions.

The nutritional value of Scenedesmus green microalgae is due to high content of protein, poly-
unsaturated fatty acids, vitamins, and biologically active compounds [Chu, 2012]. Interestingly, each
species has its own ratio of lipids, carbohydrates, and proteins [Nur et al., 2014]. Scenedesmus rubescens
(P. J. L. Dangeard) E. Kessler, M. Schafer, C. Hummer, A. Kloboucek & V. A. R. Huss, 1997 was used
as a model organism for the production of (-carotene, omega-3 fatty acids, and glycerol [Jo et al.,
2020]; those are important in combating various diseases, infer alia cardiovascular pathologies, chronic
inflammation, atherosclerosis, and cancer, as well as in delaying aging processes.

Scenedesmus biomass is rich in chlorophylls and carotenoids which can significantly improve over-
all health of humans and animals. These pigments effectively inhibit microbial growth; they are anti-
oxidants; and they promote the health of eyes and skin, and boost the immune system. The pigments
are of great importance in the food industry, as they expand the possibilities for the functional agricul-
ture and improve nutritional profiles of various products [Fan et al., 2013; Guedes et al., 2013; Ishaq
et al., 2016; Patil, Kaliwal, 2019]. Due to this fact, Scenedesmus algae have significant commercial
potential for use in medicine and in food and cosmetics industries. In addition, Scenedesmus biomass
is one of the main live feeds that ensure the proper development of hydrobionts: rotifers, zooplankton
representatives, as well as fish and shrimp larvae [Mayeli et al., 2004; Rudenko, Tkacheva, 2021].

However, mass production of microalgae involves overcoming many obstacles. One of the problems
is the high cost of macro- and microelements for culture medium preparation: according to data provided
in [Fasaei et al., 2018], it accounts for about 34% of the total production cost, while harvesting cost
is about 20-30%. While problems associated with biomass harvesting can be solved by using efficient
and low-cost methods, such as flocculation [Rahman et al., 2022], the search for a productive, sustainable,
and cost-effective culture medium remains crucial for reducing the overall cost of microalgal production.
The results of many experimental studies, including our own, have shown that Scenedesmus representa-
tives can noticeably boost their growth rate when mineral components of nutrient media are partially
or completely replaced with wastewater [Ishaq et al., 2016; Muluye et al., 2021]. This can really cut down
the cost of media preparation. However, in most cases, it is advisable to use microalgal biomass obtained
in this way to extract valuable substances, to fertilize agricultural crops, or to make a feed supplement
for animals (not for humans) [Gorbunova, Gudvilovich, 2020; Gorbunova, Zubko, 2010].

When organizing production of microalgae, not only their productivity is important, but also quality
of the obtained yield. This fact governs the search for the optimal nutrient medium for Scenedesmus.
To date, various types of nutrient media have been described in literature and are actively used world-
wide for the cultivation of microalgae of the family Scenedesmaceae. These are Uspensky medium,
Bold’s basal medium (BBM), Chu’s media No. 10 and 13, Tamiya medium, Tamiya %2 medium, Setlik
medium, and BG-11 medium. Although all of them are suitable for Scenedesmus culturing, the growth
rate of a microalga, its yield, and pigment content can vary significantly due to different composition
and concentration of chemical compounds used for media preparation.
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Thus, rapid growth, high concentration of antioxidants, and physiological plasticity make
Scenedesmus representatives a promising target for biotechnology. However, it is possible to re-
alize the commercial potential only by improving strategies and optimizing microalgae cultiva-
tion parameters, and these are the key goals of researchers. The aim of this study was to an-
alyze the growth characteristics and pigment content in the culture of Scenedesmus rubescens
(Chlorophyta: Scenedesmaceae, Scenedesmus) grown on three mineral media: Tamiya, Tamiya Y2,
and BBM.

MATERIAL AND METHODS

The object of the study was the green microalga S. rubescens, strain IBSS-91 from IBSS core
facility “Collection of Hydrobionts of the World Ocean” (Sevastopol). The microalga was grown
on three nutrient media: Tamiya [Tamiya, 1957], Tamiya %2 [Hase et al., 1957; Sandmann et al., 2022],
and BBM [Bischoff, Bold, 1963] (hereinafter variants No. 1, 2, and 3 respectively). These media differ
from each other not only in composition and levels of concentration of chemical compounds, but also
in the cost (Table 1).

Table 1. Average market cost of mineral nutrient media for industrial cultivation of Scenedesmus rubescens

Chemical compound | Price per 1 kg, rubles Cost (.)f a reagent for prepara.tion of I,QOO L of the medium, rubles
Tamiya medium Tamiya Y2 medium BBM
NaNO; 285 - - 71.25
KNO, 357 1,785 892.5 -
MgSO,-7H,0 134 335 167.5 10.05
NaCl 95 - - 2.38
K,HPO, 693 - - 52
KH,PO, 534 667.5 333.75 93.45
CaCl,-2H,0 172 - - 4.3
Na,EDTA-2H,0 790 29.2 14.6 39.5
FeSO-7H,0 433 1.3 0.65 2.15
KOH 254 - - 7.85
H;BO, 344 0.98 0.5 0.39
MnCl,-4H,0 865 1.57 0.78 1.25
ZnSO,-7H,0 365 0.08 0.04 3.25
MoO; 2,500 0.04 0.02 1.8
NH,VO 9,400 0.22 0.11 -
CuS0O,-5H,0 555 - - 0.87
Co(NO3),-5H,0 2,376 - - 1.16
In total 2,822 1,411 292

For each variant, the experiment was conducted in three replicates. The nutrient media were prepared
on distilled water. S. rubescens was pre-adapted to each medium for 5 days. The microalga was grown
in 5 cm thick plane-parallel glass cultivators [Trenkenshu et al., 2017]. The working volume of the cul-
tivator was 3 L. The culture was grown under continuous illumination; a light grid consisting of 18-W
fluorescent lamps was used. The light intensity on the surface of the photobioreactors was recorded using
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a LI-250A light meter with a photometric sensor (Li-COR, the USA). The mean illumination was 10 kIx.
The cultures were bubbled with air; a Hailea ACO-308 air compressor pump was used. The mean air
flow rate was about 1 L-L™! of culture per minute (with additional carbon dioxide supply to stabilize pH
and introduce a carbon source into the medium). An Aqua Medic pH controller (Germany) was used
to maintain the optimal pH level, 6.5-7, in the cultivators. The temperature was stabilized in a range
of +28...430 °C. In order to compensate for evaporation, water volume was maintained in the cultiva-
tors throughout the experiment by adding distilled water to a 3-L mark once a day before measurements.
The water volume we added averaged 60 mL.

To inoculate experimental cultivators, a culture pre-adapted to a specific medium was used, with
an initial density of 0.16 g dry weight-L™".

The culture density was assessed by an optical method. The optical density of the microalgal
culture (D) was calculated using the formula:

D =—1g(T), ey

where T is the transmittance value determined with a Unico photometer at a wavelength of 750 nm
in cuvettes with a working length of 0.5 cm (an absolute error did not exceed 1.0%).

The cuvettes were placed as close as possible to the photodetector to reduce the effect of light
scattering on the instrument readings.

The optical density units were converted to microalgal dry weight (DW) according to the equation:
DW =k X Doy, )

where k is an empirically determined conversion factor equal to 0.77 g-L™1.D.

To determine k, a series of samples was taken from all the experimental cultivators. The series
included at least three replicates, 15 mL each. For each sample, optical density (D) and dry weight
were measured in parallel. Prior to determining D, the microalgal suspension in a sample was thor-
oughly mixed. To measure dry weight, an aliquot of the suspension (10 mL) was placed in test tubes
pre-heated to constant weight in a drying oven at (+105 + 3) °C for 24 h. Using a laboratory portable
centrifuge OPn-3, with a maximum separation factor of g = 1.870 at 3,000 rpm, cells were precipitated
for 15 min, and then the supernatant was carefully decanted. Microalgal cells were washed from salts
with the same volume of distilled water and centrifuged again. At the final stage, the test tubes with
biomass were dried in an oven at (+105 %= 3) °C for 24 h. The difference between the initial and fi-
nal weight of the test tubes was used to determine dry weight of S. rubescens in the filtered volume;
then, it was calculated to 1 L.

The specific growth rate (u) was assessed by approximating the biomass growth curve
in the exponential phase using the formula:

) 3
— 3)

1

where InB, and InB, are biomass values at the beginning and end of the exponential growth phase;

t; and t, are time values at the beginning and end of the exponential growth phase [Trenkenshu,
2019].
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The maximum productivity of the culture (P) for each experimental variant was calculated
by approximating the biomass growth curve in the linear growth phase by the formula:

BZ_Bl
t2_t1

P = , “)

where By and B, are biomass values at the beginning and end of the linear growth phase [Trenkenshu,
2005].
The culture yield for each experimental variant (H) was determined using the formula:

H=2B,, —By. 5)

where By is a biomass value at the beginning of the experiment;
Binax 18 the maximum biomass during the experiment [Lelekov, Trenkenshu, 2007].

The condition of S. rubescens cells and the purity of the microalgal culture were monitored under
a Carl Zeiss Axiostar Plus light microscope (Germany) at magnification of 400x.

The content of pigments (chlorophyll a, chlorophyll 5, and carotenoids) was determined by spec-
trophotometry. Samples were taken in triplicate on the 2", 4™, 6 10", and 16" days of the experiment
after thorough culture mixing. The suspension was centrifuged for 10 min at 3,000 rpm; the supernatant
was decanted; and the precipitated biomass was frozen for 24 h and used for determining pigments.
The latter ones were extracted from microalgal cells with 100% pure acetone (“EKOS-1” JSC, Russia).
Absorption spectra of acetone extracts were recorded on a SF-2000 spectrophotometer (“OKB SPECTR”
LLC, Russia) in a range of 400-800 nm in quartz cuvettes with an optical path length of 1 cm.

Concentrations of chlorophyll a and b and the total content of carotenoids were calculated using
the formulas proposed by [Wellburn, 1994], based on the optical density (D) values at wavelengths
corresponding to the absorption maxima of these pigments:

Chla = 11.75 X Dggy — 2.35 X Dygys;
Carotenoids = (1,000 X D,,, — 2.7 x Chla — 81.4 x Chlb)/227 .

We determined arithmetic means (X ), standard deviations (S), standard errors of a mean, and con-
fidence intervals for a mean (Ax ). Calculations involved LibreOffice and SciDAVis software; a signif-
icance level a@ was 0.05. The tables show mean values and established confidence intervals (x * AX)
for three replicates.

RESULTS

For 16 days, the microalga was grown on three types of nutrient media in three laboratory cultivators
under continuous illumination. The dynamics of microalgal culture density is described by cumulative
curves (Fig. 1).

The specific growth rate (u) on Tamiya nutrient medium and BBM was calculated for the mi-
croalga based on biomass concentrations during the exponential phase [see Equation (3)]. The data
on determined kinetic characteristics for S. rubescens during the cultivation on three media is presented
in Table 2.
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Fig. 1. Dynamics of the density of Scenedesmus rubescens batch culture when grown on Tamiya nutrient
medium (@), BBM (O), and Tamiya %2 nutrient medium (A)

Table 2. Kinetic characteristics of Scenedesmus rubescens growth

Parameter Tamiya medium Tamiya /2 medium BBM
Biomass yield, g dry weight-L™! 1.94 £ 0.06 0.84 £0.02 1.03 £0.04
Maximum productivity, 2 2 2
o dry weight-L " day"! 0.35 (R“=0.97) 0.18 (R“=0.98) 0.31 (R“=0.99)
Specific growth rate, day™! 0.48 (R2=0.99) 0.31 (R?=0.99) 0.49 (R?=0.99)

For all the experimental variants, S. rubescens linear growth was recorded from the 1° to the 4™ day.
Biomass values for this period were used to calculate the growth rate of the alga. After 6 days, the growth
of the culture on BBM stopped, and the phase of the microalgal death began. By that point, the biomass
increase was 1.03 g-L™!. Notably, during the linear growth phase on Tamiya Y2 medium, S. rubescens
growth rate was almost twice as low as that for the other variants. On the 10" day of the experiment,
the density of the cultures in variants No. 2 and 3 became equal. Then, the phase of the microalgal death
was recorded on Tamiya %2 medium.

Biochemical analysis of the microalgal biomass when grown on complete Tamiya nutrient medium
showed as follows: chlorophyll a content in its cells rose during cultivation from 2.34% at the beginning
of the linear growth phase to 2.62% (Fig. 2). Then, the concentration of this pigment gradually decreased;
a minimum value of 1.77% was noted on the 16™ day of the experiment.

When using Tamiya 2 nutrient medium, the dynamics of chlorophyll a in microalgal cells was similar,
but the pigment concentration was 2 times lower. When culturing S. rubescens on BBM, chlorophyll a
content increased from 2.25 to 2.63%. At the final stage of the experiment, when the microalga reached
the stationary growth phase and the phase of death, chlorophyll a concentration values for the three
variants, calculated per 1 L of culture, were almost equal.
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Fig. 2. Dynamics of pigment accumulation: A, C, E, in Scenedesmus rubescens culture when grown
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of the microalga, %

DISCUSSION

The choice of three media — Tamiya, Tamiya Y2, and BBM - is governed by the difference in com-
position and the wide range of concentrations of nutrients needed for their preparation. Thus, Tamiya
nutrient medium is one of the most concentrated mineral media used to obtain intensive, dense cultures
of green microalgae. In contrast, BBM requires a low mineral content. As an intermediate option in terms
of concentration, Tamiya %> medium was used: the media with half the nutrient composition.

Exponential growth of S. rubescens on Tamiya nutrient medium and BBM was observed on the 1% day,
and on Tamiya Y2 medium, within the first 2 days. As known, the specific growth rate remains
constant during this period and reaches its maximum [Lelekov, Trenkenshu, 2007]. When cultured
on BBM and Tamiya nutrient medium, S. rubescens was characterized by high specific growth rate,
0.48 and 0.49 day™!, while on Tamiya %2 medium, the value was 0.33 day'. In [Nur et al., 2014],
Scenedesmus specific growth rate on BBM was (0.22 + 0.04) day™!, which is 2.2 times lower than
the values we obtained.
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As already mentioned, S. rubescens linear growth was registered until the 4" day for all the vari-
ants. The growth rate of the microalga on Tamiya nutrient medium and BBM significantly exceeded
that on Tamiya %> medium. Over 4 days of our experiment, the microalgal biomass in variants No. 1
and 3 increased almost 7-fold, while in variant No. 2, it rose 3.7-fold. The maximum productivity
of S. rubescens for variants No. 1, 2, and 3 was 0.35, 0.18, and 0.31 gdry weight-L™"-day™!, respec-
tively. Importantly, at this stage, no changes in cell morphology were recorded in any of the experi-
mental variants. From the 5™ to the 9" day, linear growth of the culture was observed with a smaller
slope of the accumulation curve for Tamiya and Tamiya %2 media. This seems to result from the shift
in the growth-limiting factor.

Within a linear section, the growth rate of microalgae is known to be determined by the amount
of light flux or the content of carbon dioxide: those are completely absorbed by a culture, and this
results in a decrease in productivity. However, given that in our experiment, the culture was continu-
ously bubbled with a CO,-containing gas-air mixture, it can be assumed that its content in a medium
was sufficient to maintain the optimal level of photosynthesis and microalgal growth. Thus, carbon lim-
itation of S. rubescens growth during this period can be ruled out. Apparently, in variants No. 2 and 3,
the intensive growth of the microalga was limited by a lack of biogenic elements.

During the entire period of S. rubescens cultivation on BBM, the highest density was 1.2 gL},
and this value exceeds the maximum for Scenedesmus sp. reported in [Muluye et al., 2021]: 0.75 g-L™!
after 7 days of cultivation on BBM without additional CO, supply. The authors also determined the max-
imum productivity of Scenedesmus sp.: 107 mg-L™!-day™!, which is 3 times lower than the value we ob-
tained. Such a difference in kinetic characteristics of microalgal growth can be explained by the addi-
tional carbon dioxide supply to the culture in our experiments, while pH of media in all the variants
did not increase and remained within a range of 6.5-7.

The acidity of a culture medium is very important, as pH level determines availability of CO, and nu-
trients for a microalga, and also significantly affects its metabolism. At high pH values, carbonates
are formed, and this limits the availability of carbon dioxide; as a result, we are dealing with a drop
in the efficiency of photosynthesis and suppression of microalgal cell growth. As known, for each species,
the optimal pH level lies within a narrow range and usually depends on both the alga itself and its spe-
cific strain [Drira et al., 2017]. This is due to the physiological characteristics of microalgae, which
determine their ability to adapt to different environmental conditions. For most freshwater algae, in-
cluding Chlorella vulgaris Beijerinck, 1890 and S. rubescens, pH optimum is between 7 and 8. High
CO; content (> 5%) can negatively affect the rate of substrate and light absorption by a microalga and,
accordingly, its growth rate and cell morphology. For example, the studies [Jena et al., 2012; Zhang et al.,
2022] showed that elevated levels of carbon dioxide contributed to the formation of larger colonies
of Scenedesmus obliquus (Turpin) Kiitzing, 1833. Thus, it is critical to maintain a required pH value
during microalgae cultivation and have the ability to control it, as pH deviation from the optimal level
can inhibit the growth or even lead to cell death. Since S. rubescens cultures were additionally supplied
with CO,, and pH of the media was maintained at an optimal level, it can be stated that these factors
did not affect the results of our study. The differences between the experimental variants were due solely
to the composition of the nutrient media.

At the initial stage, in all the variants, most microalgal cells were bright green and had intact chloro-
plasts. Subsequently, in S. rubescens cells, morphological changes occurred; those appear to be related
to the composition of the media used. Starting from the second week of cultivation on BBM, we observed
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single cells with damaged chloroplasts. From the 6""~7" day of growth on Tamiya ¥2 medium, up to 10%
of cells had partially fragmented chloroplasts. Starting from the 10" day of culturing on Tamiya ¥2 nutri-
ent medium and BBM, the microalga became yellowish-green, which was likely to be caused by partial
degradation of its pigment complex.

From the 5 day of the experiment, the content of carotenoids in S. rubescens cells when grown
on Tamiya medium and BBM increased proportionally to a boost in biomass and then gradually de-
creased. The observed pattern of carotenoid accumulation in the microalga within the cultivation cycle
is consistent with the results presented in [Bozhkov, Menzyanova, 1997]. When culturing S. rubescens
on Tamiya > medium, with the transition of the culture to the stationary phase of growth, we noted
a sharp increase in the concentration of carotenoids (see Fig. 2). As known, their elevated content in mi-
croalgae is usually related to various stress conditions. For example, when microalgae encounter a defi-
ciency of essential nutrients (nitrogen, phosphorus, potassium, or magnesium), they can synthesize more
carotenoids to protect their cells [Hu et al., 2013].

For variants No. 1 and 3, it is worth noting as follows: at the end of the linear growth phase, the cul-
tures had equal values of biomass concentration, and the relative content of chlorophyll a and b was also
characterized by almost equal values. Considering the fact that the cost of the complete Tamiya nu-
trient medium is an order of magnitude higher than that of BBM, it can be concluded that the use
of BBM is economically feasible, but only if harvesting is organized on the 4"-5" day of batch cultiva-
tion, or if a quasi-continuous cultivation is ensured.

When culturing S. rubescens on Tamiya %2 medium, higher concentrations of carotenoids were
recorded in its biomass during the final stages of growth than those for the other two experimental vari-
ants; however, this medium cannot be recommended for intensive S. rubescens cultivation for the purpose
of obtaining biochemically valuable substances. It was found that the cost of preparation of Tamiya 2 nu-
trient medium was 5 times higher than that for BBM, while the growth rate of the microalga was 2 times
lower.

After analyzing the dynamics of the relative content of carotenoids in S. rubescens cells grown
on the three media, we revealed that their final concentration for Tamiya /2 medium was 35% higher
than for variants No. 1 and 3. Considering that Tamiya /2 nutrient medium is less balanced and suitable
for intensive cultivation of this species, the accumulation of carotenoids is assumed to be protective
reaction of S. rubescens for unfavorable growth conditions. This fact once again highlights the optimal
choice of Tamiya nutrient medium or BBM for intensive cultivation of this species.

The results obtained in the experiment indicate very similar growth characteristics of S. rubescens
in variants No. 1 and 3 within the exponential and linear growth phases. This allows providing
conditions that can ensure high productivity and accumulation of photosynthetic pigments on BBM,
similar to those for the variant on Tamiya medium.

Based on the studies and calculations carried out, it can be concluded that the use of BBM is eco-
nomically justified, if the full yield is harvested on the 4™-5" day of batch cultivation, or a quasi-
continuous cultivation mode is used. To confirm, it is necessary to test S. rubescens cultivation on BBM
in a quasi-continuous mode with a microalgal culture density of 0.4-1.2 g-L™.

Conclusions. The study analyzed the growth characteristics and photosynthetic pigment content
in Scenedesmus rubescens cultured on three types of mineral nutrient media: complete Tamiya medium,
its half-strength modification (Tamiya %2), and Bold’s basal medium (BBM). Significant differences
in the biochemical and kinetic characteristics of S. rubescens growth were established. The maximum
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productivity for experimental variants No. 1, 2, and 3 was 0.35, 0.18, and 0.31 gdry weight-L™"-day™!,
respectively. The highest concentrations of chlorophyll a and b were recorded when the microalga
was grown on Tamiya nutrient medium and BBM. The results obtained in the experiment indicate very
similar growth characteristics of S. rubescens culture in variants No. 1 and 3 in the range of exponential
and linear growth phases. This allows us to consider BBM as an alternative to more expensive Tamiya
medium for batch cultivation of S. rubescens. Of the types of nutrient media studied, Tamiya 2 medium
was recognized as the third most effective in terms of the microalgal growth.

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 substances
from hydrobionts” (No. 124022400152-1).
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OHEHKA MNPOAYKIIMOHHBIX XAPAKTEPUCTHUKR
N POTOCUHTETUYECKUX IIMI'MEHTOB SCENEDESMUS RUBESCENS
IIPU PA3JIMYHOV OBECIIEYEHHOCTH BUOTEHHBIMU 3JIEMEHTAMMU

C.10.T'opoynoBa, A. b. bopoBkos, P. I1. Tpenkenmy

®I'BYH PULL «MucTuTyT OMosorun 10xHbX Mopeid uMern A. O. Kosanesckoro PAH»,

Cesacromnosb, Poccuiickas ®enepanus

E-mail: svetlana_8423@mail.ru

BuoTexHoI0rMsT MUKpOBOJOPOC/IEH paccMaTpuBaeTcsl Kak IepCIIeKTUBHOE HalpaBieHHe Ui I10-
JIy4eHus1 BO30OHOBJISIEMBIX MCTOUYHMKOB OMOMAacchl, Ooraroi OejKamu, JUNMAAMH U MUTMEHTaMH,
YTO AENaeT aKTyaJlbHbIM MOMCK ONTHMAJIbHBIX YCJIOBHH MX KyJbTHBHUpoBaHMs. [IpencraButenu po-
na Scenedesmus Meyen, 1829 omiuaiorcsi ObICTPbIM POCTOM, YCTOWYMBOCTBIO K M3MEHEHHSIM BHEIII-
Hell cpellbl ¥ 3HAYMTEJIbHBIM COfIEpXKaHUeM OMOJIOTMYECKH aKTHBHBIX COCJMHEHW, UTO OMpeaes-
€T WX BBICOKWI TOTEHIMA JIJIsI TIPUMEHEHUs B THMINEBOW, (hapMareBTUIeCKON U SHEPreTHIecKOn
orpacnsx. Llenpio HacTosimelr paboThl OBUIO MPOAHATM3UPOBAThH MApaMETPhl POCTa U COAEpKAHMUS
(poToCHHTETHUYECKMX MTUTMEHTOB B KyJIbType Scenedesmus rubescens (P. J. L. Dangeard) E. Kessler,
M. Schafer, C. Hummer, A. Kloboucek & V. A. R. Huss, 1997, BblpanuBaemMoil Ha TpEX Tu-
[ax MUHEPAJIbHBIX MMUTATEJbHBIX Cpel — Ha MOJHOH cpene Tamus, e€ moJoBUHHOM MOAMpUKALIUK
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(Tamust ¥2) u cpene Bonga (Bold’s basal medium, BBM) (Bapuantsl Ne 1, 2 u 3 COOTBETCTBEH-
HO). B pamMkax uccienoBaHusI MUKPOBOIOPOCTH S. rubescens KyJIbTUBUPOBAIU B YCIOBUSX IOMOJI-
HUTEJbHOHN MOJAYM YIVIEKHCIIOrO ra3a M HEMpephIBHOIO OCBelIeHUs B TeueHue 16 cyt. OTMmeueHa
BBICOKAsl yJeNIbHAsl CKOPOCTh pocTa KyJbTyphl () Ha nutaTeabHbix cpeaax BBM u Tamusa — 0,48
u 0,49 cyr™' coorserctBenno. ITpy wcnonp3oBaHuy cpeasl Tamus Y2 yaenpHas CKOPOCTh PoOCTa
S. rubescens 6wina Hike — 0,33 cyr™!. JIuneiiHblii pocT MUKpOBOAOPOCEH Ha TPEX MUTATENbHBIX
cpenax HaGmogamy Mo 4-e CYTKHM BKJIIOUMTENBHO. 3a 3TOT MEpHOJl IUIOTHOCTh S. rubescens B BapH-
aHTax ombiTa Ne 1 1 3 yBenuuuiach NpakTMyeckud B 7 pa3, B BapuaHnte Ne 2 — B 3,7 pa3a. Makcu-
MaJlbHasl TIPOMYKTUBHOCTE S. rubescens Uisl TpEX BapHAHTOB 3KcriepuMeHTa coctapisuia 0,35, 0,18
u 0,31 rcyxoii maccs-!-cyr™!, ipu 9TOM KakMX-THO0 M3MeHeHHi B MOP(ONOrUeCcKOil CTPYKType
KJIETOK OOHAPYXeHO He ObUIO. BBISBJIEHB 3HAUMMBIC PA3NINUMsl B OMOXUMHUYECKUX U KMHETUYECKHUX
XapaKTepUCTUKaxX pocta S. rubescens, KylIbTUBUPYEMBIX HA TPEX Pa3HbIX MUTATEbHBIX cpernax. Brico-
K¥e KOHIIEHTpalu XJopodwiia a u b 3apuKCUpOBaHbI B KJIETKAX MUKPOBOJOPOCIEH, BRIPAIICHHBIX
Ha cpepax Tamus u BBM. IonyueHHble B 9KCIIepIMEHTE pe3yJIbTaThl CBUIETENbCTBYIOT 00 OUeHb OJTN3-
KHX POCTOBBIX XapaKTEPUCTUKAX KyJIbTYpHI S. rubescens B BapuanTtax Ne 1 1 3 B 1uana3oHe 9KCIOHEH-
LUAJIbHOM U JIMHEWHOM (pa3 pocTa, YTo MO3BOJISIET HOA0OPaTh YCIOBHS, CIIOCOOHBIE 00eCIIeUnTh Ha Cpe-
ne BBM nponyKTUBHOCTh M HAKOIUIEHWE IIEHHBIX BEIECTB, aHAJIOTHMYHBIE TAKOBBIM IJIs BapHaHTa
Ha cpene Tamus.

KaroueBrnlie cnoBa: Scenedesmus rubescens, utatenbHas cpena bonma, nuratensaas cpega Tamus,
HAKOITUTE/IbHAS KYJIbTYpa, IPOJLYKTUBHOCTh, (POTOCMHTETUYCCKUE ITMIMEHTHI
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Sea urchins, representatives of the suborder Scutelloida, accumulate in diverticula mineral particles
of the sandy substrate. Juveniles of Scaphechinus mirabilis A. Agassiz, 1864 select and accumulate
crystals of only very rare minerals: zircon and ilmenite. In this work, minerals in diverticula of the re-
lated species, Scaphechinus griseus (Mortensen, 1927), were determined for the first time. This species,
the same as S. mirabilis, inhabits sandy substrate off the southern coast of the Russky Island (the Sea
of Japan). Their co-existence is determined by the common structure of feeding behavior, which in-
cludes feeding on diatoms and, possibly, inorganic compounds. The mineral composition in diverticula
was found to be the same for the two species of the genus Scaphechinus A. Agassiz, 1864. Our analysis
showed the priority of zircon selection by S. mirabilis compared to S. griseus. The content of mineral
oxides in bottom sediments at sampling sites was low. As revealed, the main organic food of the studied
sea urchins from the bottom marine substrate is diatoms, represented by 17 species from the classes
Coscinodiscophyceae (4 species), Fragilariophyceae (2), and Bacillariophyceae (11). Among them,
solitary marine benthic forms, Navicula dumontiae Baardseth et Taasen, 1973 (128-10° cells-cm™),
prevailed, as well as planktonic forms settling from the pelagic zone, Asterionella formosa Hassall,
1850 (106-10° cells-cm™). The high abundance of diatoms (245-10% cells-cm™) in coastal bottom
sediments in sea urchin habitats may contribute to the successful development of these two endemic
species of echinoids in the Sea of Japan. These findings are important for expanding our understanding
of the trophic preferences of two related sea urchin species living beneath the surface of the sandy
seabed.

Keywords: diatoms, minerals, zircon, ferrotitanium, diverticulum, sea urchin

Burrowing sea urchins (Echinodermata: Echinoidea: Scutellidae) inhabit a niche of sandy substrates
of seabed below the intertidal zone. Due to numerous chemoreceptors on cams of microscopic spines
and tube feet on both sides of a slightly concave discoid endoskeleton, sea urchins are able to recog-
nize weight, size, and chemical nature of food particles, before those enter the gut [Ghiold, 1983].
Sea urchins consume meiobenthos and detritus, along with mineral particles from surrounding sandy
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substrate [Ellers, Telford, 1984]. Animals of the suborder Scutelloida have a voluminous diverticulum,
where they accumulate collected mineral grains [Zachos, Ziegler, 2024; Ziegler, Barr, 2018]. Some re-
searchers associated deposition of heavy iron minerals and silicon oxides, which are common in bottom
sediments, with formation of a “weight belt” by sea urchins in shifting sandy bottom [Chia, 1973]. Later,
doubts arose about the function of this ballast [Chen, Chen, 1994]. Discussion of the revealed discrep-
ancy led to a conclusion that the ability of Scaphechinus A. Agassiz, 1864 representatives to select mineral
grains from bottom sediment to form the “weight belt” results from evolutionary development of most
species of this genus [Mooi, Chen, 1996]. As also reported in this paper, diverticula of large Scutelloida,
Scaphechinus mirabilis A. Agassiz, 1864 and Scaphechinus griseus (Mortensen, 1927), were filled with
fine sand and crystals (their mineral composition remained unknown). Later, it was established as fol-
lows: in S. mirabilis diverticula, only zircon (85% volume fraction) and ilmenite (15% volume fraction)
were accumulated, although the grain content of these minerals in the bottom substrate amounted to hun-
dredths of a volume percentage, i. e., it was four orders of magnitude lower [Elkin et al., 2012]. Also,
the question arose about the ability of a sea urchin to recognize zircons and ilmenites (a class of titanium-
iron oxides) in bottom sediments. The animal’s capability to sort minerals in its gut involving the peri-
staltic diverter of the rectum and to direct them into diverticula has been reported recently [Zachos,
Ziegler, 2024]. The phenomenon requires further study: it is necessary to determine yet unknown fac-
tors that enable S. mirabilis juveniles to select and double-sort these rare minerals (zircon being a priority)
from the surrounding substrate before accumulating them.

The emergence of new knowledge on S. mirabilis physiology has sparked interest in analyz-
ing minerals from diverticula of a related species, S. griseus, within the same biogeocenosis, using
S. mirabilis as an “internal standard.” Unfortunately, S. griseus does not form populations in bottom
sediment of the Kholernaya Bay (the Sea of Japan), where the studied S. mirabilis specimens were sam-
pled (in the vicinity of eroding Permian granodiorites of the Gamovsky massif) [Elkin et al., 2012].
The discovered coexistence of the two sea urchin species off the southern coast of the Russky Is-
land, where Permian granite formations are exposed, provided an opportunity to analyze minerals
S. griseus accumulates.

The aim of this study was to determine composition of minerals accumulated by Scaphechinus
griseus. This will help in understanding preferences in mineral selection and its phenomenon, clarifying
characteristics of accumulation, and establishing their role in sea urchin physiology.

MATERIAL AND METHODS

The sea urchins S. mirabilis and S. griseus served as the study material (mean sizes were 45 and 30 mm,
respectively). Eleven specimens of each species were sampled on 31 October, 2013, in the Novy Dzhigit
Bay (southern area of the Russky Island, Sea of Japan) (N42.95°, E131.85°) at a depth of 5-6 m (Fig. 1).
Sediments with sea urchins were sampled by divers at the animals’ habitat from the top 10-cm sand
layer with a plastic cup of 30 cm®. Simultaneously, by a similar technique, sediments were sampled
in the Kholernaya Bay (the Posyet Bay, Sea of Japan) from the top 10-cm sand layer at a depth of 5 m.
The animals were fixed in 96% ethanol and then air-dried. Mineral grains were manually removed
from diverticula under a binocular microscope. Bottom sediments — fine-grained sand — were also dried
and sieved on standard sieves (> 0.063 and < 0.2 mm) to obtain a fine mineral fraction similar in size
to that consumed by sea urchins. The heavy mineral fraction was separated by precipitation in tetra-
bromomethane (specific weight was 5 g-cm™) diluted with acetone. Titanomagnetites were extracted
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from the heavy fraction with a magnet. The technique for separation, extraction, and identification of min-
erals is described in [Elkin et al., 2012]. Mineral grains were identified under a Jenaval binocular light
microscope (Carl Zeiss, Germany) at magnifications 40x to 400x. Volume percentage of registered
minerals was calculated from their known specific weights.

Primorsky
Krai

L

Peter the
Great Bay

Russky Isl.

C1

Japanese Islands Novy Dzhigit Bay

Posyet Bay
Sea of Japan

Fig. 1. Schematic map of the study area. The dots mark sites of sampling of sea urchins and bottom
sediment in the Novy Dzhigit Bay (1) and Kholernaya Bay (2) of the Sea of Japan

Peter the Great Bay

To determine the species composition and diatom abundance, a sandy sediment sample was washed
with filtered seawater, suspended, and fixed in a 4% formalin solution. The suspension was then fil-
tered on an 80-um Nitex nylon mesh (Sefar, Switzerland). Fractions of these washings were concen-
trated by precipitation to 4-5 mL. Laboratory and microscopic processing of the material was carried
out according to previously described techniques [Ryabushko, Begun, 2015]. Microalgae were identi-
fied under an Olympus BX41 upright light microscope with a UPLanF1 100x/1.30 objective (Japan).
For several Bacillariophyta species, we involved permanent preparations and used traditional methods
of frustule cleaning [The Diatoms of the USSR, 1974]. Diatom species composition was clarified under
a Sigma 300 VP scanning electron microscope (Germany). Microalgal cells were counted in a 0.9-mL
Goryaev chamber, in five replicates; cell abundance was calculated per 1 cm® of bottom sediment. Species
were identified according to several guides and atlases referenced in the monograph [Ryabushko, Begun,
2015]. The algal names follow AlgaeBase [2026].
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RESULTS

The results of mineral analysis in bottom sand and diverticula of the sea urchins S. mirabilis
and S. griseus are given in Table 1. The amount of ferrotitanium minerals (titanomagnetite and il-
menite) in the habitat of these species in the Novy Dzhigit Bay was 5-6 times higher than that
in the previously studied Kholernaya Bay [Elkin et al., 2012], while the amount of zircon was slightly
lower. The mineral composition of sediments sampled off the Russky Island and in the Kholernaya
Bay differs in proportions of titanomagnetite and ilmenite alone. Animals of both species selected
4 out of 11 minerals of 0.063-0.2-mm fraction. The composition of minerals accumulated by these
sea urchins was identical; however, in S. griseus, 5/6 of the minerals were titanomagnetites, and only 1/6
was zircon. The prevalence of titanomagnetites in diverticula of both sea urchin species is likely due
to their high content in sediments. The fact that the volume fraction of light minerals in diverticula
amounts to only 7-10% may be explained by the stress on animals because of high wave activity
in their habitat.

Table 1. Composition of mineral particles of bottom sediments in the habitat of sea urchins Scaphechinus
mirabilis and S. griseus and in their diverticula, % volume fraction

Mineral (< 0.2 mm) Bottom sediments Scaphechinus mirabilis Scaphechinus griseus
Quartz, feldspar 69.3 5.5 7.0
Rock particles 26.8 2.6 2
Amphibole 0.87
Mica 0.99
Epidote 1.9 1.4 1.0
Titanomagnetite 0.057 4.5 12.0
Ilmenite 0.052 40.4 64.0
Zircon 0.001 45.6 14.0
Andalusite 0.006
Cordierite 0.004
Sphene 0.011

Analysis of bottom sand in S. mirabilis and S. griseus habitat revealed the presence of 17 di-
atom species from the classes Coscinodiscophyceae (4 species), Fragilariophyceae (2), and Bacil-
lariophyceae (11): Actinoptychus senarius (Ehrenberg) Ehrenberg, 1843; A. vulgaris f. vulgaris
Schumann, 1867; Asterionella formosa Hassall, 1850; Delphineis surirella (Ehrenberg) G. W. An-
drews, 1981; Diploneis smithii (Brébisson) Cleve, 1894; Fogedia finmarchica (Cleve & Grunow)
Witkowski, Metzeltin & Lange-Bertalot, 1977; Halamphora cuneata (Cleve) Levkov, 2009; Lyrella
clavata (Gregory) D. G. Mann, 1990; Lyrella lyra (Ehrenberg) Karajeva, 1978; L. spectabilis (W. Gre-
gory) D. G. Mann, 1990; Navicula dumontiae Baardseth et Taasen, 1973; N. cancellata var. re-
tusa (Brébisson) Cleve, 1895; N. perrhombus Hustedt ex Simonsen, 1962; Odontella aurita (Lyng-
bye) C. Agardh, 1832; Petroneis monilifera (Cleve) A. J. Stickle & D. G. Mann, 1990; Pla-
giogramma staurophorum (W. Gregory) Heiberg, 1863; and Plagiogrammopsis vanheurckii (Grunow)
Hasle, Stosch & Syvertsen, 1983 (Fig. 2). The total diatom population density in bottom sand
was 245 cells-mL™". The prevailing species were a benthic one, N. dumontiae (59%), and a planktonic one,
A. formosa (25%).
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Fig. 2. Diatoms in bottom sand in the habitat of sea urchins Scaphechinus mirabilis and S. griseus (a scanning
electron microscope): A, Delphineis surirella; B, Actinoptychus vulgaris f. vulgaris; C, A. senarius; D, Ha-
lamphora exigua; E, Fogedia finmarchica; F, Navicula dumontiae; G, Odontella aurita; H, Plagiogrammopsis
vanheurckii; 1, Diploneis smithii. Scale bars are 1 um (A), 4 um (B), 2 um (C-G), and 10 um (H, I)

DISCUSSION

Despite the difference in the quantitative content of ferrotitanium minerals, the sea urchin S. mirabilis
was very conservative when selecting crystals [Dawkins, 1982]: in its diverticulum, the volume frac-
tion of zircon amounted to 45%, the same as that of titanomagnetite. Interestingly, the content of both
minerals in bottom sediments was 4 orders of magnitude lower.

Comparative analysis of minerals, especially zircon, in diverticula of the studied sea urchin species
suggests their involvement in physiological processes of Scutelloida. The phenomenon of zircon and il-
menite agglutination is also known for protists [Capotondi et al., 2019; Sabbatini et al., 2016] from Adri-
atic sediments. We hypothesized that the processes resulting in crystal accumulation in Protozoa
may be similar to the processes occurring on the cam collagen surface of Scutelloida miliary spines. Ap-
parently, electrochemical and physical properties of zircon crystals are somehow related to physiological
processes in protists and sea urchins: seabed dwellers that are distinctly different in their evolutionary
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development. This refers to a supposed role of zircon in nutritional physiology of S. mirabilis, given
that its species-specific gut microbiota is involved in bioleaching of mineral elements, e. g., K, P, Ag,
and Fe [Elkin et al., 2013]. On the other hand, accumulation of minerals geochemically related to Zr
and Ti may be due to their yet unknown role in catalyzing biochemical processes in sea urchin diverticula
[Pinsino et al., 2015].

Seabed facies, in the absence of river runoff, were also found to be poor in plant and algal detri-
tus. However, in a “surf mill” of coastal pebbles above the sea urchin sampling site, benthic diatoms
occur, which are the main group of microscopic autotrophs [Martin, Quigg, 2012]. Planktonic diatoms
also settle in seabed facies in the case of active hydrodynamics; that is why phytoplankton and micro-
phytobenthos in coastal areas are linked into a single ecological and floristic complex [Ryabushko, Be-
gun, 2015]. Importantly, in addition to diatoms, food spectra of S. mirabilis and S. griseus cover meio-
benthos. This was determined by comparing the growth rates of sea urchin juveniles near the river mouth
and far from it [Brykov, Parysina, 1979].

Previously, near the Volchanka River mouth (Vostok Bay of the Sea of Japan), the sea urchin Echi-
narachnius parma (Lamarck, 1816) was studied, which occupies the same ecological niche as S. mirabilis
and S. griseus [Ryabushko, Begun, 2015]. The analysis of its gut revealed the presence of diatoms
from 22 taxa. Among them, there were species of the genera Plagiogramma R. K. Greville, 1859,
Navicula J. B. M. Bory de Saint-Vincent, 1822, Lyrella N. 1. Karayeva, 1978, Halamphora (Cleve)
Z. Levkov, 2009, and Diploneis (C. G. Ehrenberg) P. T. Cleve, 1894, primarily benthic ones. Several
of the species recorded in the aforementioned work were also registered by us during a survey of sandy
bottom sediments of the Novy Dzhigit Bay (the Russky Island). Diatoms are known for their high lev-
els of valuable lipids, such as long-chain polyunsaturated and monounsaturated fatty acids, polar lipids,
triglycerides, steroids, and oxylipins [Maltsev et al., 2023; Yi et al., 2017]. This determines the high
nutritional value of diatoms for sea urchins in sublittoral biotope of seas. Diatoms, along with detritus
and remnants of macroalgae and seagrasses, are the key component of organic nutrition of S. mirabilis
and S. griseus [Telford et al., 1983]. Probably, sea urchins receive mineral elements they need for nutri-
tion from zircon and titanomagnetite crystals that accumulate in their diverticula. The benthic substrate
inhabited by S. mirabilis and S. griseus consists of eroded granitoid coastal formations containing these
minerals.

Conclusion. For the first time, minerals were identified in diverticula of burrowing sea urchins
Scaphechinus griseus and S. mirabilis cohabiting sandy substrate off the southern coast of the Russky
Island (the Sea of Japan). As established, both species accumulate in their diverticula zircons and ti-
tanomagnetites: extremely rare minerals in seabed substrates. S. mirabilis primarily accumulates zir-
con. Presumably, terrigenous crystals found in diverticula of these urchins are one of the compo-
nents of the mineral nutrition of Echinodermata. Diatoms are important in organic nutrition of both
S. mirabilis and S. griseus. In their habitat, a relatively high abundance of Bacillariophyta was recorded,
and this can be considered one of the factors contributing to their confinement to this biotope.
The results of this study are important for understanding the trophic preferences of these related
sea urchin species.

The work was carried out at the Resource Collection “Marine Biobank” core facility (NSCMB FEB RAS) within
the framework of the state research assignment of the Ministry of Science and Higher Education of the Russian
Federation No. 12402 1900009-6.
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IINPKOHBI 1 TUTAHOMATI'HETUTDBI
MOPCROI'O EZKA SCAPHECHINUS GRISEUS (MORTENSEN, 1927)
(ECHINODERMATA: ECHINOIDEA: SCUTELLOIDA)

I0. H. Eabkun', C. O. Makcumos?, A. A. Beryn®

' TuxookeaHcknii MHCTUTYT GHOOpranmyeckoi xumun umenn . B. Ensxosa JIBO PAH,
Brnanusoctok, Poccuiickas ®enepanus
2 [TaibHEBOCTOYHBIH [€0OrMYECKHUil uHctutyT IBO PAH, Brnanusoctok, Poccuiickass ®enepanus
SHarmoHanbHBI HayYHBIA IEHTp MOpPCKoii Grosioruu uvenn A. B. Kupmynckoro JBO PAH,
BrnaguBoctok, Poccuiickas ®eneparmst
E-mail: andrejbegun@yandex.ru

Mopckue exu, peacraButer nogorpsaaa Scutelloida, HakarIMBAIOT B AMBEPTUKYJIaX MUHEPAJIbHBIE
yacTuLpl IlecyaHoro cyocrpara. Mosonsle ocodu Scaphechinus mirabilis A. Agassiz, 1864 BeiOupa-
10T ¥ HaKaIUTMBAIOT KPUCTAJUIBI TOJILKO OYEHb PEIKUX MHUHEPAIOB — LIUPKOHA U WibMeHUTa. B nan-
HOW padoTe BIepBbIE ONpeeieHbl MUHEpasbl B AWBEPTHKYJAaX POACTBEHHOTO Buia, Scaphechinus
griseus (Mortensen, 1927), oburaromiero coBMecTHo ¢ S. mirabilis B mecyaHOM cyOCTpaTe y 10)KHOTO
noGepexbs octpoBa Pycckuit (SAnmonckoe mope). VX cocyiiiecTBoBaHue 00YCIOBIEHO OOIIEH CTPYK-
TYpPO! IIMTAaHMS, BKJIIOYAIOIIEH AUaTOMOBBIE BOJOPOCIN U, BO3MOXKHO, HEOPTaHUYECKUE COEANHEHMSI.
CocraB MHHEpaJOB B JUBEPTHKYJAX OKa3ajcs OJMHAKOBBIM ISl OBYX BUAOB pona Scaphechinus
A. Agassiz, 1864. [IpoBea€HHBIA aHAIM3 MOKA3al MPUOPUTET OTOOpA LIMPKOHA BUIOM S. mirabilis
B cpaBHeHMH c S. griseus. CoAepkaHue OKCHIIOB MUHEPAJOB B JOHHBIX OTIOXKEHUSIX B MeCTax
po6ooTOOpa OBLIO HEOONBIIMM. YCTAaHOBJIEHO, YTO OCHOBHOW OPraHUYECKHH KOPM HCCIIEAyeMbIX
eXell M3 MPUAOHHOTO MOPCKOTo cyOcTpaTa — JIMaTOMOBBIE BOJOPOCIH, NpelicTaBIeHHble 17 Buma-
My u3 kinaccoB Coscinodiscophyceae (4 Buna), Fragilariophyceae (2) u Bacillariophyceae (11). Cpe-
IW HUX KOJIMYECTBEHHO INpeodJiaiaiii OAMHOYHO KUBYIIME MOpPCKHe OeHTOCcHBle (hopMmbl, Navicula
dumontiae Baardseth et Taasen, 1973 (128~103 Kn.-CM'3), U OcelalolIue U3 NeJlardajyd IJIaHKTOH-
Hble, Asterionella formosa Hassall, 1850 (106-10% kir.-cm™>). O6umme auatomeii (245-10% xi.-cm™3)
B MPUOPEXHBIX JTOHHBIX OCAKaX B MECTaX OOMTAHMS MOPCKHUX €Kell MOKET CIOCOOCTBOBATh YCTIEII-
HOMY Pa3BHUTHIO B SIIOHCKOM MOpE 3TUX JIBYX SHAEMUYHBIX BUAOB SXMHOUAEH. [TomyueHHbIe 1aHHbIe
CYILIECTBEHHBI JJIsl PACIIMPEHUs 3HAHUH O TPOPHUUECKUX MPEANOUTeHHUAX ABYX POACTBEHHBIX BUIOB
MOPCKHUX €kel, OOMTAIOIINX MO]] MOBEPXHOCTBIO IECYAHOTO MOPCKOTO JIHA.

KiiroueBble cJjioBa: AMaTOMOBBIE BOJOPOCIIM, MUHEpasbl, LIMPKOH, (hEpPpPOTHUTaH, AWBEPTHUKYI,
MOPCKOI1 €x
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SEASONAL CHANGES IN THE ACTIVITY OF THE HARP SEAL
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The harp seal Pagophilus groenlandicus (Erxleben, 1777) is one of the most common marine mam-
mals in the northern seas and plays an important role in ecosystem of the Arctic region. At the same
time, this species remains insufficiently studied in terms of behavioral features, particularly in captiv-
ity. The analysis of seasonal changes in the harp seal activity aimed at understanding its behavioral
responses to external stimuli is essential for predicting the species adaptation strategies in a changing
habitat. Experimental surveys of animal behavior in an aviary provide data that is hard or impossible
to obtain under natural conditions. This work was carried out in the aquatic complex of the Mur-
mansk Marine Biological Institute of the Russian Academy of Sciences. The main research method
was the registration of individual behavioral manifestations. To assess the activity of the harp seals,
we selected three behaviors: surfacing, diving, and going to a platform. The analysis of the obtained
data allowed revealing consistent differences in the behavioral patterns of the harp seals through-
out the year. The study showed statistically reliable differences in the behavioral activity of the an-
imal between seasons. The most significant differences were recorded between the spring—summer
period and autumn-winter one. In particular, a drop in the harp seal activity in the autumn—winter
period was noted, accompanied by an increase in the time spent on the water surface during the cold
season.

Keywords: behavior, motor activity, harp seal, aviary complex, captivity

The harp seal, or the Greenland seal, Pagophilus groenlandicus (Erxleben, 1777) is one of the most
common marine mammals of the North Atlantic and the Polar Basin [Erokhina, 2003; Lavigne, 2018;
Mishin, 2001; Svetochev, Svetocheva, 2018]. To date, its population is about 7.5 million ind. in the North-
west Atlantic [Hammill et al., 2014] and approximately 9—11 million ind. within entire range [Svetochev,
Svetocheva, 2018]. Undoubtedly, such a large population is important for the Arctic marine ecosystem.
According to various estimates, harp seals can consume 3.5-5 million tons of prey per year in the Bar-
ents Sea; some authors believe that it is comparable to food consumption of such predators, as the At-
lantic cod Gadus morhua (Linnaeus, 1758) and the common minke whale Balaenoptera acutorostrata
Lacépede, 1804 [Bogstad et al., 2015; Lindstrgm et al., 2013; Nilssen et al., 1997, 2000; Nordgy et al.,
2008].

35


https://marine-biology.ru/mbj/article/view/512
https://www.mmbi.info/en/
mailto:yanmos@yandex.ru

36 A. Zaitsev, Yu. Litvinov, M. Pakhomov, A. Troshichev, and A. Yakovlev

There are papers discussing P. groenlandicus seasonal migration routes [Haug et al., 1994; Sergeant,
1973] and diet [Kapel, 2000; Martensson et al., 1994; Svetochev, Svetocheva, 2009; Svetocheva, Sve-
tochev, 2015], and works analyzing morphophysiological parameters [Grenlandskii tyulen’, 2001; Kavt-
sevich, Minzyuk, 2017; Kavtsevich et al., 2020; Nordgy et al., 1993; Svetochev, Svetocheva, 2018].
At the same time, publications devoted to the behavioral characteristics of the harp seal are rare:
not all aspects of the life of marine mammals can be investigated in their natural environment, and sur-
veys on the behavior of other seals do not always allow extrapolation of data to other species. Many
questions remain unanswered when studying animals in the wild; therefore, captive marine mammals
are still a major source of information for several fields, including psychology, immunology, bioacous-
tics, and physiology [Corkeron, 2018]. Housing marine animals in captivity is associated with certain
difficulties; only some species are kept in very limited numbers in zoological collections around the world,
and even they are not always available for research [Haug et al., 1994]. This also applies to the harp seal:
as of the beginning of 2025, only one specimen was housed in captivity in the entire territory of Russia —
in the Murmansk Oceanarium. Studies which describe the effect of weather and other abiotic factors
on pinnipeds (in captivity) mostly cover analysis of the haul-out behavior of seals, and have little to do
with parameters of their activity in water [Moulton et al., 2000], despite swimming is the main form
of behavior of the harp seal.

As a rule, the range of seasonal fluctuations in environmental conditions becomes wider with in-
creasing latitude. Accordingly, the annual cyclicality of biological processes, including behavior, is most
pronounced in animals in temperate and arctic zones [Gwinner, 1981]. In higher latitudes, pinnipeds
have clearly defined annual cycles, and strict adherence to cycle timing is crucial for their existence (this
applies in particular to pagophilic species whose life is strongly linked to processes of seasonal ice forma-
tion). Seasonal changes in animal behavior occur around milestones: reproduction, molting, and migra-
tion (in some species). Corresponding changes in behavior have been often described in terms of activity
level [Moulton, 1997].

Understanding behavior of earless seals and variations of their activity throughout the year is es-
sential for predicting both their response to external stimuli and changes in behavior driven by en-
dogenous biological rhythms. Many earless seals are very mobile predators performing long migrations,
and this makes research on their behavior even more relevant.

The aim of this study was to reveal behavioral changes throughout the year in harp seals housed
in an open-air aviary.

The objectives of this study were:

1) to determine quantity indicators of the active forms of behavior of the harp seal in captivity;

2) to evaluate the statistical reliability of differences in quantitative indicators of the harp seal behavior
in various seasons;

3) to identify changes in various forms of the harp seal behavior depending on the time of year based
on quantitative indicators.

MATERIAL AND METHODS

The harp seal P. groenlandicus belongs to the family of earless seals Phocidae Gray, 1821
and the order Carnivora Bowdich, 1821 [Committee on Taxonomy, 2026; Mammals of Russia, 2019;
The Mammals of Russia, 2012].
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The study covered two immature male harp seals, each aged one year. The animals were caught
on ice of the narrow entrance to the White Sea in April 2010, after the end of juvenile molting (age
of 25-30 days). The harp seals were different in their appearance: the male nicknamed Malen’kii (lit-
erally ‘Small’) had a lighter body color (Fig. 1) and had practically no spots on its belly, while the male
nicknamed Bol’shoi (literally ‘Large’) had many sports on its belly.

Before the start of the experiment, the animals were examined externally to confirm the absence
of characteristic symptoms of diseases (blood samples were not taken). The harp seals had no changes
in their skin condition, and also no discharge from eyes and nasal cavity. They showed no such behavior,
as refusal to feed, “hanging” in water, or staying on a platform for a long time after feeding.

-"é
/
£

S

Fig. 1. Male harp seals: Bol’shoi (literally ‘Large’) on the left and Malen’kii (literally ‘Small’) on the right

The harp seals were kept at the MMBI biotechnical aquatic complex in Polyarny city, near Tonya
Cape in the Kola Bay [Morskie mlekopitayushchie, 2010]. The animals were housed in a rectangular
aviary made with polyethylene pipes (Fig. 2) and equipped with 1.5 m high guardrails along its perimeter.
Before the start of observations, both seals had been living in this aviary for about a year. Over the entire
study period, aggressive interaction between the animals was minor.

On the guardrails, an open net cage was secured. Its parameters were as follows: length of 8 m;
width of 4 m; depth of underwater part of 3 m; height of above-water part of 1 m; and mesh size of 5 cm.
The bottom of this open cage had a frame made of metal bars 1 cm in diameter; those were welded
together in a rectangle. This structure provided vertical tension and alignment of the cage. There was
a wooden platform with a wooden gate, 1 x 1 m, where the animals could rest and where researchers
could easily approach the harp seals.

At one corner of the open net cage, a 4 m long wooden mast was installed, with a surveillance
camera. Its view angle covered the entire aviary area. The aviary complex was roped to a fixed berth
which housed laboratory premises with equipment for recording the footage of surveillance cameras.
A 250 W high-intensity discharge lamp located on the berth allowed recording the animals’ behavior
at night as well. This lamp was on around-the-clock before the start of observations and for their total
duration; accordingly, it was not considered an irritating factor as its effect was constant.

Video recording equipment was used to register behavior: to record all changes in the animals’ activity
over the observation period and later highlight the aspects of our interest (analog black-and-white outdoor
surveillance camera MVK-08, bullet D 60 x 75 mm, 40 TVL, 01 LK-F2, lens M12). When processing
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the video material, the method of registering individual behavioral manifestations was applied. During
observation, all cases of manifestation of the studied activities were recorded [Popov, II’chenko, 1990;
Zaitsev et al., 2018].

Fig. 2. The aviary used to house the harp seals under the study

The following behavioral manifestations were registered:

* active underwater swimming (AUSw), when the harp seal was making forward movements or was
held in place by the movement of its flippers, with its nostrils underwater;

* active surface swimming (ASSw), when the animal was making forward movements or was held
in place by the movement of its flippers, with its nostrils above water;

e resting on the platform, haul-out behavior (HB), when the harp seal was partially or completely
on the platform.

The time of several actions was recorded in the table: ascent moment, diving moment, moments
of entering the platform and leaving it, moment of start of resting in water when flippers stopped moving,
and moment of start of motion after resting in water.

As quantitative characteristics of the motion behavior of harp seals, we used:

* mean duration of underwater apnea;

* mean duration of staying on the surface;

* ascent rate;

* share (%) of time spent underwater and on the surface relative to the total time budget;
* percentage ratio of being on the platform and resting in water to the total time budget.

Since the marine mammals participating in this study were immature, we can claim that we could
not have observed any sexual behavior (a seasonal phenomenon for most pinnipeds). Therefore, assum-
ably, their most significant behavioral responses associated with seasonal biological processes are molt-

ing in spring and migration to feeding grounds and back during summer and autumn [Svetochev, Sve-
tocheva, 2009].
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The time before feeding is the most distinct period of the harp seal activity: the animal is mainly
swimming in water, and it shows practically no other forms of behavior (play behavior, sleep, etc.) [Zai-
tsev et al., 2018]. That is why we selected time segment between 09:00 and 10:00 to assess seasonal
changes in motion behavior of the animals. This was also explained by the lack of cleaning or technical
work in the aviary during that time. The harp seals were fed twice per day every day: in the morning
(10:00-11:00) and in the evening (17:00-18:00). The composition of the feed and its quantity (4 kg
per day for each animal) remained constant throughout the year.

The observations were organized in such a way as to cover all seasons, but also to reduce the vol-
ume of processed data to a statistically acceptable level. At least four-day-long video footage of activity
of the harp seals was obtained for each month. March 2011 was the exception, and its data was provided
as diagrams and tables but not used for statistical analysis. No material was collected for September,
October, and February due to technical reasons. In total, we had video footage for specified time seg-
ments of 51 days for every animal. As the data was processed, 16,544 behavioral acts were registered
for the harp seals: 7,874 for Bol’shoi and 8,670 for Malen’kii.

The results (recorded parameters and descriptive statistics) are given in Table 1.

The Shapiro-Wilk test showed that the data did not fit to a normal distribution; therefore,
the statistical significance of differences between indicators of behavioral activity of the harp seals
in various seasons was assessed with the Kruskal-Wallis H test (for general comparison across
four seasons) and the Mann—-Whitney U test (for pairwise comparison). In calculations for both
tests, Statistica 12 software was used (p = 0.05). The calculations were made both for comparison

of four categorical variables (H test) and for pairwise comparison (U test) [Unguryanu, Grjibovski,
2014].

Table 1. Behavior parameters of two harp seals (B, Bol’shoi; M, Malen’kii) by month

H
Parameter S:;II) 03.2011 | 04.2011 | 05.2011 | 06.2011 | 07.2011 | 08.2011 11.2011 12.2011 | 01.2012 | 03.2012
Active underwater swimming (AUSw)
_ B 232 26.1 42.2 47.4 55.4 28.9 31.4 55.6 214 24.7
Mean (%), s
M 22.9 27.6 31.5 27.6 384 29.1 36.0 35.3 32.6 25.1
. B 10 14 19 19 23 19 18 30 12 14
Median, s
M 14 19 19 22 25 17 19,5 19 16 16
B 9 2 7 8 11 11 7 14 7 7
Mode, s
M 14 13 12 11 15 14 10 10 13 11
B 126 114 116 117 116 106 132 133 117 127
CV, %
M 82 89 105 87 113 106 104 121 134 95
- B 80 66 83 84 84 80 51 84 58 58
0
M 89 53 89 91 90 82 83 66 72 41
Number B 2.1 1.8 1.2 1.1 0.9 1.7 1.3 0.9 1.9 1.8
of ascents
per minute M 2.3 1.9 1.7 2.0 1.4 1.8 1.4 1.3 1.3 1.8
Number B 250 640 432 323 333 403 216 332 469 492
of registrations | M 281 487 610 599 507 410 322 402 376 339

Contunued on the next page. ..
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H
Parameter S:;f 03.2011 | 042011 | 05.2011 | 06.2011 | 07.2011 | 08.2011 | 11.2011 | 122011 | 01.2012 | 03.2012
Active surface swimming (ASSw)
_ B 5.7 7.4 7.6 8.8 9.0 6.6 14.5 104 11.8 8.9
Mean (%), s
M 2.8 3.7 4.1 2.6 4.0 5.2 7.2 9.5 12.9 8.5
. B 4 5 4 5 5 5 8 5 6 4
Median, s
M 2 3 2 2 2 3 6 8 9 7
B 1 2 1 2 4 1 1 1 1 1
Mode, s
M 1 1 1 1 1 1 1 1 1 1
V. % B 109 137 106 95 97 102 115 117 124 142
, %o
M 129 87 114 110 142 107 109 105 130 117
. B 19 17 14 15 13 18 22 16 29 20
0
M 11 7 11 9 9 14 17 17 28 13
Number B 241 582 395 313 320 389 207 329 426 477
of registrations | M 279 445 607 596 493 392 321 401 377 312
Haul-out behavior (HB)
_ B 59 46.6 14.2 12.9 57.4 17.9 154.8 - 29.5 168.5
Mean (%), s
M - 231.7 2.0 7.0 11.1 27.4 - - - 321.0
B 1 17 3 1 3 2 27 - 13 22
%*
M - 40 - - 1 4 - 17 - 46
Number B 13 92 41 7 11 18 23 - 73 27
of registrations M 1 44 1 16 19 _ 1 1 30
n, days B,M 2 7 5 6 4 4 6 5 6
Note: *, share in the total time budget.
RESULTS

Share of the total duration of apnea has a minor difference (73% for the harp seal Bol’shoi and 74%
for Malen’kii). The parameter of ASSw has a more pronounced difference (18% for Bol’shoi and 13%
for Malen’kii), and this is reflected in time each animal is resting on the platform. Thus, Bol’shoi spent
there 9% of total time, and Malen’kii spent 13% (Fig. 3).

Bol’shoi

AUSw
ASSw
HB

Malen’kii

Fig. 3. The share of recorded behaviors in the total time budget for two seals (ASSw, active surface

swimming; AUSw, active underwater swimming; HB, rest on a platform, haul-out behavior)
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Certain differences between the two animals are also clear in the distribution of the total duration
of active forms of behavior and rest in various months within the year. For the harp seal Bol’shoi, rest
on the platform was noted in nine out of ten time periods, with longer resting time in April and November
2011, and January and March 2012 (Table 1, Fig. 4). Malen’kii rested on the platform less frequently,
in five out of ten time periods of observation (April, July, August, and December 2011, and March 2012),
but its resting time was longer (40% in April 2011 and 46% in March 2012) (Table 1, Fig. 5). Total
duration of ASSw was longer for Bol’shoi not only as a mean value within the overall period, but also

in each month. The only exception was December, when the value was 1% higher for the harp seal
Malen’kii than for Bol’shoi (Table 1, Figs 3-5).

100%
80%
60%
40%

20%

0%

B AUSw mASSw mHB

Fig. 4. The ratio of recorded behaviors to the total monthly time budget for the harp seal Bol’shoi

100% -
60%

40%

20%

0%

K v & &
mAUSw mASSw =HB

Fig. 5. The ratio of recorded behaviors to the total monthly time budget for the harp seal Malen’kii

The ascent rate shows how many times per unit of time (1 min) an animal rises to the surface,
with the moment of entering the platform counted in. The mean ascent rate was 1.5 acts per minute
for Bol’shoi and 1.7 acts per minute for Malen’kii. To a great extent, changes in the ascent rate of the harp
seals throughout the year were comparable. Specifically, both animals showed a drop between March
and May 2011: to 1.2 and 1.7 acts per minute, respectively. In June, the value for the harp seal Bol’shoi
continued to decrease, while the value for Malen’kii rose to 2 acts per minute, and later fell to 1.4. Then,
there was a boost to 1.7 and 1.8 acts per minute in August 2011 for Bol’shoi and Malen’kii, respectively.
By December, a decrease was recorded, and by March 2012, an increase was registered (Fig. 6).
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Notably, the total duration of apnea for both animals had a minor difference (within 1%), while
its mean duration had a more pronounced difference. The mean time spent by the harp seal Bol’shoi
underwater was 36 s (with the minimum of 21 s in January and the maximum of about 55 s in July
and December). The mean time spent by the harp seal Malen’kii underwater was 31 s (with an apnea
range of 23-38 s). The difference in the mean duration of ASSw for the two animals was greater than
that in the mean duration of apnea. The mean time spent on the surface was 9 s for Bol’shoi and 6 s
for Malen’kii, with ranges of 5.7-14.5 and 2.6-12.9 s, respectively (Table 1, Figs 7, 8).
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We compared the results of evaluation of statistical significance (p) for the indicators
characterizing the analyzed forms of behavior for four seasons: spring, summer, autumn,
and winter (Table 2).

Table 2. The results of assessing the statistical significance of differences (p) between indicators of various
behaviors of the harp seals (B, Bol’shoi; M, Malen’kii) for four seasons (autumn is represented by one month,
November)

Parameter | Harp seal Tost;ll:;);sall Spring/summer | Spring/autumn | Spring/winter | Summer/autumn | Summer/winter | Autumn/winter
Active underwater swimming (AUSw)
Mean (@) B 0.0762 0.0058 0.9704 0.5000 0.2937 0.2758 0.6477
M 0.0540 0.0227 0.0415 0.1081 0.4533 0.6780 0.9480
- B 0.0127 0.0058 0.0495 0.8118 0.0032 0.1462 0.1704
M 0.0009 0.0077 0.9115 0.2114 0.0143 0.0002 0.1333
Ascent rate B 0.1923 0.4355 0.0268 0.9704 0.5518 0.3421 0.3241
M 0.1423 0.9233 0.3170 0.1038 0.1211 0.0379 0.4727
Active surface swimming (ASSw)
Mean (%) B 0.0007 0.1399 0.0106 0.0007 0.0245 0.0334 0.3961
M 0.0004 0.6303 0.0288 0.0024 0.0032 0.0005 0.0584
¥ B 0.1721 0.2227 0.1946 0.2666 0.1770 0.0968 0.6477
M 0.0004 0.5421 0.0289 0.0012 0.0060 0.0009 0.3275
Haul-out behavior (HB)
Mean (@) B 0.1929 0.1399 0.5782 0.1316 0.1936 0.9173 0.1704
M 0.1018 0.3690 0.1110 0.1266 0.1770 0.2993 0.6477
¥ B 0.0519 0.0200 0.5047 0.0956 0.1096 0.7555 0.2149
M 0.0970 0.3521 0.1110 0.1266 0.1770 0.2758 0.6477

Note: *, share in the total time budget. Values of p < 0.05 are highlighted in bold.

For both harp seals, differences in the mean duration of AUSw in spring and summer were signif-
icant. Malen’kii also featured statistically reliable differences between spring and autumn. However,
no significant differences were revealed for both animals across four seasons. The share of AUSw
relative to the total time budget differed for spring/summer and summer/autumn for both marine
mammals, with differences in spring vs. autumn shown by Bol’shoi and summer vs. winter shown
by Malen’kii. The differences in the total value of AUSw were significant for both animals. The ascent
rate had no reliable differences in most cases, except for spring/autumn for Bol’shoi and summer/winter
for Malen’kii (Table 2).

The pattern for ASSw was different. The mean duration of staying on the surface for both seals
had no significant differences between spring/autumn and autumn/winter. Interestingly, Bol’shoi featured
the lack of statistically reliable differences in the share of ASSw relative to the total time budget for all
four seasons, while Malen’kii had no such differences only between spring/summer and autumn/winter,
the same as in the case of the mean duration of ASSw (Table 2).

Both indicators of HB, its mean duration and the share in total time budget, had practically no signif-
icant differences. The only exception was HB share in the total time budget between spring and summer
for the harp seal Bol’shoi (Table 2).
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DISCUSSION

The choice of the time period for this survey is justified by the fact that the harp seal shows the most
of its motion behavior right before morning feeding [Kavtsevich et al., 2007; Zaitsev, 2011], which
is due to increased food motivation (as a result of a long break between evening and morning feeding).
Compared to the animals’ behavior during other periods, their behavior during the chosen period is pri-
marily swimming in circles, and this is reflected in a more grouped structure of data than in other periods
of activity. That is why the total share of activity of the harp seals Bol’shoi and Malen’kii in the presented
data was 91 and 87%, respectively (see Fig. 3).

Both animals spent time mostly underwater in spring and summer, with the exception of molting pe-
riods (April 2011 and March 2012), when they preferred to stay on the platform. The duration of ASSw
rose precisely in autumn and winter (Figs 4, 5). The share of active forms of behavior was higher in sum-
mer months, but the decreased ascent rate provided evidence for the fact that the animals became less
mobile. This indicator dropped March to July for both harp seals, increased in August, and declined
in autumn. The animals featured different levels of activity in winter.

While analyzing mean values of AUSw and ASSw, we noted that those stand out sharply in Au-
gust (Figs 7, 8), the same as ascent rate. First of all, this concerns the harp seal Bol’shoi. March to July,
AUSw had a tendency for increase in both animals; by August, there was a decrease. We saw an intrigu-
ing pattern when comparing these values with ascent rate and total share of swimming: while the to-
tal share of activity stayed the same, the animals became more active, dived more often, and spent
less time underwater between their dives. The differences in the mean duration of apnea were appar-
ently rooted in the individual characteristics of the marine mammals. Its fluctuations for the harp seal
Malen’kii seemed to be minor, in contrast to those for Bol’shoi; this was expressed, among other things,
in values of the above-considered total duration of AUSw in relation to the total time budget. This
might result from a difference in physical characteristics of the studied animals: Bol’shoi is larger than
Malen’kii [(43.5 £0.2) kg vs. (40 £ 0.2) kg].

As for the mean duration of ASSw, there was a distinction between spring-summer period
and autumn-winter one. Both animals showed an almost doubled mean duration of ASSw in autumn-
winter period than in spring-summer one. It increases until January and decreases by March, which
means that a rise of the mean duration of staying on the surface was seasonal. When comparing mean
values of water and air temperature for above-mentioned periods, we found out that air temperature
drops below the water one in November. As this gap is widening by January, the mean duration of ASSw
increases; the opposite process occurs in March (Fig. 9). Therefore, despite comparable water temper-
atures in spring-summer and autumn-winter, there are pronounced differences in the mean duration
of animals’ staying on the water surface. When comparing the mean duration of ASSw and ascent rate,
we recorded an inverse relationship between these parameters.

HB (staying on the platform) is considered a fairly versatile form of behavior, chiefly depending
on physical and physiological characteristics of a certain animal, which are expressed in the strength
of response to environmental changes [Kavtsevich et al., 2007; Moulton et al., 2000; Zaitsev et al., 2018].
Our initial assumption was that this form of behavior would be observed primarily in spring when harp
seals molt. According to the results obtained, our assumptions were only partly correct. Both animals
exhibit clearly defined, long periods of HB in spring. However, the harp seals also entered the platform
throughout the year, and such a behavior of Bol’shoi in November and January and Malen’kii in Decem-
ber was comparable to that during spring. In case of individual characteristics, the pattern was as follows:
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the harp seal Malen’kii entered the platform less frequently throughout the year (in five months out of ten)
but spent there more time. The harp seal Bol’shoi behaved in the opposite way: it entered the platform
more frequently (in nine months out of ten) but spent there less time.
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Fig. 9. The mean duration of swimming on the surface for two harp seals with graphs of water and air
temperatures

To compare the animals’ behavior in various seasons, we applied statistical criteria. Those showed
that the differences between spring and summer for the mean duration of apnea and for the share
of AUSw in the total time budget can be considered significant for both harp seals. Apparently, this
is governed by the fact that the animals spent most of their time actively swimming underwater in summer
and on the platform in spring. The same reason mediated the difference between summer and autumn
for both harp seals and between summer and winter for Malen’kii. Increased duration of time spent un-
derwater in summer might be explained by avoidance of hyperthermia: swimming is the most effective
way of preventing overheating in seals.

Differences in the mean duration of ASSw are significant between most seasons. The comparability
of such behavior of the harp seals in summer and spring seems to result from the absence of noticeable
fluctuations in this parameter. The same applies to autumn-winter period. Due to a more even distribu-
tion of periods of staying on the platform for Bol’shoi, statistical analysis did not show any significant
differences between seasons in terms of the share of ASSw. Interestingly, for Malen’kii, the differences
were statistically reliable (except for two compared pairs: spring/summer and autumn/winter).

No significant differences were recorded for the duration of staying on the platform depending
on the season. This is mediated by the insufficient number of times this form of behavior was registered.

Therefore, we could assume that the behavioral changes of the harp seals associated with AUSw, HB,
and ascent rate are more individually dependent parameters than ASSw.

Conclusions:

1. Significant differences were revealed in behavioral activity of two studied harp seals in various sea-
sons. These differences were not caused by an exogenic factor, such as food availability, since feeding
was human-controlled.

2. It was shown that the behavioral differences between spring-summer and autumn-winter periods
are the most significant in both animals, especially in terms of active surface swimming.
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3. Anincrease in the mean duration of active surface swimming and a drop in the ascent rate in autumn-

[No. 124013000720-4 (30.01.2024), FMEE-2024-0015].

winter provide evidence for the fact as follows: in this time of year, the harp seals are noticeably less

active, spend on average more time on the surface, and less often rise to the surface. The mean

duration of apnea also reduces.

Further research should focus on the considerable differences in animal behavior between spring-

summer period and autumn-winter one. When assessing the effect of various exogenous fac-

tors on the behavior of the harp seals in captivity, it is reasonable to take into account data

on the differences revealed.
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CE30HHBIE UBMEHEHUA AKTUBHOCTHU I'PEHJIAH/ICKOT'O TIOJIEHA
PAGOPHILUS GROENLANDICUS (ERXLEBEN, 1777) (CARNIVORA: PHOCIDAE)
B YCJIOBUAX BOJIBEPHOI'O COAEPKAHUA

A. A. 3aiines, 10. B. JlutBunos, M. B. IlaxomoB, A. P. Tpomuues, A. I1. IkoBjeB

MypMaHCKHiA MOPCKOH OMOJIOTMUYECKUI MHCTUTYT POCCHIACKON akaieMuu Hayk,
Mypwmanck, Poccuiickast ®enepanus
E-mail: yanmos@yandex.ru

I'pernannckuii Tionenb Pagophilus groenlandicus (Erxleben, 1777), SBusiormuiicsa OqHAM 13 Hanbo-
Jiee pacnpoCTpaHEHHBIX BUJIOB MOPCKMX MJIEKOMUTAIONIMX B CEBEPHBIX MOPSIX M WI'PAIOIIAN BaXKHYIO
pOJIb B 3KOCUCTEME APKTHUECKOTO PErMOHa, OCTAETCsl HEJOCTATOYHO KMCCIIEJOBAHHBIM B acIeKTe To-
Be/ICHUYECKUX OCOOEHHOCTEl, B TOM UHCJIe B YCJIOBUSIX HEBOJIU. VI3yueHre Ce30HHBIX U3MEHEHUN aK-
TUBHOCTH TIOJICHSI C IEJIbI0 TIOHUMAHUSI €r0 TOBEJEHUYECKUX pPeaKlMil Ha BHEIIHUE pa3[paXuTesd
MMEET CYIIIECTBEHHOE 3HAUCHME /I IPOTHO3UPOBAHMS aJaNTAIMOHHBIX CTPATETUN BHUA B M3MEHSI-
IOLIEHCS cpejie OOMTaHUS. DKCIePUMEHTAIbHbIE UCCIIEIOBAHKS MTOBEACHHS KUBOTHBIX B YCJIOBHUSIX BO-
JIbEPHOTO COJIePKaHMUSI MPEIOCTABISIOT IaHHBIE, KOTOPbIE TPYIHO MIIM HEBO3MOKHO MOJTYYUTh ITPH Ha-
OJIIOZICHNM B €CTECTBEHHHIX ycloBUsX. Hactosmasi paborta BhIMOSTHEHA B akBakoMIUiekce MypmaH-
CKOTO MOpPCKOro 6uosorudeckoro nHCTuTyTa PAH. OCHOBHBIM METOZIOM UCCIIEIOBaHUS CTajla Peru-
CTpalvsl OTAE/bHBIX MMOBEJCHYECKUX MPOsBIeHUM. [[/Isi OlleHKM aKTMBHOCTH TIOJIEHEW BBIOpPaHBI Ta-
Kuie (hOpMBI TIOBEJICHHUSI, KaK BCIUIBITHE, MTOTPYKEHUE U BBIXO/ HA TIOMOCT. AHAJIN3 MOJYYSHHBIX JTaH-
HBIX TIO3BOJIAJI BHISIBUTH 3aKOHOMEPHBIE Pa3IMyKsl B TIOBEAEHUYECKIX MTATTEPHAX TPEHJIAHJICKOTO TIOJIe-
HS Ha IPOTsDKeHNH rofa. VccnenoBanre MOKa3aio IOCTOBEpHBIE pa3indrsl B TIOBEIEHUECKON aKTHB-
HOCTH KMBOTHOTO MeXly ce30HaMu. Hanbosee 3HaunMble pa3nnyusi 0OHApYKeHbl MEKIy BeCeHHe-
JIETHUM ¥ OCEHHEe-3UMHUM MePHOJIaMU. B YacTHOCTH, YCTaHOBJIEHO CHIKEHUE aKTHBHOCTH TPEeHJIaH/I-
CKOT'O TIOJIEHSI B OCEHHE-3UMHMIA [IEPUOJI, COTTPOBOK/IA0IIEeCs YBEIMUeHHeM BpeMeHH NpeObIBaHMS
Ha MOBEPXHOCTU BOJIBI B XOJIOMHOE BpeM:I roja.

KioueBnie cioBa: IOBCIACHUE, IBUIaTCIbHAsA AKTHUBHOCTD, FpeHJ’IaH}ICKHﬁ TIOJICHD, BOHLCprIﬁ
KOMIUJIEKC, YCJIOBUA HEBOJIU
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©2026 A.Lifanchuk and A. Mikaelyan
Shirshov Institute of Oceanology of RAS, Moscow, Russian Federation
E-mail: lifanchuk.anna@mail.ru

Received 26.05.2025; revised 15.07.2025;
accepted 21.11.2025.

The appearance of thin threads attached to Skeletonema spp. cells is a relatively uncommon and poorly
understood phenomenon. Skeletonema costatum (Greyville) Cleve, 1873 forming silicified threads less
than 0.2 um in diameter and up to 50 in length has been studied for the first time in the Black Sea.
The effect of various concentrations of silicic acid (DSi) on fine morphology of cells was investigated,
and an assumption about the ecological significance of this phenomenon was put forward. As shown,
the formation of highly silicified threads requires DSi concentration > 2 uM. One of the ecological
roles of threads may be the formation of a protective barrier decreasing the grazing of S. costatum cells
by tintinnids. Another possible ecological role of threads is as follows: they may promote the formation
of dying cell aggregates boosting the cell sinking rate. This process is considered to be one of the com-
ponents of the biological carbon pump in marine ecosystems.

Keywords: silicic acid, ecological significance, morphology, Skeletonema costatum, threads

A centric diatom Skeletonema costatum (Greville) Cleve, 1873 is a cosmopolitan marine
species [Kooistra et al., 2008]. It often dominates the phytoplankton community [Ueno et al., 2023]
and can cause red tides [Li et al., 2009; Shen et al., 2012]. In the Black Sea, S. costatum is widespread
along the coast, especially in bays [Stelmakh et al., 2020; Yasakova et al., 2020]. It grows in mass
in March and April (up to 4 million cells-L™!) causing blooms, and disappears in late May [Proshkina-
Lavrenko, 1955].

S. costatum belongs to the order Thalassiosirales. Some representatives of this order, for ex-
ample Thalassiosira rotula Meunier [Tran et al., 2023] and Thalassiosira weissflogii (Grunow)
G. A. Fryxell & Hasle [current accepted name: Conficribra weissflogii (Grunow) Stachura-Suchoples
& D. M. Williams] [McLachlan et al., 1965; Verity, Villareal, 1986], have slime threads. The slime
threads (mucilage, fibrillar appendages) are flexible fibers or threads that extend from the base of a di-
atom cell and can be seen under a light microscope. These threads are composed of a unique substance:
p-chitin [Herth, Barthlott, 1979; McLachlan et al., 1965].

There is little data on threads for the genus Thalassiosira Cleve, 1873, and even less on threads
for Skeletonema Greville, 1865 [Aké Castillo et al., 1995; Castellvi, 1969; Yamada, Takano, 1987].
The first researcher to mention ‘polar fibers’ in S. costatum was J. Castellvi [1969]. Polar threads have
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a length of approximately 50 um and a diameter of 0.05 um. They are inserted exclusively into polar
zones of each cell, where the valves and intercellular spines of the silicate frustule can be found. Polar
threads are straight, and their number varies between six and eight.

Due to the difficulty in identifying the species, we cannot confidently classify the studied organisms
as S. costatum. Therefore, when we refer to ‘S. costatum,” we mean a group of closely related species:
S. costatum sensu lato [Baytut et al., 2013; Kooistra et al., 2008].

For the Black Sea S. costatum, the formation of threads has not been previously reported. During
our research, we carried out an experiment involving natural phytoplankton. The use of nutrient-rich
medium resulted in the formation of polar threads in S. costatum. We also examined the effect of differ-
ent silicic acid concentrations on fine morphology and hypothesized the ecological significance of this
phenomenon.

Experiments. Water for the test was sampled in the northeastern Black Sea, in the Blue Bay
(Gelendzhik), on 4 October, 2022 (44°34’31”N, 37°58’45”E), from the sea surface (0.5-1.0 m).
The samples (total volume of 19 L) were filtered through two layers of nylon gauze (mesh size of 180 um)
to remove mesozooplankton. Nutrient analyses for phosphate, silicic acid, nitrate, nitrite, and ammonia
were carried out with a portable spectrophotometer Hach DR 1900 (Hach Lange, the USA) following
standard photocolorimetric methods [Methods of Seawater Analysis, 1999; Modern Methods of Ocean
Hydrochemical Investigations, 1992].

The initial concentration of dissolved silicic acid (hereinafter DSi) in the seawater used for the ex-
periment was 4.97 uM. We needed to reduce the DSi content to a value below 1 uM to begin the test.
Therefore, we added nitrate (N) and phosphate (P) to the seawater in a ratio of 23.3 : 1 and subjected
a 19-L plastic bottle to moderate irradiation in a laboratory setting. After 12 days, DSi concentration
dropped below 1 uM. On 14 October, the water was transferred from the initial bottle into 15 plastic
containers, 800 mL each; those were placed in orbital shakers PSU-201 (Biosan, Latvia) at a temperature
similar to that at the sampling station: (+20 * 1) °C. Irradiance was set at 65 wmol-m s (photosyn-
thetically active radiation) with a light : dark period of 16 h : 8 h. On 17 October, after three days
of acclimation, the experiment was started. At the beginning, KNO3 (N) and Na,HPO, (P) were added
into all variants. The starting concentrations were 14 uM for N and 1 uM for P. The N : P ratio was close
to the Redfield ratio (16 : 1). After adding silicate, five variants were set with the following DSi content:
<1, 1.5,2,3, and 5 uM. There were three replicates of each variant.

Phytoplankton cells were counted on the first and last days. Species were identified in a 0.05-mL
Nageotte counting chamber under a light microscope (Micromed, Russia) with a magnification of 200x.
Taxonomic identification was carried out using the guideline [Identifying Marine Phytoplankton, 1997].
Current names follow AlgaeBase [2026]. Species wet biomass (in mg-m_3) was calculated from cell
abundances and cell volumes estimated using best-fit cell geometries [Hillebrand et al., 1999].

Micrographs of S. costatum were taken under a Micromed 3 Alpha microscope equipped with a dig-
ital camera Hayear Real 4K UHD 2K 1080P (China). Scanning electron microscopes Vega 3 (Tescan,
Czech Republic) and KYKY EM6X00 (KYKY Technology Co., Ltd., China) were used to examine
the morphological features of S. costatum. Sizes of threads (length and diameter) were measured based
on electron microscopy images processed in ImageJ [Schneider et al., 2012].

Fine cell morphology. In scientific literature, there are photos of various Skeletonema species with
threads [Aké Castillo et al., 1995; Sarno et al., 2007]. Single threads have been identified in two Skele-
tonema species from the Sontecomapan Lagoon in the Gulf of Mexico [Aké Castillo et al., 1995].
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These delicate structures can be damaged by acid treatment, which can explain why only a single thread
was observed in each cell. Moreover, these structures are hard for electron microscopy to detect due
to their small diameter, low optical resolution, or aggressive effect of acids during treatment. In field
samples from the Black Sea, S. costatum cells with threads have not been observed (Fig. 1a). However,
under our experimental conditions, threads were formed (Fig. 1b).

Fig. 1. Skeletonema costatum cell colony:
a, in a field sample in April 2022 (photo by A. Fe-
dorov); b, in an experiment in October 2022.
Threads are arrowed. Scale bars are 10 pm

S. costatum cells averaged 4-10 um in length and 3-8 um in diameter. S. costatum threads are excep-
tionally delicate, and in most micrographs, they are broken. Therefore, the entire length was measured
in a small number of images. The average length of a thread was (40.3 £ 5.3) um (mean value * standard
deviation) (n = 7). In previous studies, threads were approximately 50 um long [Castellvi, 1969; Yamada,
Takano, 1987]. We measured the diameter of threads at various DSi concentrations. The values ranged
0.058 to 0.184 um (Fig. 2), and increased as the DSi content rose. The most significant boost occurred
at DSi of 2 uM and more. It is well known that dissolved silicate is essential for the growth of diatoms.
The range of growth-limiting DSi is wide (from ~0.5 to 94 uM), with a median of 2.2 uM [Martin-
Jézéquel et al., 2000]. According to our experiment, the DSi concentration limiting the growth of S. costa-
fum biomass was 0.98 uM (half-saturation constant). At the same time, twice as high DSi was required
to produce highly silicified threads. Therefore, we assume that the formation of clearly visible threads
can be expected only at a very high DSi content.

Fig. 2. Changes in the diameter of Skeletonema

costatum threads at different dissolved silicic

% acid (DSi) content in an experiment. Box plots show

minimum and maximum values, the first and third

quartiles; the horizontal line inside the rectangle
shows the median
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Ecological significance. The ecological role of S. costatum threads is not clear. However, based
on indirect data, it can be the following. During the experiment, we observed active develop-
ment of a tintinnid Eutintinnus lusus-undae (Entz, 1885) (see Supplements 1 and 2: https://marine-
biology.ru/mbj/article/view/517). The length of its lorica ranged 160 to 400 um, and the oral diameter
was 45 to 55 pum. This tintinnid can be found regularly throughout the Black Sea. It dominates micro-
zooplankton during summer and autumn [Gavrilova, Dovgal, 2019], that is, during the study period.
In the experiment, its abundance ranged from 0.4 x 10° to 5 x 10° ind.-L™".

One possible function of threads could be to form a protective barrier that prevents S. costatum cells
from grazing by tintinnids. This assumption is confirmed by the fact that the diameter of S. costatum with
threads exceeds the oral diameter of E. lusus-undae. Therefore, threads can at least prevent tintinnids
from ingesting these diatoms.

In our test, the direct assessment of the protective function of S. costatum threads was impossible
due to different abundance of this species: the value varied by more than an order of magnitude in ex-
perimental variants. Thus, it was (0.87 £ 0.01) x 10° cells-L™!, when the DSi content was less than
2 uM, and (27.16 £ 0.20) x 10° cells-L™! in variants with DSi > 2 uM. In nature, there is a positive
correlation between the abundance of S. costarum and large tintinnids [Biswas et al., 2012; Jyothibabu
et al., 2006; Sathish et al., 2024]. Such a relationship suggests that in our experiment, higher abun-
dance of tintinnids could be expected in variants with high abundance of S. costatum. However, there
were no significant differences between E. lusus-undae abundance in variants with the DSi concentra-
tion < 2 uM [(2.17 % 0.6) x 10° ind.-L™!] and the DSi content > 2 puM [(1.67 % 0.3) x 10° ind.-L7!].
This fact confirms the assumption that tintinnids could not easily graze this diatom species
with threads.

Similarly, the growth rate of natural tintinnid populations in the Narragansett Bay significantly
lowered during a summer bloom of various Thalassiosira cells with thin threads [Verity, 1986; Ver-
ity, Villareal, 1986]. Cells of diatoms without these threads were more easily accessible for tintinnids
and supported their more intensive growth.

Another possible ecological role of threads is to enhance the ability to consume nutrients
from the medium and increase cell buoyancy. This suggestion is based on the fact that threads make
the surface of cells larger. In experiments involving Thalassiosira fluviatilis Hustedt, threads increased
the cell surface area by a factor of 2.8. Cells without threads were found to sink 1.7 times faster than
those with threads [Walsby, Xypolyta, 1977]. However, S. costatum threads were extremely thin and in-
creased the surface of cells by only 3%, which does not confirm the significance of this factor. The effect
of threads on cell buoyancy is quite expected. When diatom cells are lysed, they often aggregate into
large flocs, drastically boosting the cell sinking rate [Kigrboe et al., 1994]. Long threads can promote
faster aggregation rates, and this is essential for operating a biological carbon pump in marine ecosys-
tems. The formation of threads in S. costatum was observed in monocultures or in laboratory experiments
where concentrations of mineral elements were high. In nature, this phenomenon can occur under eu-
trophic conditions, as reported for the Mexican Gulf lagoon [Aké Castillo et al., 1995]. The appearance
of cell threads in Skeletonema species in nature is a relatively rare phenomenon, and its ecological role
is still poorly understood.

This research was carried out within the framework of the state research assignment No. FMWE-2024-0023.
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MOP®OJIOTAA KJIETOK TUATOMOBOY BOJOPOCJIN
SKELETONEMA COSTATUM (GREVILLE) CLEVE, 1873
(BACILLARIOPHYTA: THALASSIOSIRALES)
¥ EE 9KOJIOTHYECKOE 3HAYEHHIE
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INosiBNIeHWe TOHKWUX HUTEH y KJETOK Skeletonema spp. sIBISETCS OTHOCHUTETHHO PEIKUM U Majlo-
u3yueHHbIM (peHomeHoM. Brieprie B UépHoMm Mope ucciiegoBaHa Skeletonema costatum (Greville)
Cleve, 1873, obpa3yioriasi OKpeMHEHHbIE HUTH TuaMeTpoM MeHee 0,2 MKM U aimHON A0 S50 MKM.
[Ipoananu3npoBaHO BIMSAHME PAa3JIMYHBIX KOHLEHTpaLUil KpeMHUeBoi kuciaoTsl (DSi) Ha Mopdoio-
THI0 KJIETOK, BBIIBUHYTO MPEATOJIOKEHUE 00 SKOJOTMYEeCKOM 3Ha4YeHUU 3TOro sijieHus. [lokazaHo,
9TO Jis 00pa30BaHUsl CUJIbHOOKPEMHEHHBIX HUTEH HeoOXxoauma koHieHTpanus DSi Boie 2 MkM.
OpnHUM K3 9KOJIOTMYECKUX 3HAYEHUH HUTEHd MOXKET OBbITh CO3JIaHME 3allUTHOrO Oaphepa, KOTOPBIA
YMEHbIIIAET TIOeJaHNe KJIETOK S. costatum TUHTHHHUIAMHA. [[pyroe BeposiTHOE SKOJOTMIeCKoe 3Have-
HUe HUTEH 3aKJII0YaeTcsl B TOM, YTO OHM MOTYT CITIOCOOCTBOBATh 0OPa30BaHHUIO OTMHUPAIOIIHNX KJIETOY-
HBIX arperatoB, YTO Pe3KO YBEINYMBAET CKOPOCTh MOTPYKEHHUS KJIETOK. DTOT MPOLEecC SABJSAETCS Ofl-
HUM U3 KOMIIOHEHTOB padOThl OMOJIOTMYECKOTO YIJIEPOIHOTO HACOCa B MOPCKUX SKOCUCTEMaX.

KuiroueBble cjioBa: KpeMHHEBas KHUCJIOTa, SKOJOTMUYECKOoe 3HaueHue, Mopdonorus, Skeletonema

costatum, HUTU
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DAILY DYNAMICS OF POLYPHENOL ACCUMULATION
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Polyphenols are a group of secondary metabolites that protect the organism from ultraviolet radiation,
participate in plant metabolism, and also have therapeutic properties. Studying the dynamics of polyphe-
nol accumulation in brown algae (Phaeophyceae: Fucales) is of considerable interest for understand-
ing the mechanisms of their adaptation to changing environment. The aim of the work is to reveal
daily changes in polyphenol content in cells of Fucus vesiculosus Linnaeus and Ascophyllum nodosum
(Linnaeus) Le Jolis inhabiting the Barents Sea coast, to analyze the dependence of their accumula-
tion on light and temperature, and to determine the role of endogenous rhythms and external factors
in the regulation of polyphenol metabolism in cells. The study was carried out in July 2022 and 2023
on the Barents Sea coast (both in the natural environment and in a laboratory). The Folin—Ciocalteu
spectrophotometric method was used to analyze polyphenol content. The significant daily dynamics
of polyphenols was shown. The key changes in their content occur in the natural environment: during
the daytime and during low tide, when thalli dry out. During high tide, when thalli are submerged,
the concentration of polyphenols does not change. Polyphenol content depends on a combination
of light level, temperature, and cycles of drying and submersion. In a laboratory, the daily rhythm
of changes in polyphenol concentration is not preserved, which may indicate a reduced role of en-
dogenous rhythms and the predominant role of environmental factors in the regulation of polyphenol
synthesis. The data obtained expand information on Fucales physiological and biochemical features
in the Arctic zone, as well as on mechanisms of algal adaptation to the tidal zone of seas. The results
can be used in the development of algae aquaculture technology to obtain raw materials with desired
properties.

Keywords: polyphenols, Fucales, temperature, light conditions, tidal cycle, polar day, Barents Sea

Polyphenols are secondary metabolites in different groups of algae [Mezghani et al., 2016], which
perform a wide range of functions in a plant: from formation of cell walls and protection against excess
UV radiation [Arnold, Targett, 1998, 2000; Pavia, Toth, 2000; Schoenwaelder, 2002; Schoenwaelder,
Clayton, 1999; Steinberg, 1988, 1995; Van Alstyne et al., 1999] to participation in regeneration pro-
cesses in damaged fragments of a thallus [Ryzhik, Fisak, 2018] and in mechanisms of plant protection
from being consumed by hydrobionts [Dubois, Iken, 2012]. Phlorotannins are the most common group
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of polyphenols in brown algae; quite often, these two terms are used as synonyms in scientific literature
on brown algae [Arnold, Targett, 1998; Jormalainen et al., 2003]. In cells, they both occur in a bound
form (as a component of cell walls) and in a soluble one. Soluble polyphenols are contained in physodes:
special structures typical for brown algae only. In a thallus, those are usually localized in the cortical cell
layer and in intermediate one [Schoenwaelder, 2002].

Polyphenol content in marine algae depends on both internal and external factors [Reboleira et al.,
2021]. The internal ones are: processes of the life cycle [Van Alstyne et al., 2001], inter alia algal re-
production [Ragan, Jensen, 1978]; the localization of the site; and the age of a tissue/thallus [Pedersen,
1984]. Many works analyze effects of various external factors on polyphenol accumulation; for example,
papers investigate effects of salinity [Ragan, Glombitza, 1986], availability of biogenic elements [Peckol
etal., 1996], and consuming by phytophages [Pavia et al., 1997].

For algae, the presence of seasonal and diurnal fluctuations in various functional indicators has
been established; those include variations in physiological activity, photosynthetic pigment content,
and polyphenol concentration. Such fluctuations allow macrophytes to successfully inhabit various en-
vironments remaining viable. The seasonal dynamics in polyphenol accumulation depends on both
the species specificity and climatic characteristics of the region [Connan, 2004; Connan et al., 2006; Jen-
nings, Steinberg, 1997; Ryzhik, Fisak, 2018; Tkach, Obluchinskaya, 2017]. Circadian rhythms are also
important, especially for algae in a littoral zone (due to its instability). Homeostasis is maintained
by the interaction of endogenous rhythms and mechanisms involved in formation of rapid responses
of an organism to changing external conditions.

For seasonal rthythms in macrophytes, clear photoperiodic reactions have been identified: the ones
manifesting themselves in fluctuations in physiological activity and in accumulation of certain substances
contributing to increasing resistance (for example, to cold). Daily reactions have been studied to a lesser
extent. Previously, researchers determined daily dynamics of metabolic activity, activity of antioxidant
enzymes, accumulation of free amino acids and polyphenols, rhythms of cell division, sporogenesis,
etc. [Connan, 2004; Klindukh et al., 2023; Ryzhik, 2016]. However, we still do not know: is the cause
of these changes rooted in endogenous rhythms or in a reaction to varying effect of a factor? Studies
on the dynamics in accumulation of polyphenols for 24 h and more allow revealing features of fluc-
tuations in their concentration, as well as aspects of regulation of this process (specifically, the role
of endogenous rhythms). Importantly, macrophyte sampling from one site reduces the effect of local
conditions in the habitat. We can compare our results with those of similar surveys that covered other
areas, and this helps in revealing the universal nature of investigated changes. Having complete data
on mechanisms that contribute to growth of marine algae in a littoral zone facilitates our understanding
of the evolution of marine macrophyte populations in particular and biocenoses in general in a changing
climate [Abdala-Diaz et al., 2006; Connan et al., 2004].

We aimed at revealing diurnal changes in the content of polyphenols in cells of Fucus vesiculosus
Linnaeus, 1753 and Ascophyllum nodosum (Linnaeus) Le Jolis, 1863 (Phaeophyceae: Fucales) inhabiting
the Barents Sea coastline. Also, we aimed at analyzing a dependence in their accumulation on light level
and temperature, and at determining the role of endogenous rhythms and external factors in regulation
of polyphenol metabolism in brown algae.

Data obtained will deepen the understanding of the metabolism regulation and its dependence on in-
ternal and external factors, and also contribute to revealing mechanisms of algal adaptation to habitat con-
ditions in a littoral zone. Since polyphenols feature antioxidant, antiviral, and anti-inflammatory activity
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and are used in the composition of therapeutic and prophylactic agents in the food and pharmaceutical
industries, it is necessary to analyze the key aspects in their accumulation: daily dynamics, environmental
factors, etc. [Aminina et al., 2020; Bogolitsyn et al., 2018]. The results will help in obtaining valuable raw
materials by adjusting the period and time of macrophyte extraction, as well as in developing technology
of algal cultivation.

MATERIAL AND METHODS

Algae were sampled on the Murmansk coast of the Barents Sea in Dalniye Zelentsy vicinity (N68°97,
E33°08’) in July 2022 and 2023. Apexes of F. vesiculosus and A. nodosum thalli were analyzed.

When identifying species, we followed a field atlas [Rasteniya i lishainiki, 2016].

In a laboratory, thalli were cleaned from epiphytes, and apexes of thalli of not more than 1 cm were
cut. Algae were fixed in liquid nitrogen within 10 min after sampling.

Four variants of experiment were carried out to measure polyphenol concentration in F. vesiculosus
and A. nodosum cells.

Fucus vesiculosus. Variant 1: algae were sampled in a littoral zone every 2 h for 24 h (on 14—15 July,
2022). Variant 2: algae were sampled in a littoral zone every 2 h for 12 h (on 6 July, 2023). Sam-
pling cycle was as follows: high tide — low tide — high tide. Variant 3: algae were sampled in a lit-
toral zone every 2 h for 12 h (on 13 July, 2023). Sampling cycle was as follows: low tide — high tide —
low tide.

To reveal the features of polyphenol accumulation under stable conditions, algae were acclimated
for 3 days and then sampled according to the scheme of variants 2 and 3. Laboratory conditions were
as follows: temperature-controlled chamber, photoperiod 24 h : 0 h (light : darkness), water tempera-
ture +10 °C, air temperature +8 °C, light level (photosynthetically active radiation) 1,200 mmol-m 25!,
and constant water mixing. This part of the experiment was carried out to determine endogenous rhythms
in regulation of polyphenol accumulation, and also to clarify effects of temperature and illuminance
on the content of these metabolites.

Ascophyllum nodosum. A scheme of variant 4 was similar to that of variant 2: algae were sampled
every 2 h for 12 h (on 12 July, 2023). Sampling cycle was as follows: low tide — high tide — low tide.
In this variant, there was no comparison with macrophytes in a laboratory.

During sampling (every 2 h), light level was measured with a LI-185 quantum/
radiometer/photometer (LI-COR Biosciences, the USA). A phase of a tidal cycle was
recorded (based on high- and low-tide tables calculated with WXTide32 free software,
https://www.wxtide32.com/download.html). Environmental temperature (during high tide, it was
water temperature, as algae were submerged; during low tide, it was air temperature) was measured
with a mercury thermometer TL-4 (Russia) (technical specifications TU 25-2021.003-88). Also, cloud
cover was recorded.

Polyphenol content was determined in cells of thallus apex according to a standard method
of Folin—Ciocalteu [Jormalainen et al., 2003; Koivikko et al., 2005].

Samples were preliminary ground in a porcelain mortar using liquid nitrogen. Extraction was car-
ried out 3 times with 96% ethanol. Samples were centrifuged at 12,000 g for 10 min. Supernatants
were united.
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To carry out the reaction, 1.0 mL of a sample aliquot was mixed in a test tube with 1.0 mL
of 1N Folin—Ciocalteu reagent (PanReac AppliChem, India). After 3 min, 2.0 mL of Na,COj3 saturated
solution was added to the mixture. Samples were incubated in the dark at room temperature for 1 h
and centrifuged for 8 min (1,600 g). Then, the absorption of supernatant was measured at 730 nm
at a PE-5400VI spectrophotometer (Ecroskhim, Russia).

Calculations were made using a calibration curve constructed involving phloroglucinol (1,3,5-
trihydroxybenzene, Sigma, Saint Quentin Fallavier, France). The total content of polyphenols
was determined per 1 g of dry weight of algae.

All the measurements were carried out in three biological and analytical replicates.

To determine the content of dry matter in algal samples, we first removed condensed moisture
from the surface. Then, we weighted apexes of thalli on laboratory technical electronic scales VLTE-310
(Gosmetr, Russia) (accuracy of 0.001g), dried in a drying cabinet ShS-80-01 SPU (Russia) for 24 h
to constant weight at +105 °C, and re-weighted. The relative dry matter content was found as the ratio
of the sample dry weight to its wet weight.

One-way analysis of variance (ANOVA) was carried out to reveal environmental factors that could
affect polyphenol content. Based on its results, the presence of a correlation was determined between
the factors and polyphenol concentration applying the Spearman’s rank correlation coefficient (p < 0.05).
The results were statistically analyzed in MS Office Excel 2010 and NCSS 11 Statistical Software (NCSS,
LLC, https://statsoftstatistica.ru/).

RESULTS

In variant 1, daily dynamics of F. vesiculosus polyphenols was investigated. The meteorologi-
cal conditions were as follows. Our observations covered the polar day. Light level varied within
20-1,600 mmol-m™2.s™!. The weather was mostly sunny and cloudless; during measurements from 13:00
to 15:00, it was partly cloudy.

In the daytime, air temperature was +15...427.8 °C; at night, it was +10...4+12 °C. Temperature
of the surface water layer (10-15 cm) was +10...+11 °C within 24 h.

Water salinity during high tide, when the alga was submerged, was 35 %eo.

Analysis of polyphenol content within 24 h revealed the curve with one peak occurring at 17:00.
Polyphenol concentration decreased by night and remained at the same level during night hours (Fig. 1).
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Fig. 1. Dynamics of polyphenol accumulation (1) in Fucus vesiculosus cells and illuminance (2) within
24 h of observation. The rectangle marks the high tide period when the alga is submerged
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In variants 2—4, polyphenol concentrations in F. vesiculosus and A. nodosum were measured for 12 h
in different phases of a tidal cycle (high tide — low tide — high tide, and low tide — high tide — low tide).
In the case of F. vesiculosus, we also analyzed the sample that was pre-acclimated in a laboratory to reveal
endogenous rhythms under constant conditions.

Meteorological conditions in variants 2 and 3 (F. vesiculosus) differed a little. Thus, light level
on 6 July (variant 2) was 60-500 mmol-m™2s™'. Environmental temperature was +8.2...4+9.0 °C. It was
mostly cloudy, with some drizzle and fog in the afternoon. Conditions on 13 July (variant 3) featured
the greatest variability. Light level was 100-1,800 mmol-m2-s™!. Temperature also varied quite sig-
nificantly: from +17.1 °C during the day to +9.8 °C in the evening. It was partly cloudy throughout
the day. During A. nodosum sampling, conditions were as follows: the weather was sunny; light level
was 300—1,700 mmol-m2-s7!; and temperature was +13.1...+22.5 °C.

Analysis of fluctuations in polyphenol concentration in the first half-day experiment (variant 2) re-
vealed a rise in values for the alga while its environmental conditions shifted from water to air (a peak
in 11:00). Then, there was a twofold decrease in metabolite content: from 16.59 to 7.71 mg-g ™! dry weight,
when the alga dried out. During re-submersion, concentration of polyphenols became equal to values
recorded for the morning (9:00) (Fig. 2A).
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Fig. 2. Dynamics of polyphenol accumulation in algal cells within 12 h of observation: A, Fucus vesiculo-
sus (variant 2, 06.07.2023); B, F. vesiculosus (variant 3, 13.07.2023); C, Ascophyllum nodosum (variant 4,
12.07.2023). 1, polyphenol accumulation in the algae under natural conditions; 2, polyphenol accumulation
in the algae in a laboratory; 3, dynamics of illuminance. The rectangle marks the high tide period when
the alga is submerged

In the second half-day experiment (variant 3, low tide — high tide — low tide) (Fig. 2B), one peak
polyphenol content was observed: during low tide (15:00). Such an increase occurred after a considerable
rise in light level. By the time of high tide (17:00), the value decreased to 11.68 mg-g™' dry weight.

For comparison, polyphenol accumulation was studied in related species, A. nodosum, inhabiting
the same littoral zone (variant 4) (Fig. 2C). One peak concentration was recorded during the observa-
tion period; it occurred in the daytime and when the alga dried out. By the time of high tide, a drop
in polyphenol content to 11.90 mg-g™! dry weight was noted (Fig. 2C). While the algae were submerged,
metabolite concentration remained almost unchanged both in F. vesiculosus and A. nodosum; the values
were in a range of 10.00-12.00 mg-g™! dry weight.

Under laboratory conditions, polyphenol content in cells did not change during the entire observa-
tion period (Fig. 2A, B). The mean concentration in the submerged algae was 11.23 mg-g™! dry weight
(minimum we registered was 9.93 mg-g”' dry weight, and maximum we recorded was 13.34).
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As revealed, concentration of polyphenols is affected by such factors, as temperature and light level.
Thus, the maximum accumulation was observed in the period of their highest values within a day. Within
the 24-h experiment on F. vesiculosus, strong correlations (p > 0.025) were noted during day and night
for both factors (Table 1).

Table 1. Spearman’s correlation analysis of relationships between various environmental factors
and the content of phenolic compounds in Fucus vesiculosus and Ascophyllum nodosum

Factor
Conditions Environmental Light level Tidal cycle
temperature
F. vesiculosus (24 h, variant 1) 0.7%* 0.66** -0.42
F. vesiculosus (12 h, variant 2) -0.51 0.72* -0.42
F. vesiculosus (12 h, variant 3) 0.1 0.1 -0.41
A. nodosum (12 h, variant 4) 0.75% 0.41 -0.2

Note: *, p > 0.05; **, p > 0.025 (statistically significant values).

For variant 2, analysis of 12-h measurements revealed a moderate inverse correlation between
polyphenol content and temperature and a strong inverse correlation between the concentration
of phenolic compounds and light level. For variant 3, no correlations were found.

The results obtained may be mediated by different weather conditions. During 24-h measurements,
a consistent increase was recorded both in temperature and light level. Weather conditions in variant 2
were characterized by practically stable environmental temperature, and F. vesiculosus was chiefly af-
fected by fluctuations in light level. For A. nodosum, an opposite pattern was noted: light level changed
to a lesser extent than temperature. The lack of correlation in measurements in variant 3 can be ex-
plained by the fact that it was partly cloudy throughout the day of sampling: this complicated the detec-
tion of a correlation between polyphenol dynamics and environmental factors. Apparently, metabolite
content depended on a complex of factors (their combination and the strength of the effect of each one).

DISCUSSION

Research conducted in vivo revealed significant diurnal fluctuations in polyphenol content
in two species of brown algae, F. vesiculosus and A. nodosum, during the polar day on the Barents
Sea coast.

For both species, it was shown in situ that the key changes in the concentration of polyphenols oc-
curred in the daytime during low tide. During high tide, regardless of the time of its onset, the content
of phenolic compounds remained at one level, and when algae became submerged, the value dropped.

As found for F. vesiculosus when investigating it in vitro, polyphenol concentration almost did not
change throughout the day.

In macrophytes, physiological and biochemical processes are regulated by different types
of endogenous rhythms and/or occur under the effect of environmental factors.

Endogenous rhythms are triggered by internal factors and adjusted when habitat conditions change,
when reactive oxygen species act as the main biochemical regulators. These joint processes ensure the for-
mation of protective reactions in an organism [Karapetyan, Dong, 2018]. Notably, some processes,
such as changes in enzyme activity, as well as cell division and growth, have endogenous regulation,
while other functions depend more on variations in the effect of environmental factors.
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As shown in this survey, the synthesis of polyphenols is governed to a greater extent by the effect
of changes in environmental factors than by endogenous rhythms. Under stable conditions (constant
temperature and light level, and also absence of a drying phase), the content of metabolites remains
virtually unchanged.

It was not possible to identify an unambiguous effect of environmental factors, as it was clear
in one variants and not detected in others (see Table 1). Apparently, polyphenol content is affected
by a combination of environmental factors: temperature, light level, and a phase of a tidal cycle.

One of the drivers of polyphenol dynamics in cells of macrophytes may be the alternation of pe-
riods when plants are submerged and dry out. The importance of this factor under natural conditions
is confirmed by the detection of diurnal changes in polyphenol concentration: the dynamics coincides
more with tidal processes than with changes in photoperiod. Laboratory research also showed that
in the absence of drying, there are practically no variations in the content of phenolic compounds.

As reported earlier, polyphenol concentration in F. vesiculosus decreases when the alga is kept in wa-
ter for a long time without drying [Makarov et al., 2013]. Was is also shown that occasionally drying
macrophytes have higher polyphenol content than those that are constantly submerged [Pavia, Brock,
2000].

Throughout the day, factors change dynamically. Therefore, a “signal group of substances” must
be formed for algae: it will trigger adaptive adjustments, so that processes of basic metabolism (protein
synthesis, cell division, efc.) will be at the required level for a certain period.

Polyphenols perform several functions, including antioxidant ones, and are probably involved
in triggering the restructuring processes in an alga when its habitat conditions change.

Daily dynamics of polyphenols is reported for different macrophytic species. Researchers analyzed
some algal species inhabiting southern areas and preferring various heights of a littoral zone [Abdala-
Diaz et al., 2006; Connan et al., 2007]. As shown for them, in particular for A. nodosum, polyphenol con-
centration varied within 24 h. In the daytime and during low tide, the content of metabolites was higher;
however, surveys revealed no clear and express peak, as it was in our study.

Discrepancies in results obtained by us and French colleagues [Connan et al., 2007] can be ex-
plained by several reasons: we sampled different thalli fragments (apex vs. middle fragment); we car-
ried out investigations in different seasons (July vs. March); and we dealt with different combinations
of environmental factors (temperature, light level, ezc.).

As reported in previous studies, apex and middle fragment of a thallus differ in physiological ma-
turity and speed of response to changes in environmental factors. We used apexes, as these physiologi-
cally younger fragments are more sensitive to diurnal changes in environmental factors. Polyphenols are
mostly accumulated in thallus fragments that are less strong (in particular, in apexes) and more likely
to be damaged by herbivores [Mannino et al., 2014]. Polyphenols will perform a protective function,
and cells will use them to repair damaged fragments [Ryzhik, Fisak, 2018].

As exemplified by measuring metabolic activity, the nature of daily changes depended on the sea-
son [Ryzhik, 2016]. The dependence of diurnal polyphenol dynamics on the season was also re-
ported when investigating Ericaria selaginoides (Linnaeus) Molinari & Guiry [in paper, syn. Cysto-
seira tamariscifolia (Hudson) Papenfuss] [Abdala-Diaz et al., 2006]. The authors highlighted that larger
fluctuations in parameters are typical for summer months. The analysis of the ratio of daily dynam-
ics of polyphenols in Fucales from the Barents Sea was carried out only in summer, since this season
is associated with the highest physiological activity of brown algae.
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Notably, the survey on the annual dynamics of metabolite content in algae from the Murmansk
coast revealed a greater dependence on the season. This could be related to the antioxidant activity
of polyphenols [Ryzhik, Fisak, 2018] and the effect of temperature and light level on their synthesis.

Polyphenol concentration in F. vesiculosus from the Barents Sea changes during a year. Thus,
the minimum is characteristic for winter and summer, while the maximum is typical for spring
and autumn.

In spring, on the Murmansk coast, levels of light and UV radiation are high, an increase in duration
of daylight hours is rapid as the polar night ends, and a rise in temperature is notable. Such light condi-
tions can cause an oxidative stress, but a boost in polyphenol content allows maintaining high intensity
of antioxidant processes in algal cells [Connan et al., 2006, 2007; Gémez, Huovinen, 2010]. In summer,
the concentration of soluble polyphenols declines, and this may be due to slowing down growth processes
and switching metabolism from growth to accumulation of reserve nutrients. Assumably, polyphenols
are used as alternative nitrogen sources: correlations were found between the content of N in the environ-
ment and the concentration of tannins in cells [Ilvessalo, Tuomi, 1989; Pavia, Toth, 2000]. In autumn,
polyphenol content increases again. This may result from accumulation of reserve nutrients while plants
prepare for the polar night. In autumn, F. vesiculosus reproductive organs are formed, and polyphenols
accumulated during this season can be used for formation of cell walls. Moreover, weather conditions
change in autumn, and storms become frequent; those damage algae in a littoral zone and tear them off.
With the onset of winter, the overall physiological activity of plants decreases. Also, the concentration
of soluble polyphenols drops: metabolites that seem to be used as reserve substances to form cell walls
and maintain their integrity.

For A. nodosum of the Barents Sea, the maximum of metabolites was observed in October [Tkach,
Obluchinskaya, 2017]. For F. vesiculosus of the Baltic Sea, a decline in their content was noted in spring
and summer, and a rise was recorded in winter [Ronnberg, Ruokolahti, 1986]. For the algae of the North-
ern Sea, the maximum accumulation was registered in July [Parys et al., 2009]. For several Sargassum
species of the Sea of Japan, an increase in polyphenol content was observed in summer, a drop in winter,
and an accumulation by April [Kamiya et al., 2010]. The reasons for such discrepancies may be rooted
in both peculiarities of plant life cycle and the effect of a complex of abiotic factors typical for algae
habitats.

In general, in all the papers we analyzed, a dependence from photoperiod was revealed, from the alter-
nation of periods when algae are submerged and dry out, or from both parameters [Connan et al., 2007].
However, this correlation was mostly species-specific, and it was determined by the littoral horizon
on which an alga grew and the effect of factors in situ. For E. selaginoides (syn. C. tamariscifolia), a nega-
tive correlation between diurnal polyphenol dynamics and light level was established in summer [Abdala-
Diaz et al., 2006].

As already noted, polyphenols perform a variety of functions. Their participation in processes of al-
gal development, photosynthesis, and respiration is reported, as well as in protection from UV radi-
ation and phytopathogens, exposure to low and high temperatures, water scarcity, increased salinity,
etc. [Abdala-Diaz et al., 2006]. Assumably, in upper-littoral plants [Pelvetia canaliculata (Linnaeus)
Decaisne et Thuret and A. nodosum], cells are protected from excess UV radiation due to polyphenol
accumulation during the daytime [Abdala-Diaz et al., 2006]. The same was observed in F. vesiculosus
from the Barents Sea.
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The accumulation of metabolites during the daytime can be considered as one of the mechanisms
of algal adaptation and protection from oxidative processes, since polyphenols are components of the an-
tioxidant system. In this case, the accumulation of oxidation products will trigger the synthesis or enhance
the work of antioxidant enzymes, and also activate its non-enzymatic components. As assumed in several
papers, changes in polyphenol concentration occur not due to their de novo synthesis, but due to activation
of phenol sulfatase and transfer of cell-wall polyphenols to a soluble state in the cytoplasm [Abdala-Diaz
et al., 2006].

Eulittoral and tidal algae [Fucus spiralis Linnaeus, F. vesiculosus, and A. nodosum], that grew under
conditions of high light level, had a higher polyphenol content than algae of low-tidal or sublittoral zone
[Fucus serratus Linnaeus, Bifurcaria bifurcata R. Ross, Himanthalia elongata (Linnaeus) S. F. Gray,
and Laminaria digitata (Hudson) J. V. Lamouroux] [ Abdala-Diaz et al., 2006; Connan et al., 2007; Pavia,
Brock, 2000]. This data is consistent with the results of our study, and in general, it allows suggesting that
daily fluctuations of phenolic compounds in F. vesiculosus and A. nodosum tissues are regulated by light
level and temperature in situ.

In the present paper, polyphenols were measured during the polar day, when there is constant
light. However, its level decreases at night. Light level can differ by tens of times during the daytime
and at night. We assume that the accumulation of polyphenols and the decrease in their concentration
are mainly driven by a combination of light level, temperature, and period of drying or submersion.
The dynamics in polyphenol content will depend on the factor that is subjected to change to a greater
extent. At a sufficiently stable environmental temperature, as in our study (an almost constant value
of +8...49 °C during the observation period under natural conditions) (the first half-day experiment),
and with pronounced fluctuations in light level, the latter one was crucial. With significant fluctuations
in both factors (for example, on 13.07.2023), they act together. Accordingly, it becomes difficult to de-
termine the strength of the effect of each factor, and this is reflected in the absence of correlation.
Furthermore, it was not possible to reveal the presence of daily endogenous rhythms: when environmen-
tal conditions were stable, polyphenol concentration in the algae almost did not change. This suggests
that the regulation of polyphenol content occurs chiefly due to a combination of environmental fac-
tors — temperature, light level, and period of drying or submersion — and a shift in the strength of their
effect.

Conclusions:

1. Polyphenol content in cells of brown algae Fucus vesiculosus and Ascophyllum nodosum sampled
in the Barents Sea features pronounced daily dynamics, which depends more from environmental
factors than from daily endogenous rhythms.

2. In summer (the polar day), the diurnal dynamics in concentration of polyphenols is characterized
by one express peak in the daytime.

3. The key factors affecting polyphenol content are light level, temperature, and alternation of algal
drying and submersion. When the algae are submerged, polyphenol concentration decreases.

The work was carried out within the framework of the state research assignment “Monitoring of bottom com-
munities in the seas of the Russian Arctic: Ecology, biodiversity, risk assessment, and rational use of hydrobionts”
(No. 125013001157-6, 30.01.2025).
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CYTOUYHAA JTMHAMUKA HAKOIIVIEHUA ITOJIMPEHOJIOB
B KJIETKAX FUCUS VESICULOSUS L. 1 ASCOPHYLLUM NODOSUM (L.) LE JOLIS
B INIEPUO/ ITIOJIAPHOT'O THA HA IOBEPEKBE BAPEHIIEBA MOPA

H. B. Peikuk!?, E. O. Kazakosa!, M. IT. Kiungyx!

'MypmaHckuii MOpCKoii GHOOriUecKuil HHCTUTYT Poccuiickoil akaaeMun Hayk,
Mypwmanck, Poccuiickast ®enepanus
>MypMaHCKHii apKTHYECKHil yHUBepcuTeT, MypMaHck, Poceniickas ®enepanms
E-mail: alaria@yandex.ru

[Nomagenonsr — rpyrmna BTOPUYHBIX METa0OIUTOB, KOTOPBIE 3aIUINAIOT OPraHu3M OT YJIbTpaduo-
JIETOBOTO M3JIyYeHUsI, YYACTBYIOT B METa0OIM3ME PACTeHHUSI, a TAKXKe 00JIa/Ial0T TeparieBTHUECKUMU
cBoricTBamu. M3yueHne qUHAMUKU HAKOILUIeHUs noyindeHosI0B B Oypbix Bogopocisax (Phaeophyceae:
Fucales) npencraBnser 3HaUMTEIbHBIN UHTEpPEC AJI MOHMMAaHUS MEXaHW3MOB aJlalTalliy 3TUX Op-
TaHU3MOB K U3MEHSIONIUMCS YCJIOBUSIM cpeibl. Llenb paGoThl — BBISIBUTH CYTOUHBIE U3MEHEHHSI CO-
nepxanus nongeronoB B Fucus vesiculosus Linnaeus u Ascophyllum nodosum (Linnaeus) Le Jolis,
MPOM3paCTaIONINX Ha Modepexbe bapeHmeBa Mopsi, MpoaHATM3NUPOBATh 3aBUCHMOCTh MX HAKOILIe-
HUSI OT OCBEINEHHOCTH M TEMIIEpaTyphl, a TaKke ONpeNe/ITh POJib SHAOTCHHBIX PUTMOB U BHEII-
HuX (aKTOpOB B peryisiiuu Merabosim3Ma NoiMeHoJIOB B KieTkax. MccrienoBaHue mpoBeieHO
B miosie 2022 u 2023 rr. Ha noGepexbe DapeHneBa Mopsi (Kak B €CTECTBEHHOU cpejie, Tak U B Jia-
GopaTopHbIX ycioBUsIX). i aHanmmM3a conepkaHus MOMUGpEHONOB MPUMEHEH CHEKTPOPOTOMETPH-
yeckuil metox PommHa — Yokanrey. [lokasana 3HaunTeNbHAS CyTOYHAS AMHAMHKA MOIHA(EHOIOB.
OCHOBHBIE U3MEHEHHUSI CO/IEPKaHMS BEIIECTB MPOUCXOAAT B €CTECTBEHHBIX YCIOBUSX — B JHEBHOE
BpeMsl ¥ B TIEpHO]l OTIIMBA, MPY OCYIIIEHUH TaJUIoMOB. Bo Bpems MpuiBa, KOrja TayIoMbl HaXO/ISIT-
Csl B MOTPYKEHHOM COCTOSTHMM, KOHIEHTpaIws NosrdeHoNoB He uaMensercs. ConepxaHue TMOJd-
(peHOJIOB 3aBHCUT OT COUETAHHOTO BO3JEHCTBHS yPOBHS OCBEIEHHOCTH, TEMIIEPATYPhl M YepeloBa-
HUS TIEPUOJIOB MOTPYXKEHUsSI U OCYIIeHUsI. B TabopaTOpHBIX yCIOBHUSIX CYTOUHBIA PUTM M3MEHEHHMSI
KOHLIEHTPAIIMH MOJIM(EHOJIOB HE COXPAHAETCS, YTO MOXET CBHIECTENHCTBOBATh O CHM)KEHHOW POJIU
SHJOTEHHBIX PUTMOB M O TJIABEHCTBYIOIEH posii (paKTOPOB BHEITHEW Cpelpl B PEryJisAllid CHHTE-
3a noJmdeHonoB. [TonydyeHHble JaHHBIE PACHIMPSIOT 3HAHUA O (PUBUOTOTO-OUMOXUMHUYECKUX OCOOCH-
HOCTSIX (PYKYCOBBIX BOJOPOCTIEH apKTUYECKON 30HBI, a TaKXkKe O MeXaHM3Max aJarTalliil pacTeHUN
K MPOU3PACTAHUIO B MPUIIMBHO-OTIIMBHOW 30HE MOpei. Pe3ysibTaThl ucciie[oBaHKUsI MOKHO UCIIONB30-
BaTh MpU pa3pabOTKe TEXHOJOTUH aKBaKyJIbTYPhl BOAOPOCIEH IJIsl MOTYyUESHHUS CHIPhsI C 3aJaHHBIMU
CBOWCTBaMH.

KuroueBbie ciaoBa: momudeHonsl, Fucales, Temmneparypa, OCBEIIEHHOCTb, MPUIUBHO-OTIMBHBIN
LIUKJI, IOJISIPHBIN IeHb, BapeHiieBo Mope
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As a group of marine Protozoa, foraminifera play an important role in marine ecosystems. The data
about hard-shelled foraminiferans from the Spratly Islands was reported in results of geological sur-
veys. So far, there is no information on soft-walled foraminifera, for the Spratly Islands and the South
China Sea (in Vietnamese, Bién Dong) in particular. This study aims to provide the first data on soft-
walled foraminiferans and gromiids of the Truong Sa Archipelago. We also analyzed taxonomical
diversity of the meiobenthic communities in bottom sediments and periphyton in aquatic habitats
of the archipelago. Sampling was carried out during an expedition to the Spratly Islands in April 2022
at eight stations within a depth range of 6-20 m. Representatives of 20 high-level taxa (phylum, class,
and order) were revealed in the composition of the meiobenthic communities of periphyton and bottom
sediments in the study area. Among the protozoan hydrobionts, Ciliophora Doflein, 1901, Foraminifera
d’Orbigny, 1826 (hard-shelled and soft-walled), and Gromiidea Cavalier-Smith, 2003 were recorded.
In this work, particular attention is paid to Protozoa previously unknown for waters of the Vietnamese
region: Foraminifera (monothalamous, soft-walled) and Cercozoa (Gromiidea). The former were found
at two stations in periphyton; the latter were noted at seven stations in periphyton and at two stations
in coral sand. We identified three species of soft-walled foraminifera, and two of those were tenta-
tively assigned to the genera Bowseria Sinniger et al., 2008 and Bathyallogromia Gooday et al., 2004.
Gromiids were represented by nine morphotypes; each morphotype is briefly described in the paper.

Keywords: Gromia, monothalamids, South China Sea, Truong Sa Archipelago, soft-walled
foraminifera, meiobenthos
The Spratly Islands (Truong Sa Archipelago, Vietnam) have high biodiversity and are of great eco-

logical importance [Latypov, 2012; Tkachenko et al., 2020]. For numerous marine species, coral reefs
and atolls off the archipelago serve as ‘marine oases’ forming habitats for reproduction and migration.
The marine area off the Spratly Islands is a critical fishing ground for Vietnam, providing the catch
of many commercially valuable species [Nguyen et al., 2020]. Despite the ecological, economic, and po-
litical significance of the Spratly Islands, the studies on their marine biodiversity are still limited. In ad-
dition, increasing anthropogenic load on islands and surrounding ecosystems could result in extinction
of marine species before they are even discovered. Therefore, it is crucial to carry out more research
on marine bioresources of the Spratly Islands and assess their role globally.
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Corals, fish, and molluscs are the most studied groups of marine hydrobionts off the Spratly Islands.
Based on several surveys, Yu. Latypov [2012] listed for this water area 261 species belonging to 71 genera
of the order Scleractinia Bourne, 1900. Recently, K. Tkachenko et al. [2020] revealed transformations
of coral communities of the archipelago: changes toward the dominance of thermally-resistant and stress-
tolerant coral species. V. Nguyen [2005] identified 332 species of reef fish representing 131 genera
of 44 families for four islands of the archipelago. Later, 331 reef fish species belonging to 38 fam-
ilies were recorded during JOMSRE III and JOMSRE IV expeditions [Stockwell, Nguyen, 2008].
V. Tran et al. [2023] reported 9 reef fish species from the Spratly Islands, which were noted in the Viet-
nam Sea for the first time. Representatives of Mollusca, Crustacea, Annelida, and Echinodermata (other
groups important for reef ecosystems) were also registered: 443, 128, 93, and 75 species, respec-
tively, were found [Do, Le, 2008]. Interestingly, new Mollusca species are constantly being discovered
and described [Sirenko, 2024; Sirenko, Nguyen, 2021, 2022].

Foraminifera, a group of marine Protozoa, play an important role in marine ecosystems. Also, they
are used for the assessment of the ecological health of coral reefs [A’ziz et al., 2021]. The informa-
tion about foraminiferans from the Spratly Islands can be found in results of geological surveys. N. Ngoc
and N. Ctr [2002] listed 80 Foraminifera species belonging to 40 genera for Barque Canada Reef (Thuyen
Chai Island). In other work, N. Ngoc [2018] identified 69 species of 42 genera of Holocene foraminifer-
ans for Pearson Reef (Phan Vinh Island). However, there is still no material on soft-walled foraminifera,
in particular for the Spratly Islands and the South China Sea (in Vietnamese, Bién Dong). This study
aims to provide the first data on soft-walled foraminifera and gromiids off the archipelago.

MATERIAL AND METHODS

Sampling was carried out during an expedi-
tion to the Spratly Islands in April 2022. Peri-
phyton was sampled at eight stations (TS1-TS8),
while benthos was sampled at seven stations (except
for TS5) (Fig. 1, Table 1). Periphytonic samples in-
cluded dead corals and macroalgae, while the ben-
thic ones were coral sediments. They were sam-
pled at depths of 6-20 m by scuba diving. Peri-
phyton fauna was studied on complex types of sub-
strates (Table 1). At all the stations, bottom sedi-
ments inhabited by benthic fauna were white coral
sand.

The samples were fixed with Lugol’s iodine,
and later processed and analyzed in IBSS lab-
oratory (Sevastopol). The samples were washed
through two sieves: the upper one with a mesh
size of 1 mm, and the lower one with a mesh size
of 63 um.

Fig. 1. Map of sampling stations TS1-TS8 marked
with flags

Detailed microscopic analysis of soft-walled foraminifera and gromiids was performed under

MSP-2 (Russia), Olympus CX41 (Philippines), Nikon (Japan), and Mikmed-6 (Russia) microscopes
(magnification of 400x) equipped with photo cameras connected to a computer.
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Table 1. Stations of soft-walled foraminifera sampling on the Spratly Islands (Truong Sa Archipelago,
Vietnam). Substrate type: R, rock; RB, rubble; SD, sand; HC, hard coral; SC, soft coral; SP, sponge;

MA, macroalgae. Parameters: T, temperature, °C; EC, conductivity, mS-cm™!; TDS, total dissolved

solids, g-L™!; S, salinity, %o

Physical parameters
Station Location Coordinates | Depth, m Substrate type of surface water

T | EC | TDS | S
TSI N‘zrstgnz?fe;al;fef ;;;i;;;‘f;}ﬁé 14 R+RB+SD | +29.6 | 48.28 | 26.06 | 31.15
TS2 No(rstf)‘n]za]{‘ff}ral;)eef 111144321?8941\1]3 7 R+RB+SD | +29.4 | 48.16 | 26.00 | 31.10
$3 sm( ngﬁ (I)S;?“d 19151312123% 7 HC+SC+R+SD | +29.1 | 48.18 | 2596 | 31
TS4 Si"(;x‘}g‘;‘m 191?083’21% 616NE 10 HCRgSfSBR T 4296 | 4961 | 26.69 | 32.1
TS5 %ZCC?V(GI;Z S;E?t ;?30§43?820NE 20 HC+SC+R | +29.5 | 49.02 | 26.46 | 31.69
TS6 A(gf)(;néfsf 1813839241;11\1]5 6 SC+R+RB+SD | +32.5 | 489 |26.53 | 32.02
57 A(g?cnéi?f 181‘;8029';90-;;5]’5 20 %CB N gCD : }§P+ +29.9 | 4931 | 26.62 | 31.9
TS8 (TSrI:;:;gsIZliﬁ) ﬁoﬁfgll%g"gjﬁ 7 R+RB+SD+MA | +31.4 | 48385 | 26.15 | 31.36

RESULTS

During our studies of the meiobenthic communities of the northwestern Russian shelf of the Sea
of Japan [Sergeeva, Anikeeva, 2023], we revealed protozoans, namely soft-walled foraminifera
and gromiids. However, they had not been previously known for this region. Therefore, they were not
considered as an integral part of the benthic communities, and their role in benthic ecosystems was not
estimated. We suggest that it is important to draw the attention of researchers to taxonomic diver-
sity of the benthic fauna and the distribution of these protozoans in the course of further studies
of the meiobenthic communities in the waters of Vietnam (the Spratly Islands, Truong Sa Archipelago).

In the study area, the meiobenthic communities of periphyton and bottom sediments include repre-
sentatives of 20 high-level taxa (phylum, class, and order). Among Protozoa hydrobionts, we recorded
species of Ciliophora Doflein, 1901, Foraminifera d’Orbigny, 1826 (hard-shelled and soft-walled),
and Cercozoa Cavalier-Smith, 1998 (Gromiidea). The other hydrobionts belonged to the multicellular
fauna, and two representatives were not identified to a high level. The data on the occurrence of different
taxa in biotopes of periphyton and bottom sediments (white coral sand) is provided in Table 2.

In this paper, we focus on the groups of Protozoa: soft-walled foraminifera and gromiids,
new for aquatic habitats within the archipelago. We identified three representatives of soft-walled
foraminifera and nine species of gromiids inhabiting periphyton and coral sand. Morphometrically,
gromiids did not exceed 400 um, while soft-walled foraminifera ranged 600—1,150 pm. The spots of their
occurrence are indicated in Table 2. Brief description of each representative of the studied groups is given
below. The abbreviation used below, SCS, stands for the South China Sea. The designation used below,
coefficient C, stands for length/width ratio.
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Table 2. Taxonomic composition of meiobenthos in biotopes of periphyton (Pe) and bottom
sediments (Bo) in the study water area of the Truong Sa Archipelago (Pe/Bo)

Station number
Taxon TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8
Pe/Bo | Pe/Bo | Pe/Bo | Pe/Bo | Pe/Bo | Pe/Bo | Pe/Bo | Pe/Bo

Ciliophora Doflein, 1901 -/ + -/ + -/ + -/ + -/ - -/ - -/ + -/ +
Foraminifera d’Orbigny, 1826:

hard-shelled +/+ +/+ +/+ +/+ +/- +/+ +/+ +/+

soft-walled -/- +/- -/ - -/ - -/ - -/ - +/ - -/ -
Gromiidea Cavalier-Smith, 2003 +/+ +/+ +/- +/- +/- -/ - +/- +/-
Nematoda Rudolphi, 1808 +/+ +/+ +/+ +/+ +/- +/+ +/+ +/+
Polychaeta Grube, 1850 +/+ +/+ +/+ +/+ +/- -/ + +/+ +/+
Turbellaria Ehrenberg, 1831 -/- +/- -/ - -/- -/ - -/ - -/ - -/ -

Mollusca
Gastropoda Cuvier, 1795 -/ + -/ + +/+ -/ + -/ - +/- +/- +/-
Bivalvia Linnaeus, 1758 -/ + -/ + -/ + -/ - -/ - -/ - -/ - -/ +
Polyplacophora Gray, 1821 -/- -/- -/- -/- -/- -/- -/- +/-

Arthropoda
Harpacticoida Sars G. O., 1903 +/+ +/+ -/+ +/+ +/- +/+ +/+ +/+
Amphipoda Latreille, 1816 -/- -/- -/ + -/- -/- +/- +/- +/+
Tanaidacea Dana, 1849 -/ - -/ - -/ - -/ - -/ - +/- -/ - -/ -
Isopoda Latreille, 1816 -/ - -/ - -/ - -/ - -/ - -/ + +/- +/-
Ostracoda Latreille, 1802 +/+ -/ + -/ - -/ + -/ - +/+ +/- +/+
Pantopoda Gersticker, 1863 -/- -/+ -/ - -/- -/- -/ - -/ - -/ -
Nauplia (Decapoda) Latreille, 1802 | —/— -/ + -/ + -/- -/- -/- -/- -/-
Chironomidae -/- -/- +/- -/ - -/ - -/- -/- -/-
Arachnida Cuvier, 1812 +/+ +/+ +/- -/ + +/- +/+ +/+ +/+
Chaetognatha -/- -/- -/- -/ - -/- -/- -/ + +/+
Echinodermata Klein, 1778 -/ = -/ + -/ + -/ + -/ - -/ + +/+ -/ +
Unknown 1 -/ = -/ + +/- -/ - -/ - -/ + -/ - -/ -
Unknown 2 -/- -/- -/+ -/ - -/ - -/- -/- -/ -

Bowseria-like sp. SCS. The test is elongated, large (1,150 x 190 um), with single simple aper-
ture (Fig. 2B). The test wall is thin and transparent. The cytoplasm is dark, homogeneous, fine-
grained (Fig. 2A). Coeflicient C is about 6. The main morphological traits (the shape and size of the test,
single terminal aperture, and the thin and transparent wall) allow assigning this specimen to the genus
Bowseria [Sinniger et al., 2008] on this stage of our research. Distribution: Vietnam, sta. TS2, periphyton.

Bathyallogromia sp. SCS. This species is morphologically similar to Bathyallogromia sp. 2 found
by us in the Black Sea at depths of 120 and 130 m [Sergeeva et al., 2010, see pl. 1, Fig. J]. The test
1s large (610 x 480 um), more or less spherical (Fig. 2C), with a simple aperture (80 um in diameter)
that does not project beyond the general outline of the test (Fig. 2D). The cytoplasm occupies the entire
test and contains various small inclusions. A ‘peduncular sheath’ (this common term indicates the internal
channel from the aperture to the inside of the cytoplasm) is clearly developed. A nucleus is not clearly
visible. Coefficient C is about 1.27. Distribution: Vietnam, sta. TS7, periphyton.

Allogromiid sp. 1SCS. The test is large (900 x 700 um), rounded, with wide simple aperture (Fig. 2E).
The test wall is thin and transparent. The cytoplasm is dark, homogeneous (Fig. 2F). Coeflicient C
is about 1.3. Distribution: Vietnam, sta. TS2, periphyton.
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Fig. 2. Soft-walled foraminifera from the study area in the South China Sea. Bowseria-like sp. SCS:
A, general view; B, aperture. Bathyallogromia sp. SCS: C, general view; D, aperture. Allogromiid sp. 1SCS:
E, general view; F, aperture. Scale bars are 100 um (A, C, F), 50 um (B, D), and 200 um (E)

Gromia sp. 1SCS. This specimen has average-sized (370 x 275 um), oval test (Fig. 3A) with
the thin wall (Fig. 3B) and heterogeneous brownish cytoplasm. Oral capsule is not visible. Coefficient C
is about 1.3. Distribution: Vietnam, sta. TS8, periphyton.

Gromia sp. 2SCS. Almost spherical cell (200 x 190 pum) is filled with homogeneous dark cyto-
plasm (Fig. 3C). The test wall is thin and transparent (Fig. 3D). Oral capsule is not visible. Coefficient C
is 1.05. Distribution: Vietnam, sta. TS8, periphyton.

Gromia sp. 3SCS. The rectangular-oval test 1s 280 x 230 pum in size (Fig. 3E). Oral capsule looks like
a convex transparent structure and has a diameter of 30 um (Fig. 3F). The cytoplasm is dark and dense.
Coefficient C is 1.2. Distribution: Vietnam, sta. TS1, periphyton.

Gromia sp. 4SCS. This specimen is similar with Gromia sp. 1SCS (see Fig. 3A) in the shape
of the test. Oral capsule is also not visible. However, Gromia sp. 4SCS (Fig. 3G) 1s smaller (210 x 180 um)
and has a light brown, almost orange cytoplasm. Coefficient C is about 1.1. Distribution: Vietnam,
sta. TS1, periphyton.

Gromia sp. 5SCS. The test is spherical (180 x 180 um) (Fig. 3H), with heterogeneous brown cyto-
plasm and small but clearly visible oral capsule (Fig. 3I) in the form of a short cap (23 pm in diameter).
Coeflicient C is equal to 1. Distribution: Vietnam, sta. TS1, periphyton.
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Fig. 3. Gromiids from the study area in the South China Sea. Gromia sp. 1SCS: A, general view; B, test
wall. Gromia sp. 2SCS: C, general view; D, test wall. Gromia sp. 3SCS: E, general view; F, oral capsule.
Gromia sp. 4SCS: G, general view. Gromia sp. SSCS: H, general view; I, oral capsule. Gromia sp. 7SCS:
J, general view. Gromia sp. 6SCS: K, general view; L, oral capsule; M, protoplasm content. Scale bars

are 50 um (A, C, E, G, H, J, K) and 20 um (F, I)

Gromia sp. 6SCS. The test is almost spherical (210 x 190 um). The cytoplasm is heteroge-
neous (Fig. 3K), with many little rounded inclusions (Fig. 3M). The test wall is thin, in one spot forming
a small protrusion like an oral capsule (Fig. 3L). Coefficient C is about 1.1. Distribution: Vietnam,
sta. TS1, periphyton.

Gromia sp. 7SCS. This species resembles Gromia sp. 2SCS (see Fig. 3C) in spherical form of the test
and the absence of obvious oral capsule (Fig. 3]). However, Gromia sp. 7SCS is larger (310 x 290 um)
than the second species. Also, it has a lighter and less dense cytoplasm. Coefficient C is about 1.06.
Distribution: Vietnam, sta. TS1, periphyton; sta. TS5, periphyton; and sta. TS2, bottom sediments.

Gromia sp. 8SCS. The test is spherical (Fig. 4A) and not large (280 x 240 um). The oral cap-
sule (34 um in diameter) is slightly flattened and nipple-like in shape (Fig. 4B). The cytoplasm is dense
and dark. Coefficient C is about 1.16. Distribution: Vietnam, sta. TS1, periphyton.

Gromia sp. 9SCS. The test is rounded, slightly elongated (260 x 210 um). The cytoplasm is hetero-
geneous, taupe (Fig. 4C). The oral capsule is a small protrusion of the thin test wall with a diameter
of 36 um (Fig. 4D). Coeflicient C is about 1.2. Distribution: Vietnam, sta. TS1, periphyton.
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Fig. 4. Gromiids from the study area in the South China Sea (the continuation). Gromia sp. 8SCS: A, gen-
eral view; B, oral capsule. Gromia sp. 9SCS: C, general view; D, oral capsule. Scale bars are 50 um (A, C)
and 20 um (B, D)

DISCUSSION

Soft-walled foraminifera and gromiids, an important component of marine meiobenthos, are almost
unknown for the South China Sea, including the Spratly Islands (Truong Sa Archipelago, Vietnam). Thus,
all soft-walled foraminifera and gromiids considered in the present study are the first records for this
marine region.

These protozoans are involved in the organic matter cycle of bottom ecosystems [Sergeeva, Anikeeva,
2018, 2023], and inhabit various depths and biotopes of the South China Sea and adjacent water areas.
They definitely require further detailed study. The list of monothalamous foraminifera and gromiids
presented in this paper should be regarded as preliminary, as it will undoubtedly be supplemented during
further research.

Conclusions. Despite the environmental importance of the Spratly Islands (Truong Sa Archipelago,
Vietnam), the biodiversity of this marine region is poorly studied. Many groups of marine hydrobionts,
such as soft-walled foraminifera and gromiids, remain unknown from this area. This survey provides
the first data on soft-walled foraminifera and gromiids of the Spratly Islands. There, three representatives
of soft-walled Foraminifera and nine Gromia species are recorded for the first time. None of them could
be classified down to the species level which indicates the high specificity of their morphological traits.
Therefore, further studies should be conducted to determine whether they represent new species for this
marine region.

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 conserva-
tion” (No. 124022400148-4). This study was partly supported by the Joint Viemam—Russia Tropical Science
and Technology Research Center (grant No. KCB-TS03).
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MAT'KOPAKOBHUHHbBIX MOHOTAJIAMYCHbBIX ®OPAMUHUPEP U 'POMUN/]
B MEHOBEHTOCHBIX COOBIIECTBAX IOJKHO-KUTAMICKOI'O MOPSI

H.T. Cepreena! |, O. B. Auukeenal, X. K. Yan?

'®Ir'BYH ®ULL «UHCcTUTYT G1o0ruu 10KHBIX Mopeit umenn A. O. Kosanesckoro PAH»,
Cesacronosb, Poccuiickas ®epepauus
2CoBMeCTHBIIT POCCHUIICKO-BbETHAMCKHI TPOIMMYECKUN HAYUHO-UCCIIEIOBATENbCKUNA Y TEXHOJOTMUECKUH LIEHTP,
Xanoii, BbetHam
E-mail: alegria@ibss-ras.ru

Popamunndepsl Kak rpynna MOPCKUX NPOCTEHMIINX UIPAIOT BaKHYIO POJb B MOPCKUX IKOCHCTEMAX.
Nudopmanus o popamunmndepax ¢ TBEPIOM paKOBUHOW ¢ OCTpOBOB CIIpaTiiy MPeICTaBIeHA B Pe3yJib-
TaTax reoJIOTMYeCKUX ucciienoBanuil. CBeieHrsI 0 MATKOPaKOBUHHBIX (hopamMuHH(dEpax, B YaCTHOCTH
Ha ocrpoBax Cripam u B FOxkuH0-Kuraiickom mope (Bién Dong no-BbeTHAMCKM), 1O CUX TIOP OTCYT-
cTBYIOT. Llenbio HacTosIero uccieoBaHus ObUIO MPEAOCTABUTh MEPBbIE JaHHBIE O MATKOPAKOBUH-
HBIX (popamuHnpepax u rpomungax Ha apxunenare Ysionr Ila (IOxHo-Kutaiickoe mope, BeetHam),
a TaKk’Ke OIIEHUTh TAKCOHOMMYECKOE pa3HOOOpasme COOOIEecTB MeHOOeHTOCa B JOHHBIX OTIOKEHHUIX
U nieprpUTOHE B BOJHBIX MECTOOOMTaHHAX apxurienara. OO6pasiusl coOOpaHbl BO BpeMsl SKCIESANIUH
Ha octpoBa Cnpatiu B anpenie 2022 1. Ha BOCBMU CTaHIIUSIX B Auana3oHe riyoud 6-20 M. B cocrase
coo0LIeCTB Merio0eHTOca eprudUTOHA U JOHHBIX OCA/IKOB B HCCJIElyeMOM paiioHe OTMEYeHbI Ipe/IcTa-
BuTeaM 20 TaKCOHOB BBICOKOT'O paHra (THUIl, Kjiacc U otpsaa). Cpean mpocTefImX 3aperucTpypoBaHbl
Ciliophora Doflein, 1901, Foraminifera d’Orbigny, 1826 (TBEpao- u MarkopakoBuHHbIEe) 1 Gromiidea
Cavalier-Smith, 2003. Oco6oe BHUMaHUe yEIeHO MPOCTEHINNM, paHee HEU3BECTHBIM ISl BOJI BbET-
HaMCKOro peruona, — Foraminifera (omHokamepHbIe, MarkopakoBuHHBIE) U Cercozoa (Gromiidea).
[NepBble OTMEUYEHB! HA JBYX CTAHLMSX B HEepU(UTOHE; BTOPHIE 3apPErMCTPUPOBAHbl HA CEMU CTAHLIU-
SIX B NepU(HUTOHE U Ha [BYX CTaHLMAX B KOPAUIOBOM IECKe. BBIsSBIEHO TpU BHIAa MSATKOPAKOBHH-
HBIX (popaMuHM(]ep; ABa U3 HUX NPeBapUTENIbHO OTHECEHH! K pojaM Bowseria Sinniger et al., 2008
u Bathyallogromia Gooday et al., 2004. I'pomun npencrapieHs! AeBAThI0 Mopgotunamu. Ilpuseneno
KpaTKoe OMKCAHUE KaXJO0ro MPeACTaBUTEN S N3yIEHHbBIX IPYIIIL.

KuaroueBnie cioBa: Gromia, MmoHOTanamunsl, FOxHo-Kutaiickoe mope, apxumenar Ysionr Illa,
MSTKOpaKOBHHHbIE (hOpaMUHUGEDPHI, MEHOOEHTOC
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Epiphytism is a natural phenomenon widespread in coastal ecosystems of the World Ocean. Epiphytes
are plants (algae) that grow on other plants (algae), do not compete with other organisms for substrate,
and receive primarily physical support from their host. However, epiphytes are also known to have neg-
ative effects on host algae: they can reduce their productivity, cause morphological anomalies, reduce
the structural strength of algal layers, and facilitate the detachment of a host thallus from the substrate
during storms. This study examines the species composition and life forms of epiphytic algae in several
biogeographic regions of the World Ocean, analyzes the floristic differences revealed in these regions,
and determines their causes. Macroalgae were sampled in the upper, middle, and lower intertidal zones,
as well as in the upper subtidal zone, on coral reefs in the South China and East China seas. Samples
were collected from three randomly selected quadrats (1 m? in area) and beyond. Each sample was
examined for the presence of epiphytes. In total, over 1,000 thalli containing epiphytes were sampled
and analyzed. For the period from 1995 to 2019, the species richness, composition and distribution
of epiphytic algae assemblages in ecosystems of coral reefs and hard substratum reefs in the South
China Sea (Central and Southern Vietnam, Hainan Island) and East China Sea (islands of the Ryukyu
and Amakusa archipelagos) were studied for the first time. More than 700 species and taxonomic forms
of marine plants were registered and identified in these four regions; out of those, about 33% were found
in epiphytic life form. The highest number of seaweed species was noted for coral reefs of Hainan Is-
land (526); the lowest number of species was recorded for coastal aquatic ecosystems of the Amakusa
Archipelago islands (320). The relative number of epiphytic species of algae to total number of seaweed
species was the highest on the Amakusa islands. Among all the registered species of epiphytic algae,
about 40% were found in obligate form, and more than 50% were facultative epiphytes. The study
areas differed in the species composition of epiphytes; only 30% of species were common. The most
area-specific epiphytes were recorded on the Amakusa Archipelago islands. The causes and condi-
tions of the widespread development of epiphytism among seaweeds in various biogeographic regions
of the World Ocean are discussed. The supplement to the article contains descriptions of the morphol-
ogy and anatomy of thalli of 40 widespread species of epiphytes. The descriptions are provided with
color photographs and elements of morphological and anatomical structures.

Keywords: marine algae, epiphytes, coral reefs, species composition
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While seaweed communities are formed, some algal species settle on thalli of other species. This natu-
ral phenomenon, called epiphytism, is widespread in coastal ecosystems of the World Ocean. Epiphytism
is part of a broader ecological phenomenon, epibiosis. The latter is one of complex types of inter-
action between organisms found in nature, when an organism grows on another, usually without par-
asitizing it [Wahl, 1989]. In epibiosis, the ecological relationship between the ‘basiphyte’ (= host)
and the ‘epibiont’ (= species growing on the host) can be highly variable under the effect of environ-
mental factors: light, temperature, and direct physical or chemical exposure [Thornber et al., 2016].
Epiphytes are plants that grow on other plants, bypassing competition with other organisms for substrate
and receiving mostly physical support from their host [Potin, 2012].

Epiphytism in marine coastal ecosystems has been investigated since the late 19th century [Boye,
1986]. The main directions in the study of this natural phenomenon in the 20th century were the taxo-
nomic identification of epiphytic algae and their inventory in some areas of the World Ocean, including
the South China and East China seas (e. g., [Abbott, Hollenberg, 1976; Pham, 1969; Segawa, Kamura,
1960; Tseng, 1983]). In the early 21st century, the key aspect of research was the analysis of epiphytism
in the industrial cultivation of algae (e. g., [Chirapart et al., 2022; Sahu et al., 2020]), as well as in relation
to global climate changes [Albert et al., 2020]. Less attention was paid to floristic investigations of the di-
versity and species composition of epiphytes in algal communities in different regions of the World
Ocean [Belous et al., 2021; Potin, 2012; Tsutsui et al., 2005].

The negative effect of epiphytes on the production of basiphytes is known. The settlement
of epi- and endophytes often causes morphological anomalies in the host algae, which can lead to the de-
struction of basiphyte tissues [Correa, McLachlan, 1992, 1994; Sanchez et al., 1996], decline in the struc-
tural strength of layers, and detachment of thalli from the substrate during storms [Lein et al., 1991].
Epiphytes, when they are massively settled on thalli of macroalgae and leaves of seagrasses, shade the lat-
ter ones and significantly reduce their production [Friedlander, 1992], but at the same time, protect them
from drying out in the intertidal zone of the shelf.

Epiphytic biofilms on leaves of seagrasses and thalli of macrophytes affect biogeochemical processes
and chemical conditions directly in the habitat of the plant community (phyllosphere). Thus, at night,
hypoxia (oxygen-free conditions) can occur at the interface between a thallus (leaf) and epiphytes, which
noticeably reduces the rate of respiration of the basiphyte and also leads to the harmful formation of nitric
oxide through denitrification. In the light, the formation of an epiphytic biofilm often results in reduction
in photosynthetic activity due to epiphyte-induced shading caused by epiphytes in combination with accu-
mulation of O, and a decrease in CO, concentration in the microenvironment [Brodersen, Kiihl, 2022].

The studies of epiphytic algae (along with seaweeds of other life forms) in the South China
and East China seas were carried out primarily by Chinese, Vietnamese, and Japanese researchers
within the 1930s—1980s (e. g., [Pham, 1969; Segawa, Kamura, 1960; Tseng, 1983]) and were limited
to determining the taxonomic status of epiphytic algae.

From the 1980s to the 2010s, we conducted an inventory study of the benthic marine flora
off the coast and islands of Southern and Central Vietnam, Hainan Island (China), and islands
of the Ryukyu and Amakusa archipelagos (Fig. 1A-H).

In these regions, we carried out an inventory of the current marine benthic algal flora; also, we ana-
lyzed species, as well as life form diversity and taxonomic composition of individual algal communities.
The effect of environmental factors, such as climatic conditions, seasonality, and water eutrophication,
on species diversity of marine algae was studied as well. The results of these surveys are partially pub-
lished [Titlyanov, Titlyanova, 2012; Titlyanov et al., 2014, 2017, 2018, 2019a, b; Titlyanova et al., 2014].
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One of the aims of this work is to investigate species and life form diversity of seaweeds capable
of growing epiphytically in certain areas of the tropical biogeographic region of the South China Sea
and in the warm temperate region of the East China Sea. Another aim is to analyze the floristic dif-
ferences revealed in the study areas and try to find out the reasons for these differences. Additionally,
we considered it useful to provide photographs and descriptions of epiphytic algae that are common
in the study areas.
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Fig. 1. Sites of algal sampling off the mainland coast and islands in the South China and East China
seas. A, schematic map of the South China and East China seas; sampling sites are marked with red as-
terisks. B, sampling sites off the coast and islands in Central and Southern Vietnam. C, sampling sites off
the coast of Hainan. D, schematic map of islands of the Ryukyu Archipelago and sampling sites: 1, Oki-
nawa Island; 2, Sesoko Island; 3, Ieshima Island; 4, Akajima Island; 5, Miyako Island; 6, Ishigaki Island;
7, Iriomote Island; 8, Yonaguni Island. E, sampling sites in Okinawa Prefecture: 1, Cape Hedo; 2, leshima
Island; 3, Sesoko Island; 4, Oura Bay; 5, Cape Henoko; 6, Maeda coast; 7, 8, Arasaki Beach; 9, Ohdo coast.
F, sampling sites off the coast of Iriomote Island: 1, Hoshidate coast; 2, Kanoka coast. G, sampling sites
off the coast of Miyako Island: 1, 2, Karimata coast; 3, Cape Higashi-Hennazaki. H, sampling sites off
the coast of Yonaguni Island: 1-3, Sonai locality; 4, Higawa Bay; 5, Tojima coast. I, Shimoshima Island
and Tsujishima Island (Amakusa Archipelago), sampling sites along Tomioka Peninsula: Magarizaki coast
(sites 1, 2); Akaiwa coast (sites 3, 4); Shikizaki Bay (site 5); Shiraiwazaki Bay (sites 6—8); Reihoku coast
(site 9); Tomioka Harbor (sites 10-13); Tsujishima Island (sites 14, 15)

MATERIAL AND METHODS

In the study areas, more than 300 benthic algal collections were made from 1981 to 2019. Approx-
imately 70% of the collections were formed by the methods described below, and this is the material
analyzed in the article.

The study of the marine flora along the coastal zone and off islands of Central and Southern Viet-
nam (Fig. 1A, B), using the methods described below, was conducted by us in 2002-2009 off the fol-
lowing sites: Hon Den Island (January 2002); Ly Son Island (March 2002); Son Hai Bay (March 2006);
Cape Ca Na (April 2006); My Hoa Bay (May 2006); Nha Trang Bay (March and April 2006-2010);
vicinity of Da Nang (April 2007); Vung Tau Bay (April 2008); Con Dao Islands (April 2008);
Mui Ba Lang (March 2009); An Thoi Islands (March 2009); and Phu Quoc Island (March 2009).
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Algal samplings along the coast of Hainan Island (Fig. 1A, C) were carried out in 2008-2019
and covered Luhuitou Peninsula (February 2012; March and May 2009; November and De-
cember 2010, 2012, and 2015; and April 2009, 2012, and 2014); Xiaodong Hai Bay (Octo-
ber 2008; March and April 2016, 2017, and 2019; and November and December 2016 and 2018);
Dadong Hai Bay (October 2008 and April 2016); Yalong Wan Bay (March 2012); vicinity of Wen-
chang City (March 2012); Xian Hai Bay (April 2012); vicinity of Meixia town (April 2012);
and Ying Ge Hai Bay (April 2014).

Algae were sampled in 1995-2019 along coasts of the Ryukyu Archipelago islands (Fig. 1A,
D-H): on coral reefs of the western coast of Akajima Island and in two localities of Ishigaki Is-
land (August 1995); Ieshima Island (December 2006); along the coast of Okinawa Island (Novem-
ber and December 2006); Arasaki Beach, Okinawa (March 2013 and February 2014); Sesoko Island
(May-September 1995; October—-December 1997; January—March 1998; October—December 2002;
January—September 2003; July 2004; February—May 2005; November—December 2006; October 2007;
and February 2014 and 2019); Yonaguni Island (March 2013); Miyako Island (March 2013);
and Iriomote Island (February 2017).

Shimoshima Island and Tsujishima Island (Fig. 1A, I) of the Amakusa Archipelago were cov-
ered by algal sampling within 2012-2017 (November and December 2012; April and August 2013;
January 2014; October and November 2015; and November 2017).

Field works in Central and Southern Vietnam were carried out jointly with the staff of two Viet-
namese institutes: Institute of Oceanography and Institute of Technology Research and Application
of the Vietnamese Academy of Science and Technology (Nha Trang City).

On the southern islands of Japan, we used the services of three marine biological stations.
The Amakusa Marine Biological Laboratory (Kyushu University) is located on Shimoshima Island
(Amakusa Archipelago); the Tropical Biosphere Research Center (University of the Ryukyus) is situ-
ated on Sesoko Island, Okinawa; and the Iriomote Station of the Tropical Biosphere Research Center
(University of the Ryukyus) is located on Iriomote Island.

On Hainan Island, the main base for field and laboratory works was the Tropical Marine Biological
Research Station of the South China Sea Institute of Oceanology of the Chinese Academy of Sciences,
located in the Sanya Bay. Professor Huang Hui and Professor Li Xiubao took part in all our works
and co-authored scientific articles and books (see “References” section).

Macroalgae were sampled in the upper, middle, lower intertidal, and upper subtidal zones (by snorke-
ling, and sometimes by scuba diving) on coral reefs of Central and Southern Vietnam, Hainan Island,
islands of the Ryukyu Archipelago, and in ecosystems of rocky substrata around islands of Amakusa
Archipelago.

In each tidal zone, within 100—-300 m? (depending on area of tidal zones), communities of algal turf,
crust algae, and large upright growing algae were visually estimated. In the communities of algal turf
and crust algae, samples were taken from three randomly selected quadrats, each measuring 100 cm?
in area. In communities of upright growing algae, samples were also taken from three randomly selected
quadrats, 1 m? each. Seaweeds were sampled separately from areas outside the selected quadrats as well.
Mostly, algae were taken out of water along with substrate (small stones, fragments of corals, and shells)
and manually (carefully) cleaned of debris in a laboratory.

Each collected fresh sample was checked for the presence of epiphytes. Epiphytic thalli were re-
moved with tweezers from the basiphyte and taxonomically analyzed. For the survey of the epiphytic
flora, only adult, healthy thalli of epiphytic algae attached to living basiphytes were selected. In total,
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more than 1,000 thalli with epiphytes were sampled and analyzed. Epiphytic species found on thalli
of macrophytes 1-10 times were designated as single occurrences; 11-19 times, as rare; and more than
20 times, as common.

Freshly collected material was identified using monographic publications, data from floristic studies,
and systematic articles listed by T. Titlyanova and coauthors [2014]. The systematics and nomenclature
followed AlgaeBase [2026]. The material was identified under stationery and field optical microscopes
immediately or within 2-3 days after sampling (the material was stored in a refrigerator). After identifi-
cation, algal samples were herbarized or preserved in fixative solutions (7% formaldehyde in seawater).
Herbarium material was deposited at the Zhirmunsky National Scientific Center of Marine Biology,
Far Eastern Branch of the Russian Academy of Sciences (Vladivostok, Russia).

RESULTS

Among all the species we found, reds (species of the phylum Rhodophyta) accounted for 57%; greens
(species of the phylum Chlorophyta), for 28%; and browns (species of the phylum Heterokontophyta),
for 15%. Importantly, the taxonomic composition of epiphytic algae (Fig. 2) was different: red seaweeds
significantly prevailed (70-85%), while green and brown ones were less common (10-20 and 5-10%,
respectively).

The most common species of epiphytic red algae in all four study areas were those belonging
to the orders Stylonematales, Erythropeltales, Acrochaetiales, Colaconematales, Corallinales, and Ce-
ramiales. Out of brown algae, the most common species were those from the orders Ectocarpales
and Sphacelariales. The most common seaweeds among the greens were epiphytes from the order Ul-
vales (Table 1). Most of epiphytic algae from the families covered by our collection had a fine filamentous
form. Micrographs and descriptions of the most common species of epiphytes in the study areas are given
in Supplement 1 (see https://marine-biology.ru/mbj/article/view/519).
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Fig. 2. Distribution of epiphytic algae in the study areas of the South China and East China seas. Ep, algae
found only as epiphytes (obligate epiphytes); Ep*, algae found as epiphytes, as well as on hard substrata
(facultative epiphytes); Ep + Ep*, the total number of species of obligate and facultative epiphytic algae

Among all the epiphytes we registered, about 40% of the species were in obligate form (Fig. 2,
Table 1): they grew only as epiphytes on thalli of one or more species of basiphytes. Red seaweeds belong-
ing to the orders Acrochaetiales (family Acrochaetiaceae), Colaconematales (family Colaconemataceae),
and Ceramiales (family Callithamniaceae), as well as green algae from the orders Chaetophorales (fam-
ily Chaetophoraceae), Ulotrichales (family Ulotrichaceae), and Ulvales (family Ulvellaceae), were found
as epiphytes only.
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Table 1. Seaweeds growing epiphytically in some areas of the South China and East China seas

Species, variety, and taxonomic form Ryukyu | Hainan | Southern | Amakusa
’ ’ islands | Island | Vietnam | islands
Phylum RHODOPHYTA
Class Stylonematophyceae
Order Stylonematales
Family Stylonemataceae
Bangiopsis dumontioides (P. Crouan & H. Crouan) V. Krishnamurthy Ep Ep
Chroodactylon ornatum (C. Agardh) Basson % Ep* Ep Ep Ep
Stylonema alsidii (Zanardini) K. M. Drew & Ep* Ep Ep Ep*
Class Compsopogonophyceae
Order Erythropeltales
Family Erythrotrichiaceae
Erythrocladia irregularis Rosenvinge % Ep Ep Ep Ep
Erythrotrichia carnea (Dillwyn) J. Agardh & Ep* Ep Ep Ep*
Erythrotrichia parietalis T. Tanaka Ep*
Porphyrostromium japonicum (Tokida) Kikuchi Ep
Sahlingia subintegra (Rosenvinge) Kornmann % Ep* Ep Ep Ep
Class Bangiophyceae
Order Bangiales
Family Bangiaceae
Bangia gloiopeltidicola Tanaka Ep
Pyropia ishigecola (A. Miura) N. Kikuchi & M. Miyata Ep
Pyropia suborbiculata (Kjellman) J. E. Sutherland, H. G. Choi, Ep*
M. S. Hwang & W. A. Nelson
Class Florideophyceae
Order Acrochaetiales
Family Acrochaetiaceae
Acrochaetium catenulatum M. A. Howe % Ep Ep Ep Ep
Acrochaetium chaetomorphae (Tanaka & P. H. H6) Heerebout Ep Ep Ep
Acrochaetium crassipes (Bgrgesen) Bgrgesen Ep Ep
Acrochaetium gracile var. vietnamense P. H. HO Ep
Acrochaetium microscopicum (Niageli ex Kiitzing) Nageli Ep Ep Ep Ep
Acrochaetium moniliforme (Rosenvinge) Bgrgessen Ep
Acrochaetium sancti-thomae Bgrgesen Ep
Acrochaetium secundatum (Lyngbye) Nigeli Ep Ep Ep
Acrochaetium subseriatum Bgrgesen % Ep Ep Ep Ep
Order Colaconematales
Family Colaconemataceae
Colaconema bonnemaisoniae Batters Ep
Colaconema daviesii (Dillwyn) Stegenga Ep Ep Ep Ep
Colaconema gracile (Bgrgesen) Ateweberhan & Prud’homme Ep Ep Ep Ep
Colaconema hypneae (Bgrgesen) A. A. Santos & C. W. N. Moura % Ep Ep Ep Ep
Colaconema robustum (Bgrgesen) Huisman & Woelkerling Ep Ep Ep Ep
Order Corallinales
Family Corallinaceae
Jania capillacea Harvey Ep* Ep*
Jania pedunculata var. adhaerens (J. V. Lamouroux) A. S. Harvey, Ep* Ep* Ep* Ep*

Woelkerling & Reviers

Continued on the next page...
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Species, variety, and taxonomic form Ryukyu | Hainan | Southern | Amakusa
islands | Island | Vietnam | islands

Jania pumila J. V. Lamouroux Ep Ep* Ep Ep*
Jania ungulata f. brevior (Yendo) Yendo Ep* Ep* Ep* Ep*
Pneophyllum confervicola (Kiitzing) Y. M. Chamberlain Ep
Pneophyllum fragile Kiitzing Ep* Ep Ep Ep
Family Hydrolithaceae
Hydrolithon boergesenii (Foslie) Foslie Ep* Ep
Hydrolithon boreale (Foslie) Y. M. Chamberlain % Ep* Ep Ep Ep
Hydrolithon farinosum (J. V. Lamouroux) Penrose & Y. M. Chamberlain % Ep Ep Ep Ep
Family Porolithaceae
Metagoniolithon stelliferum (Lamarck) Ducker Ep* Ep*
Order Bonnemaisoniales
Family Bonnemaisoniaceae
Asparagopsis taxiformis (Delile) Trevisan Ep* Ep* Ep* Ep*
Bonnemaisonia hamifera Hariot Ep Ep
Order Ceramiales
Family Callithamniaceae
Aglaothamnion callophyllidicola (Yamada) Boo, I. K. Lee, Rueness & Yoshida Ep
Aglaothamnion cordatum (Bgrgesen) Feldmann-Mazoyer % Ep Ep Ep Ep
Crouania attenuata (C. Agardh) J. Agardh & Ep Ep Ep Ep
Crouania minutissima Yamada Ep
Gymnothamnion elegans (Schousboe ex C. Agardh) J. Agardh Ep Ep
Spyridia filamentosa (Wulfen) Harvey Ep* Ep* Ep*
Family Ceramiaceae
Antithamnion antillanum Bgrgesen Ep Ep Ep Ep
Antithamnionella basispora (Tokida & Inaba) Cormaci & Furnari Ep
Antithamnionella breviramosa (E. Y. Dawson) Wollaston Ep Ep Ep
Antithamnionella elegans (Berthold) J. H. Price & D. M. John Ep
Antithamnionella longicellulata Perestenko Ep
Antithamnionella spirographidis (Schiftner) E. M. Wollaston Ep Ep
Centroceras clavulatum (C. Agardh) Montagne Ep* Ep* Ep* Ep*
Centroceras gasparrinii (Meneghini) Kiitzing Ep Ep*
Centroceras japonicum Itono Ep*
Centroceras minutum Yamada Ep Ep*
Ceramium aduncum Nakamura Ep Ep* Ep Ep
Ceramium amamiense Itono Ep
Ceramium boydenii E. S. Gepp Ep
Ceramium borneense Weber Bosse Ep Ep* Ep Ep
Ceramium camouii E. Y. Dawson Ep*
Ceramium cimbricum H. E. Petersen % Ep* Ep Ep Ep
Ceramium cimbricum f. flaccidum (H. E. Petersen) G. Furnari & Serio Ep Ep
Ceramium cingulatum Weber Bosse Ep Ep Ep
Ceramium clarionense Setchell & N. L. Gardner Ep
Ceramium hamatispinum E. Y. Dawson Ep
Ceramium macilentum J. Agardh Ep Ep* Ep* Ep
Ceramium marshallense E. Y. Dawson Ep Ep* Ep*
Ceramium procumbens Setchell & N. L. Gardner % Ep Ep* Ep* Ep
Ceramium serpens Setchell & N. L. Gardner Ep Ep
Corallophila howei (Weber-van Bosse) R. E. Norris Ep*
Corallophila huysmansii (Weber-van Bosse) R. E. Norris Ep Ep* Ep*

Continued on the next page...
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Species, variety, and taxonomic form Ryukyu | Hainan | Southern | Amakusa
islands | Island | Vietnam | islands

Corallophila kleiwegii Weber Bosse Ep* Ep* Ep*
Gayliella fimbriata (Setchell & N. L. Gardner) T. O. Cho & S. M. Boo Ep Ep Ep*
Gayliella flaccida (Harvey ex Kiitzing) T. O. Cho & L. J. Mclvor Ep Ep Ep
Gayliella mazoyerae T. O. Cho, Fredericq & Hommersand % Ep* Ep* Ep* Ep*
Gayliella taylorii (E. Y. Dawson) T. O. Cho & S. M. Boo Ep* Ep*
Gayliella transversalis (Collins & Harvey) T. O. Cho & Fredericq Ep*
Pseudoceramium paniculatum (Okamura) Barros-Barreto & Maggs Ep
Pseudoceramium tenerrimum (G. Martens) Barros-Barreto & Maggs Ep* Ep*
Stirkia codii (H. Richards) Barros-Barreto & Maggs Ep Ep
Stirkia vagans (P. C. Silva) Barros-Barreto & Maggs Ep Ep Ep* Ep
Yoneshiguea compta (Bgrgesen) Barros-Barreto, Maggs & M. A. Jaramillo Ep
Family Delesseriaceae
Acrosorium polyneurum Okamura Ep
Acrosorium yendoi Yamada Ep
Caloglossa leprieurii (Montagne) G. Martens Ep
Cryptopleura ramosa (Hudson) L. Newton Ep
Dasya anastomosans (Weber Bosse) M. J. Wynne Ep*
Dasya pedicellata (C. Agardh) C. Agardh Ep*
Dasysiphonia japonica (Yendo) H.-S. Kim Ep
Dasysiphonia sessilis (Yamada) M. M. Cassidy, C. W. Schneider Ep*
& G. W. Saunders
Heterosiphonia crispella (C. Agardh) M. J. Wynne Ep Ep Ep* Ep
Heterosiphonia pulchra (Okamura) Falkenberg Ep Ep
Hypoglossum attenuatum N. L. Gardner Ep Ep
Hypoglossum caloglossoides M. J. Wynne & Kraft Ep
Hypoglossum simulans M. J. Wynne, 1. R. Price & D. L. Ballantine Ep
Nitophyllum adhaerens M. J. Wynne Ep Ep*
Taenioma perpusillum (J. Agardh) J. Agardh Ep Ep* Ep* Ep*
Family Rhodomelaceae
Acanthophora spicifera (M. Vahl) Bgrgesen Ep Ep*
Bostrychia tenella (J. V. Lamouroux) J. Agardh Ep*
Bryocladia cervicornis (Kiitzing) F. Schmitz Ep*
Chondria dasyphylla (Woodward) C. Agardh Ep
Chondria minutula Weber Bosse Ep* Ep Ep
Chondria pygmaea Garbary & Vandermeulen Ep
Chondria repens Bgrgesen Ep Ep* Ep*
Chondrophycus cartilagineus (Yamada) Garbary & J. T. Harper Ep
Herposiphonia insidiosa (Greville ex J. Agardh) Falkenberg Ep Ep*
Herposiphonia parca Setchell Ep Ep Ep
Herposiphonia secunda (C. Agardh) Ambronn % Ep* Ep Ep Ep
Herposiphonia subdisticha Okamura Ep Ep
Herposiphonia tenella (C. Agardh) Ambronn Ep Ep* Ep Ep*
Herposiphonia viemamica Pham-Hoang H6 Ep
Laurencia pinnata Yamada Ep*
Laurencia silvae J. F. Zhang & B. M. Xia Ep
Leveillea jungermannioides (Hering & G. Martens) Harvey Ep Ep* Ep Ep
Lophosiphonia cristata Falkenberg Ep Ep
Melanothamnus ferulaceus (Suhr ex J. Agardh) Diaz-Tapia & Maggs Ep Ep* Ep* Ep*
Melanothamnus harlandii (Harvey) Diaz-Tapia & Maggs Ep
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Species, variety, and taxonomic form Ryukyu | Hainan | Southern | Amakusa
islands | Island | Vietnam | islands

Melanothamnus japonicus (Harvey) Diaz-Tapia & Maggs Ep* Ep*
Melanothamnus pseudovillum (Hollenberg) Diaz-Tapia & Maggs Ep Ep
Melanothamnus savatieri (Hariot) Diaz-Tapia & Maggs Ep Ep Ep
Melanothamnus sphaerocarpus (Bgrgesen) Diaz-Tapia & Maggs Ep Ep
Melanothamnus tongatensis (Harvey ex Kiitzing) Diaz-Tapia & Maggs Ep Ep*
Melanothamnus yendoi (T. Segi) Diaz-Tapia & Maggs Ep
Palisada perforata (Bory) K. W. Nam Ep*
Polysiphonia exilis Harvey Ep
Polysiphonia nhatrangense Pham-Hoang HO6 Ep
Polysiphonia scopulorum Harvey Ep*
Polysiphonia subtilissima Montagne Ep* Ep* Ep
Polysiphonia villum J. Agardh % Ep Ep* Ep* Ep*
Symphyocladia marchantioides (Harvey) Falkenberg Ep*
Symphyocladia pumila (Yendo) S. Uwai & M. Masuda Ep*
Tolypiocladia condensata (Weber Bosse) P. C. Silva Ep
Tolypiocladia glomerulata (C. Agardh) F. Schmitz Ep* Ep* Ep*
Vertebrata lanosa (Linnaeus) T. A. Christensen Ep
Vertebrata reptabunda (Suhr) Diaz-Tapia & Maggs Ep
Wilsonosiphonia howei (Hollenberg) D. Bustamante, Won & T. O. Cho Ep Ep
Family Wrangeliaceae
Anotrichium tenue (C. Agardh) Nageli Ep Ep* Ep
Gordoniella yonakuniensis (Yamada & T. Tanaka) Itono Ep
Griffithsia japonica Okamura Ep Ep*
Griffithsia metcalfii C. K. Tseng Ep* Ep* Ep Ep
Griffithsia rhizophora Grunow ex Weber Bosse Ep Ep
Griffithsia subcylindrica Okamura Ep Ep
Tiffaniella saccorhiza (Setchell & N. L. Gardner) Doty & Meifiez Ep Ep
Wrangelia argus (Montagne) Montagne Ep* Ep* Ep*
Order Gelidiales
Family Gelidiaceae
Gelidium crinale var. perpusillum Piccone & Grunow Ep
Gelidium divaricatum G. Martens Ep*
Gelidium pusillum (Stackhouse) Le Jolis Ep* Ep* Ep*
Family Gelidiellaceae
Gelidiella acerosa (Forsskél) Feldmann & Hamel Ep*
Gelidiella lubrica (Kiitzing) Feldmann & Hamel Ep*
Millerella pannosa (Feldmann) G. H. Boo & L. Le Gall Ep*
Parviphycus adnatus (E. Y. Dawson) B. Santelices Ep*
Family Pterocladiaceae
Pterocladiella capillacea (S. G. Gmelin) Santelices & Hommersand Ep
Order Gigartinales
Family Caulacanthaceae
Caulacanthus okamurae Yamada Ep*
Caulacanthus ustulatus (Turner) Kiitzing Ep* Ep*
Family Cystocloniaceae
Hypnea cervicornis J. Agardh Ep*
Hypnea charoides J. V. Lamouroux Ep* Ep*
Hypnea esperi Bory Ep Ep*
Hypnea musciformis var. esperi J. Agardh Ep
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Species, variety, and taxonomic form

Ryukyu
islands

Hainan
Island

Southern
Vietnam

Amakusa
islands

Hypnea nidulans Setchell

Ep*

Hypnea pannosa J. Agardh

Ep*

Ep*

Hypnea spinella (C. Agardh) Kiitzing Ep

Ep

Ep*

Ep*

Hypnea valentiae (Turner) Montagne

Ep*

Ep*

Family Dumontiaceae

Dudresnaya japonica Okamura

Ep*

Family Gigartinaceae

Chondracanthus intermedius (Suringar) Hommersand ‘

Ep*

Family Kallymeniaceae

Kallymenia perforata J. Agardh

Ep*

Order Peyssonneliales
Family Peyssonneliaceae

Peyssonnelia rubra (Greville) J. Agardh ‘

Ep*

Order Plocamiales

Family Plocamiaceae

Plocamium ovicorne Okamura

Plocamium recurvatum Okamura

Ep

Plocamium telfairiae Harvey

Ep*

Order Rhodymeniales
Family Champiaceae

Champia expansa Yendo

Ep

Champia japonica Okamura

Ep

Ep

Champia parvula (C. Agardh) Harvey Ep

Ep*

Champia vieillardii Kiitzing

Ep

Ep*

Coelothrix irregularis (Harvey) Bogrgesen

Ep

Family Lomentariaceae

Ceratodictyon intricatum (C. Agardh) R. E. Norris

Ep

Lomentaria corallicola Bgrgesen

Ep

Ep*

Ep*

Lomentaria pinnata Segawa

Ep*

Family Rhodymeniaceae

Botryocladia kuckuckii (Weber Bosse) Yamada & T. Tanaka Ep

Class Phaeophyceae
Order Ectocarpales

Family Acinetosporaceae

Phylum HETEROKONTOPHYTA

Feldmannia indica (Sonder) Womersley & A. Bailey Ep

Feldmannia irregularis (Kiitzing) G. Hamel % Ep*

Ep*

Ep

Ep*

Feldmannia mitchelliae (Harvey) H.-S. Kim Ep*

Ep*

Ep*

Hincksia conifera (Bgrgesen) I. A. Abbott

Ep

Pylaiella littoralis (Linnaeus) Kjellman Ep*

Ep

Family Ectocarpaceae

Ectocarpus siliculosus (Dillwyn) Lyngbye Ep

Ep

Family Chordariaceae

Chilionema ocellatum (Kiitzing) Kornmann Ep*

Ep

Ep

Kuetzingiella elachistaeformis (Heydrich) M. Balakrishnan & Kinkar Ep*

Ep

Ep

Leathesia marina (Lyngbye) Decaisne

Myrionema strangulans Greville

Ep

Ep

Family Scytosiphonaceae

Colpomenia peregrina Sauvageau

Ep

Continued on the next page...
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Species, variety, and taxonomic form Ryukyu | Hainan | Southern | Amakusa
islands Island | Vietnam | islands
Colpomenia sinuosa (Mertens ex Roth) Derbes & Solier Ep*
Dactylosiphon bullosus (D. A. Saunders) Santiafiez, K. M. Lee, Ep*
S. M. Boo & Kogame
Hydroclathrus clathratus (C. Agardh) M. A. Howe Ep* Ep*
Myelophycus simplex (Harvey) Papenfuss Ep*
Rosenvingea nhatrangensis E. Y. Dawson Ep*
Order Sphacelariales
Family Sphacelariaceae
Sphacelaria carolinensis Trono Ep
Sphacelaria novae-hollandiae Sonder % Ep Ep* Ep* Ep*
Sphacelaria rigidula Kiitzing ¥ Ep* Ep* Ep* Ep*
Sphacelaria solitaria (Pringsheim) Kylin Ep
Sphacelaria tribuloides Meneghini Ep Ep Ep*
Sphacelaria yamadae Segawa Ep Ep
Order Dictyotales
Family Dictyotaceae
Dictyota friabilis Setchell Ep* Ep*
Lobophora variegata (J. V. Lamouroux) Womersley ex E. C. Oliveira Ep* Ep*
Zonaria flabellata (Okamura) Papenfuss Ep*
Phylum CHLOROPHYTA
Class Chlorophyceae
Order Chaetophorales
Family Uronemataceae
Uronema marinum Womersley Ep Ep Ep
Class Ulvophyceae
Order Ulotrichales
Family Ulotrichaceae
Ulothrix flacca (Dillwyn) Thuret Ep
Ulothrix implexa (Kiitzing) Kiitzing Ep Ep
Ulothrix subflaccida Wille Ep
Order Ulvales
Family Ulvellaceae
Ulvella lens P. L. Crouan & H. M. Crouan % Ep Ep Ep Ep
Ulvella repens (Pringsheim) R. Nielsen, C. J. O’Kelly & B. Wysor Ep
Ulvella scutata (Reinke) R. Nielsen, C. J. O’Kelly & B. Wysor Ep Ep Ep
Ulvella viridis (Reinke) R. Nielsen, C. J. O’Kelly & B. Wysor Ep Ep Ep Ep
Family Ulvaceae
Ulva clathrata (Roth) C. Agardh Ep* Ep Ep
Ulva compressa Linnaeus Ep* Ep*
Ulva flexuosa Wulfen Ep* Ep* Ep*
Ulva intestinalis Linnaeus Ep*
Ulva prolifera O. F. Miiller Ep*
Order Cladophorales
Family Anadyomenaceae
Anadyomene wrightii Harvey ex J. E. Gray Ep*
Microdictyon japonicum Setchell Ep*
Family Boodleaceae
Boodlea coacta (Dickie) G. Murray & De Toni Ep*
Boodlea composita (Harvey) F. Brand Ep* Ep*

Continued on the next page...
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Species, variety, and taxonomic form Ryukyu | Hainan | Southern | Amakusa
islands | Island | Vietnam | islands

Cladophoropsis fasciculata (Kjellman) Wille Ep* Ep
Cladophoropsis membranacea (Bang ex C. Agardh) Bgrgesen Ep Ep
Phyllodictyon anastomosans (Harvey) Kraft & M. J. Wynne Ep* Ep*
Family Cladophoraceae
Chaetomorpha aerea (Dillwyn) Kiitzing Ep*
Chaetomorpha javanica Kiitzing Ep*
Chaetomorpha ligustica (Kiitzing) Kiitzing Ep* Ep*
Chaetomorpha linum (O. F. Miiller) Kiitzing Ep*
Chaetomorpha minima F. S. Collins & Hervey Ep* Ep
Cladophora albida (Nees) Kiitzing Ep*
Cladophora coelothrix Kiitzing Ep*
Cladophora flexuosa (O. F. Miiller) Kiitzing Ep* Ep*
Cladophora gracilis Kiitzing Ep* Ep*
Cladophora laetevirens (Dillwyn) Kiitzing Ep Ep* Ep*
Cladophora patentiramea (Montagne) Kiitzing Ep
Cladophora perpusilla Skottsberg & Levring Ep* Ep*
Cladophora sibogae Reinbold Ep
Cladophora socialis Kiitzing Ep*
Cladophora vagabunda (Linnaeus) Hoek Ep* Ep* Ep*
Lychaete herpestica (Montagne) M. J. Wynne Ep* Ep*
Rhizoclonium implexum (Dillwyn) Kiitzing Ep* Ep Ep*
Rhizoclonium riparium (Roth) Harvey Ep Ep Ep*
Order Bryopsidales
Family Bryopsidaceae
Bryopsis australis Sonder Ep
Bryopsis pennata J. V. Lamouroux Ep*
Family Siphonocladaceae
Siphonocladus rigidus M. A. Howe Ep Ep* Ep*
Family Derbesiaceae
Derbesia attenuata E. Y. Dawson Ep*
Derbesia marina (Lyngbye) Solier Ep
Family Caulerpaceae
Caulerpa ambigua Okamura Ep* Ep
Caulerpa vickersiae Bgrgesen Ep*
Family Halimedaceae
Penicillus sibogae Gepp ‘ Ep*

Note: Ep, algae found only as epiphytes; Ep*, algae found as epiphytes, as well as living on hard substrata; ¢, the most
common species of epiphytic algae (more than 20 finds in each study area).

Half of all the species we noted were common for the South China and East China seas (Table 1).
We also compared the species composition of epiphytic algae sampled from different areas of the South
China and East China seas: Hainan Island and Southern Vietnam; islands of the Ryukyu and Amakusa
archipelagos; Amakusa islands and Southern Vietnam; and Ryukyu islands and Southern Viet-
nam (Fig. 3). We revealed the highest number of common species when comparing samples from Hainan
Island and from Central and Southern Vietnam (South China Sea): 82 species, or 43% of the total num-
ber of species in the both collections. The lowest species similarity was established between samples
from Vietnam (South China Sea) and the Amakusa islands (East China Sea): 59 species, or 32%
in the both collections. The highest relative abundance of region-specific epiphytic algae (those found
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only in one certain region) was registered for the islands of the Amakusa Archipelago (Fig. 3): 69%
of species when comparing algal collections from the islands of the Amakusa and Ryukyu archipela-
gos, and 56% of species when comparing algal collections from the Amakusa islands and the coast
of Southern and Central Vietnam.
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Fig. 3. Comparison of the species composition of collections of epiphytic algae from different areas
of the South China and East China seas: A, Hainan Island and Southern Vietnam; B, islands of the Ryukyu
and Amakusa archipelagos; C, Amakusa islands and Southern Vietnam; D, Ryukyu islands and Southern
Vietnam

DISCUSSION

Species richness and taxonomic composition of the epiphytic algal flora in the study areas
of the South China and East China seas. During our work, over 700 species and taxonomic forms
of marine seaweeds were found and identified in four regions of the South China and East China seas;
out of those, more than 30% were recorded in epiphytic life form. In algal collections from Central
and Southern Vietnam, epiphytic algae accounted for 28%; from Hainan Island, 30%; from the islands
of the Ryukyu Archipelago, 22%; and from the islands of the Amakusa Archipelago, 42%. Earlier,
in the 1950s-1960s, Pham Hoang Ho registered 440 species of seaweeds in Southern Vietnam, of which
18% were found in epiphytic form [Pham, 1969]. In the book Common Seaweeds of China [Tseng,
1983], 454 species were described, and out of those, 12% were epiphytes. Comparison of our data with
the material of Pham Hoang Ho and C. Tseng gives reason to assume that the recent benthic algal flora
of the South China Sea is 1.5 times richer in epiphytic algae than the flora in the middle of the 20th cen-
tury. However, in our opinion, the discrepancy in richness of epiphytic algae sampled by us and preserved
in the earlier collections of other researchers can be explained chiefly by different methods of sampling
and processing the material and also by the difference in surveyed habitats. We collected fine filamen-
tous and unicellular epiphytes from fresh material, used stereoscopic microscope, and immediately be-
gan identification of samples. Our Vietnamese and Chinese colleagues mostly processed dry herbarium
specimens, which did not facilitate the complete collection of epiphytic algae.
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The highest number of seaweed species was registered on coral reefs of Hainan Island; the lowest,
in the coastal aquatic ecosystems of the Amakusa Archipelago. At the same time, the relative number
of epiphytic algal species to the total number of seaweed species was the highest on the Amakusa islands.
The lowest species similarity was revealed between samples from Vietnam and the Amakusa Archipelago.
The collection of seaweeds from the Amakusa islands differed from other ones in having noticeably
higher relative number of region-specific epiphytic species.

We are inclined to assume that the difference we registered in the relative content of epiphytic algae
in the flora of these two regions of the South China and East China seas is mediated by the climatic
conditions within their habitats. We showed earlier that recent benthic floras off the coast and islands
of Vietnam, Hainan Island, and the Ryukyu islands belong to those of the tropical biogeographic region,
while the flora of the Amakusa islands is related to that of the warm temperate region [Titlyanov et al.,
2019b]. Apparently, the development of epiphytism in the tropical biogeographic region is less intense
than in the warm temperate region, presumably due to the effect of high temperatures on epiphytic
algae throughout the dry season: it causes algae drying, and also death or inhibition of their growth
in the intertidal zone [Titlyanov et al., 2014, 2019a].

Among all marine algal species we found in the study areas, about half were red algae. At the same
time, in the samples of epiphytic algae, reds could account for more than 80%. Similar data were obtained
earlier by Pham Hoang Ho. In the marine algal collection from the coast and islands of Southern Vietnam,
red seaweeds also prevailed among epiphytes [Pham, 1969]. Reds dominated among epiphytes in cold
waters of the Russian Far East seas as well [Zhigadlova, 2011]. According to the latest data by O. Belous
and T. Titlyanova [2021], 57 species of epi- and endophytes were found on thalli of the brown alga
Punctaria plantaginea (Roth) Greville in Peter the Great Bay, Sea of Japan; this accounted for 18%
of the total number of algal species recorded in this location [Skriptsova, 2019]. Among fouling algae
on P. plantaginea, fine filamentous and microscopic forms of red and brown species predominated.

About 40% of all the epiphytes we revealed were in obligate form, i. e., these species grew only
as epiphytes. Red algae representing the orders Acrochaetiales (family Acrochaetiaceae), Colacone-
matales (family Colaconemataceae), and Ceramiales (family Callithamniaceae), as well as green sea-
weeds from the orders Chaetophorales (family Chaetophoraceae), Ulotrichales (family Ulotrichaceae),
and Ulvales (family Ulvellaceae), were found only as epiphytes.

Basiphytic algae. Chemical, morphological, and anatomical factors either contributing
to the attachment and growth of epiphytes or preventing it. It is well known that the intensity of epi-
phytic colonization of macrophytes depends on internal factors: morphological, anatomical, and chemi-
cal properties of thalli of basiphytes and also on such habitat conditions, as grazing pressure, resistance
to desiccation, and wave action [Jasim et al., 2022; Levin, Mathieson, 1991; Potin, 2012; Weinberger,
Friedlander, 2008; Zhigadlova, 2011]. As shown, tropical red algal species are more active in terms
of chemical defenses against fouling than other taxa. The antifouling effect of green algae is insignifi-
cant [Jasim et al., 2022]. Old or damaged thalli are often more susceptible to colonization by epiphytes,
since their built-in chemical defenses are weakened [Levin, Mathieson, 1991; Potin, 2012].

For example, the fouling of the red alga Palmaria Stackhouse, 1802 was more active than the foul-
ing of other species in the cold waters of the Kamchatka Peninsula due to peculiarities of Palmaria
anatomy: a large number of cavities in its cortical layer that appear after the release of mature
tetraspores and are easily accessible for settlement and fixation of epi- and endophytes. Also, it results
from the fact that epibionts use biologically active substances released by a basiphyte during maturation
[Zhigadlova, 2011].
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Another example of the distribution of epiphytes being determined by the morphological and anatom-
ical features of the host is reported by E. Martinez and J. Correa [1993]; the researchers combined field
and laboratory works and showed that green epiphytic algae Sporocladopsis sp. were limited to the sori
of their kelp hosts, Lessonia nigrescens Bory and L. trabeculata Villouta & Santelices (Heterokontophyta),
and did not penetrate into neighboring vegetative tissues of basiphytes.

The brown seaweed Ascophyllum nodosum (Linnaeus) Le Jolis forms extensive thickets in rocky tidal
habitats protected from waves on the Northwestern Atlantic. This fucoid alga is the host for an obligate
epiphyte, the red alga Vertebrata lanosa (Linnaeus) T. A. Christensen, and two facultative epiphytes,
the browns Elachista fucicola (Velley) Areschoug and Pylaiella littoralis (Linnaeus) Kjellman. V. lanosa
can occur throughout most of the length of the host leaves, but largely predominates in the middle leaf
segments. Having usually a smooth surface due to their young age, distal segments bound two epiphytic
brown algae. By creating small wounds that mimic scratches, the researchers stimulated the spread of epi-
phytes over the entire surface of the host leaves. It was demonstrated that V. lanosa can colonize damaged
distal leaf segments during the growth and reproduction season (summer and autumn). The authors sug-
gest that the absence of surface irregularities on distal segments of the host fronds, specifically small
bounds, is the main factor explaining the absence of V. lanosa there [Longtin, Scrosati, 2009].

In total, during our works in the study areas, epiphytes were found on thalli of 40% of the species
sampled. The highest number of cases of epiphytes settlement was observed on complex thalli of al-
gae from the families Galaxauraceae, Corallinaceae, Rhodomelaceae, Cystocloniaceae, Rhodymeni-
aceae (Rhodophyta), Scytosiphonaceae, Dictyotaceae, and Sargassaceae (Heterokontophyta). Epiphytes
were not found on red seaweeds of filamentous and fine filamentous forms from the orders Stylone-
matales, Erythropeltales, Bangiales, Acrochaetiales, Colaconematales, and Ceramiales (family Delesse-
riaceae), as well as on green algae representing the orders Ulvales (family Ulvellaceae), Bryopsidales
(family Udoteaceae), and Dasycladales (family Dasycladaceae).

The positive effect of reducing the concentration of pollutants on the intensity of epiphytism af-
ter the closing of fish farms in the Sanya Bay (Hainan Island) was revealed by us before [Li et al.,
2016, 2021]. The content of nutrients in the seawater opposite the outlet decreased by more than an order
of magnitude and became almost equal to the mean value for the Sanya Bay. Six months after the re-
moval of the fish farm, the population density of the dominant species of green and brown epilithic algae
and their biomass significantly dropped, while the number of species of epiphytic algae increased. In this
case, we associate the reason for a rise in the number of epiphytic algae with an increase in diversity
and shift in the taxonomic composition of basiphytic algae.

When studying seasonal changes in the benthic flora of tropical regions, a boost in the diversity of epi-
phytic algae was observed in summer and autumn [Titlyanov et al., 2014, 2019a]. An increase seemed
to be governed by the formation in this late growing season of areas suitable for settlement of epiphytes
on old basiphytic thalli: the ones with various types of damage, with mature or sporulated reproduc-
tive organs, with diseased or dead areas, and with other changes in morphology and anatomy [Levin,
Mathieson, 1991; Potin, 2012].

Conclusions. Based on years of research involving inventory of the benthic marine flora of four
regions of the South China and East China seas, the state and development of epiphytism in trop-
ical and warm-temperate biogeographic regions were analyzed. In the study areas, epiphytic algae
accounted for about half of the total number of seaweed species recorded. A greater development
of epiphytism was revealed in the warm-temperate biogeographic regions (East China Sea, islands
of the Amakusa Archipelago). Among epiphytic species, red algae predominated. Two groups of species
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were distinguished: obligate epiphytes and facultative ones. The former settled only on living (and
healthy) thalli of algae, and the latter also attached to other types of substrata. Among obligate epi-
phytes, red algae in fine filamentous and filamentous forms prevailed. As shown, the study areas differed
not only in the number of epiphytic algal species found, but also in the species composition. Only 30%
of epiphytic species of all taxonomic groups were common to the study areas. Most of the region-specific
epiphytes were registered on the Amakusa islands (warm-water temperate biogeographic region).

Not all the species of marine seaweeds encountered were colonized by epiphytes: those were most
often noted on thalli of red and brown algae which have a complex structure of thalli.

The species diversity of the epiphytic flora increased with a decline in the concentration of pollu-
tants in parallel with a rise in the total number of species of benthic algae. An increase in the diversity
of epiphytic algae was observed in summer and autumn, which is probably associated with the climac-
teric period of succession of the algal community: a weakening of the chemical defenses of basiphytes
against settlers and appearance of convenient surfaces for settling.

This work was carried out within the framework of NSCMB FEB RAS state research assignment “Dynamics
of marine ecosystems, adaptation of organisms and communities to environmental factors” (No. 12402 1900009-6).
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SMUAPUTU3M CPEJIA BOJOPOCJIENA
KOPAJIJIOBBIX PUPOB U KAMEHUCTDBIX IPUBPEKHBIX 9KOCUCTEM
B I02KHO-KUTAVICKOM U BOCTOYHO-KUTAHCKOM MOPSX
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3Kmouepas 1abopaTopys TPOMMYECKUX MOPCKMX GHOPECYPCOB U 9KOJIOTUU MIHCTUTYTa OKeaHOIOTUH
I0:xHO-Kutaiickoro mops Kuraiickoii akanemun Hayk, I'yanuxoy, Kurai
E-mail: ksu_bio@mail.ru

SnuduTI3M — NPUPOJHOE SBJIEHHE, ITMPOKO PACTIPOCTPAaHEHHOE B MPUOPEKHBIX IKOCUCTeMax Mu-
POBOTrO OKeaHa. Snu@uThl — 3T0 pacTeHus (BOAOPOCIH), PaCTyIIUe Ha APYTUX pacTeHUsX (BOZOPOC-
JISIX ), HE KOHKYPUPYIOLIXE C IpyTMH OPraHU3MaMH 3a CyOCTpaT U MOJTyvalolyie B OCHOBHOM (pu3nye-
CKYIO MIOJJIEPKKY OT X03siMHa. B TO ke Bpems M3BECTHO HEraTMBHOE BJIMSIHUE SMHU(MUTOB: OHU MOTYT
CHMXXaTh IPOLYKTUBHOCTb, BHI3HIBATH MOP(OJIOrMUECKHE aHOMAJIMU, YMEHBILATh CTPYKTYPHYIO IPOY-
HOCTb CJIOEB U CIIOCOOCTBOBATh OTPBIBY TAJUIOMA XO35IMHA OT cyOCTpaTta BO BpeMst TopMoB. Padora
MOCBSIIIEHAa U3YYEHHIO BUIOBOTO COCTaBa M JKM3HEHHBIX (POPM BOAOPOCITIEH-IMU(PUTOB B HEKOTOPBIX
6uoreorpauieckux paifonax MUpOBOro okeaHa, a TaKkke aHaJIM3y (DIOPUCTHUECKUX PA3IMINi, BbI-
SIBJICHHBIX B 9TUX paiiOHaX, M YCTAaHOBJIEHUIO MPHYMH MX BO3HMKHOBEHMsI. MakpoBOIOPOCIH ObUIH
coOpaHbl B BEpXHEW, CpeiHel M HIDKHEH JIMTOpAI U B BEPXHEH CyOIMTOpaiM Ha KOPaJUIOBBIX PH-
¢ax B IOxn0-Kuraiickom u Bocrouno-Kutaiickom mopsix. OOpasipl oTOMpasii U3 TPEX CIy4aiHO
BHIOPAHHBIX KBaJpaToB (IUiomaas 1 M?) U ¢ y4acTKOB 3a uX mpejenamu. Kaxmwiii o6pasen npope-
psu Ha Haymuue 3muduToB. Beero codpano u npoanamsuposaHo 6osee 1000 TaymuioMoB ¢ ammdu-
Tamu. BugoBoe 6oraTcTBo, COCTaB M pacipocTpaHeHre MU(UTHBIX BOJOPOCIEH B SKOCUCTEMaX KO-
pasutoBbix pugoB B I0xHO-Kurtaiickom mope (Llentpanbhbiii u OxHbI BeeTHam, ocTpoB XaitHaHb)
u Boctouno-Kuraiickom Mope (ocTpoBd apxunenaroB Piokio 1 Amaxkca) 3a nepuof ¢ 1995 mo 2019 r.
U3yYeHO BIepBbie. B 9THUX yeThIpEX peruoHax oOHapyxkeHo U uaeHTudunmposaHo 6osee 700 BUIOB
¥ TAKCOHOMHMYECKUX (pOPM MOPCKHX pacTEHH, N3 KOTOPBIX OKOJIO 33 % simsiorcs amuduramu. Han-
OoJIbIliee KOJIMYECTBO BUIOB BOJIOPOCIHIE cOOpaHO Ha KOPaJUIOBBIX pudax ocTpoBa XaiHaHb (526);
HauMeHblllee KOJMYECTBO BUIOB OOHAPYKEHO B MPHOPEKHBIX BOIHBIX IKOCUCTEMAX OCTPOBOB apXu-
nenara Amakca (320). KosuecTBo 31upUTOB OTHOCUTENBLHO OOIIEro YKcIia BUAOB BOJIOPOCIIEH ObLIO
MaKCUMaJIbHBIM Ha ocTpoBax AMakca. Cpean 3aperucTpupOBaHHBIX BUJIOB SMU(MUTHBIX BOAOPOCIER
okoJio 40 % BcTpeuanuich B 00uratHol popme, a 6osee SO % ObuTH (haKyIbTATUBHBIMU STH(DUTAMHE.
PaiioHbI MCClIeIOBAHUI Pa3IMYa/IkCh 110 BUAOBOMY COCTaBY 3MUGUTOB, M TOJbKO 30 % BUIOB ObLIH
obummu. Hanbonee cnermduynele 15 paiioHa 3nrUTHBIE BUOBI OTMEUYEHB! HA OCTPOBaX apXHIle-
nara Amakca. B craTbe 00Cy)XAal0TCsl IPUYMHBL ¥ YCJIOBUS LIMPOKOTO Pa3BUTHS SNM(pUTH3MA Cpeau
BOJOPOCIIE B pa3InyuHbIX Ouoreorpapuyeckux paiionax Muposoro okeana. [Ipuioxenue K myOimka-
LM COJIEPAKUT ONMUCAHUA MOP(OJIOTUHN U aHATOMUH TAJUIOMOB 40 IIMPOKO pacpoCTpaHEHHBIX BUJOB
snuguroB. OnucaHus COMPOBOXKAATCS UBETHBIMU (hoTOrpausMu ¢ AETATAMI MOP(OIOrHIECKUX
Y AaHATOMHYECKHX CTPYKTYP.

KuiroueBrble c1oBa: MOpCKHE BOJIOPOCIH, SNU(HUTHI, KOPAJUIOBBIE pHQBI, BUAOBON COCTAB
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Limnospira platensis (Gomont) K. R. S. Santos & Hentschke, 1973 (Spirulina) has a high nutritional
value: it contains up to 70% of protein, as well as carotenoids, B vitamins, vitamin E, and other
nutrients and minerals. Optimal storage of cyanobacteria is achieved by drying, and in this form,
the biomass preserves its useful properties for a long time. Moreover, cells remain viable when en-
tering the state of anhydrobiosis, and this is crucial for preserving the biodiversity of cyanoprokary-
otes and microalgae in storages. Among the biochemical components of L. platensis, the pigment
C-phycocyanin (C-PC) is of particular interest: it has antioxidant, immunomodulatory, and cancer-
preventing properties, and it is a component of photosynthetic pigment complexes of cyanobacteria.
The aim of this work was to determine C-PC content in L. platensis samples preserved in the state
of anhydrobiosis within 1-19 years and to reveal the key factors affecting the decrease in its concen-
tration. To analyze L. platensis biomass, standard methods (biochemical and optical ones) were used,
and also microscopic technique was applied to control associated microflora. The maximum amount
of C-PC was obtained at a temperature of +30 °C (5.6 and 3.4% for the 2™ and 12" years of storage, re-
spectively). Dehydration at higher temperatures, +50 and +60 °C, led to a drop in pigment content (1.9
and 0.54% for the 2™ and 12" years of storage, respectively). No clear correlation between the level
of C-PC concentration and residual moisture was revealed; however, in 23% of samples at high dehydra-
tion temperatures, increased residual moisture was recorded (12—-16%). Storage for 19 years, in contrast
to storage for 2 years, was characterized by the dominance of destroyed trichomes and the abundant
development of associated bacteria. A decrease in C-PC concentration in the samples and a decline
in variability of the indicator with increasing storage period were noted. Apparently, storage period,
along with temperature and residual moisture, affected the drop in the pigment concentration. Prob-
ably, C-PC content can be considered as an indicator of L. platensis cell viability. When transferring
cyanobacteria to the state of anhydrobiosis, it is most reasonable to carry out dehydration at a tempera-
ture of +30 °C and store samples at a residual moisture of 9—11% (for no more than 2 years). The results
may be useful for preserving biodiversity and obtaining C-PC-rich biomass in anhydrobiotic collections
of algae and cyanobacteria.

Keywords: cyanobacteria, anhydrobiosis, microalgae, dehydration, residual moisture, temperature,
storage period
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Among phototrophs which have adaptogenic effect on an organism, Limnospira platensis (Gomont)
K. R. S. Santos & Hentschke (Spirulina) is of particular interest due to its exceptionally high nutritional
value [Kedik et al., 2010; Soni et al., 2017; Spirulina platensis, 1996]. Along with protein in a high
concentration (up to 70%), it contains an almost complete spectrum of carotenoids, B vitamins in a sig-
nificant amount, vitamin E, essential gamma-linolenic acid, and a wide range of microelements [Becker,
1993; Choopani et al., 2016; Los, 2013; Petryakov, 2015; Spirulina platensis, 1996]. Among the bio-
chemical components of L. platensis, certain attention is paid to C-phycocyanin (hereinafter C-PC):
an accessory pigment and a protein-pigment complex of phycobiliproteins absorbing light, along with
allophycocyanin and phycoerythrin [Chaouachi et al., 2024; Liu et al., 2016; Stadnichuk et al., 2015].
C-PC is often considered as an indicator of viability of cells, as its concentration may indirectly reflect
the condition of cyanobacterial photosynthetic apparatus [Mroz et al., 2024; Spirulina platensis, 1996].
C-PC features antioxidant, immunomodulatory, and cancer-protective properties [Choopani et al., 2016;
Los, 2013; Petryakov, 2015]; therefore, while storing L. platensis biomass, it is necessary to maintain
conditions ensuring maximum preservation of the pigment. Dehydration is the most common tech-
nique for storing Cyanobacteria; it allows biomass of cyanoprokaryotes to retain its beneficial properties
for a long time. Dehydrated L. platensis cells enter the state of anhydrobiosis, and this is crucial for pre-
serving cultures of microorganisms. The analysis of the dependence between C-PC content in dehydrated
L. platensis cells and storage period is highly relevant, while data available in literature is extremely
fragmentary.

The aim of this work is to determine C-phycocyanin content in Limnospira platensis samples
preserved in the state of anhydrobiosis for 1-19 years, and to reveal the key factors of a decline
in the pigment concentration.

MATERIAL AND METHODS

Plant material. The subject of the study was a unialgal, non-axenic culture of L. platensis (strain
IBBS-31) from the collection of anhydrobiotic cultures maintained by staff of IBSS Department
of Biotechnology and Phytoresources. The culture was transferred to the state of anhydrobiosis in dif-
ferent years of the investigation. The longest storage period was 21 years. Samples were obtained
both in a laboratory and under conditions of industrial cultivation. The Zarrouk’s medium was used
as a nutrient medium for the culture [Faucher et al., 1979]. In total, 34 samples of dehydrated cultures
of L. platensis were analyzed.

Cultivation conditions in the laboratory in semi-industrial bioreactors. Cyanobacteria were
batch-cultured under stable round-the-clock illumination [at the surface of the medium, illuminance
was 15 klx (Yu-116 light meter, Russia)]. Consistent airflow was provided by Hailea ACO 308
air compressor (China); it allowed removing excessive oxygen from the nutrient medium and main-
taining stable temperature of its layer. Temperature of the medium ranged from +25 to +29 °C.
When L. platensis growth reached the stationary stage, trichomes were separated from the culture
medium by filtration via gauze (100-105 PE), and then rinsed twice with two volumes of distilled wa-
ter. The biomass was spread in a thin layer on a polyethylene film, placed in a thermostat (TS-80M-2,
Russia), and dehydrated at temperatures of +30, +50, and +60 °C. Dehydration lasted for 6-20 h de-
pending on temperature and amount of biomass. Dryness was considered achieved when edges of de-
hydrated biomass curled inward, and cyanobacteria mat was easy to separate from the underlying
polyethylene film.
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Conditions of sample storage. Dried samples were placed in polyethylene grip seal bags, and then
into plastic containers. Those were placed in a storage for anhydrobiotic cultures (temperature
was maintained at the level of +18...420 °C). The samples were stored for 1-19 years.

Biochemical analysis and determination of residual moisture. C-PC was extracted
from 0.01-0.05 g of dry biomass of cyanobacteria with 2 mL of distilled water; the procedure was re-
peated until the extract became clear. Pigment content was determined on a UV/Vis spectrophoto-
meter SF-2000 (LOMO, Russia), and calculated by formula specified in [Gevorgiz, Nekhoroshev,
2017; Voronin et al., 2001]. C-PC content was expressed based on dry weight. Residual moisture was
determined by standard technique of drying to constant weight [Metody, 1975].

Reactivation after the state of anhydrobiosis and preparation of Limnospira platensis sus-
pension for examination under a scanning electron microscope. Prior to examination, all solutions
were filtered through membrane filters with pore size of 0.2 um (Sartorius, Germany); sterile labware
was used. For reactivation of cyanobacteria, a 0.01-0.05-g sample of L. platensis was hydrated with
3 mL of the Zarrouk’s medium diluted with distilled water (ratio 1 : 2) [Patent 2541452, 2015] and left
for 1 h at a room temperature. An aliquot of L. platensis cell suspension (1-2 mL) was treated with glu-
taraldehyde for 60 min to a final concentration of 2.5%, and then precipitated on a 0.2-um polycarbonate
filter (manufactured by Joint Institute for Nuclear Research, Dubna, Russia). Subsequently, the samples
were dehydrated in a graded ethanol series: from 20 to 100% [Bratbak, 1993]. A Leica EM CPD300
critical point dryer (Germany) was used to dry the samples at the critical point (1.5-2.5 h). A Leica
EM ACE200 vacuum coater was used for sputter coating (Au/Pd, 0.5-1.0 min). The samples were
viewed and micrographs were captured under a scanning electron microscope Hitachi SU3500 (Japan),
at 4000x to 6000x magnification.

RESULTS AND DISCUSSION

Effect of temperature on C-phycocyanin content in Limnospira platensis samples. We analyzed
fluctuations of C-PC concentration at different temperature regimes (+30, +50, and +60 °C). We chose
the samples from one batch, which had been stored for 2 and 12 years.

For the culture that had been stored in the state of anhydrobiosis for 2 years, the highest C-PC
content (5.6% of dry weight) was recorded for dehydration temperature of +30 °C. Apparently, with
a rise to +50 and +60 °C, primary destruction of trichomes in cyanobacteria occurred, as we registered
a statistically significant decrease (unpaired #-test, p < 0.05) by 2.3-2.9 times (down to 2.4 and 1.9%,
respectively). For the culture that had been stored under anhydrobiosis condition for 12 years and de-
hydrated at +30 °C, C-PC concentration amounted to 3.4% of dry weight. At dehydration temperature
of +50 °C, the value decreased by 1.3 times relative to the sample dehydrated at +30 °C (down to 2.6%),
and at +60 °C, by 6.8 times (down to 0.5%). Thus, the samples stored for 2 and 12 years showed a trend
of declining C-PC content as the dehydration temperature increased (Fig. 1a, b).

Samples stored for longer (for 17, 19, and 21 years) featured lower C-PC concentration: mean values
were 1.86 and 1.97% for +30 and +50 °C, respectively. The difference between values was statistically
non-significant (unpaired ¢-test, p > 0.05). At +60 °C, phycocyanin content decreased by 3.8 times,
and the mean value was 0.54%.

As previously reported, to ensure the viability of cyanobacteria (after anhydrobiosis) and to properly
preserve biochemical components, dehydration should be carried out at +30...+60 °C [Kharchuk, 2018;
Patent 2541452, 2015]. However, for maximum preservation of C-PC, dehydration at +30 °C turned out
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to be the most acceptable for samples stored for both 2 years (which corresponds to the shelf life of com-
mercial preparations of L. platensis) and 12 years. Dehydration temperature of +30 °C is known to cor-
respond to physiological optimum for cyanobacterial growth. For instance, samples dehydrated under
such conditions had no changes in the lipid composition, whereas samples dehydrated at +60 and +70 °C
exhibited higher content of unsaturated fatty acids, and this contributed to increased stability of mem-
branes and probably was a response to the negative effect of temperature [Kharchuk, Kopitov, 2005].
According to [Efimov, 2007; Liu et al., 2016; Spirulina platensis, 1996], C-PC concentration declined
as temperature increased to values above +50...460 °C; at +70 °C, pigment degradation occurred, appar-
ently due to destructive processes triggered in the protein segment of phycobiliproteins. This is consistent
with our data.

16 6 16 z
. L By EmCPC —RM b e
5 = 5 =
[ -
12 5 12 Z
® 2 4 S 47
s 10 Sy & g 10 u\‘-
2 > z E =
2 . B 5 .z s
é 8 “ag y= 8.58¢ 0533 3 £ g 8 3 =
= ~.. R*=089 g E g
o s\‘ E ;\: E
§ 6 e, 2 E 2 6 , £
3 5 8 =
5] 3 é s
4 2 4 g
= =
I = )
2 3 2 )

0 0 0 0

30 50 60 30 50 60

Fig. 1. Dependence of C-phycocyanin concentration (C-PC) and residual moisture (RM) on the dehy-
dration temperature of Limnospira platensis samples at different storage periods: a, 2 years; b, 12 years.
The dotted line shows the trend

Thus, we confirmed that dehydration temperature was the key mediator of C-PC content in L. platen-
sis cells. Dehydration at +30 °C was optimal for C-PC preservation, whereas higher temperatures seemed
to cause thermal degradation of the pigment.

Effect of residual moisture on C-phycocyanin content in Limnospira platensis samples.
As noted above, the samples dehydrated at +60 °C and stored for 2 and 12 years, exhibited the highest
values of residual moisture (hereinafter RM) (15.2 and 9.7%, respectively) and the lowest C-PC concen-
tration (see Fig. 1). The samples stored for longer and dehydrated at the same temperature were charac-
terized by high RM as well (9.16%). Over the entire period of our study, RM varied within 6.9-15.4%.
No clear correlation was established between RM of stored cultures and dehydration temperature. How-
ever, for the data array, it was found as follows: elevated moisture levels (12—-15.2%) were more fre-
quently observed in samples dehydrated at higher temperatures (23% of the total sample) (Fig. 2). In-
terestingly, low RM (6.6-8.54%) was recorded in 47.4 % of samples stored for a long time (more than
12 years).

During dehydration, first, free water is removed, and concentration of intracellular components in-
creases by 2-5 times. Subsequent dehydration eliminates bound (structural) water, which is the primary
factor determining RM. Bound water passes into gel-like state and protects the cellular structures thus
preventing complete degradation of photosystems I and II and, accordingly, ensuring C-PC preservation
in cells [Bekker et al., 1981, 1990; Liu et al., 2016].
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Fig. 2. Parameters of residual moisture in Limnospira platensis samples at different dehydration
temperature

Limits of RM for preservation of certain cyanobacteria and microalgae in the state of anhydro-
biosis without deterioration of their chemical and biochemical properties were determined previously.
For example, successful reactivation of Synechococcus elongatus (Nageli) Nigeli, 1849 and its recovery
requires RM of 8-11%; Phaeodactylum tricornutum Bohlin, 1897, RM of 12-14%; and L. platensis,
RM of 9-11% [Kharchuk, 2008a]. When the level of RM is below or above the optimal one, cells lose
viability and do not enter the state of anhydrobiosis [Bekker et al., 1990; Liu et al., 2016].

Relative humidity is known to depend on temperature. The higher the temperature, the more water
vapor air can hold, and therefore, the more moisture it can retain [ Trockaya et al., 2014]. This dependence
seems to underlie the phenomenon when higher RM is observed in samples dehydrated at higher tem-
peratures. Besides, if samples subjected to high-temperature dehydration are packaged, this increases
the likelihood of more intense condensate formation in storage containers. RM > 12% is critical for sur-
vival of L. platensis dried cells, and it triggers destruction of trichomes [Kharchuk, 2008b]. For instance,
M. Bekker et al. [1981] reported that high RM, 20-24%, caused death of yeast cells. Apparently, high
dehydration temperature and elevated RM in samples had a combined negative effect on cell condition.
Trichomes were disintegrating and releasing metabolites, which contributed to the growing pool of or-
ganic substances thereby causing active development of associated microflora [Mogale, 2016; Tarhova,
2005; Vardaka et al., 2016].

Samples after 2 and 19 years of storage were reactivated and examined. In the first case, suspension
contained relatively intact trichomes, and abundance of bacterial cells was low (Fig. 3a). In samples after
a long-term storage, deformed and fragmented trichomes dominated, and abundance of bacterial cells
was high (Fig. 3b, e). In the present study, we did not carry out a quantitative assessment of bacterial
associations. Visually, bacterial abundance in samples after 19 years of storage was very high, especially
on fragments of destroyed trichomes. Bacterial cells were found on the surface of mucilaginous sheath
of cyanobacteria (Fig. 3a, d, g, white solid arrows), on the surface of disintegrated trichomes (Fig. 3e, f,
black dashed arrows), inside the mucilaginous sheath of cyanobacteria (Fig. 3g, black solid arrows),
and in the culture medium outside L. platensis cells (Fig. 3a—c, white dashed arrows). Dominance of ir-
reversibly damaged and dead cells (65.8 and 34.2%) with low C-PC content (1.4%) in suspension after
a long-term storage was reported previously [Kharchuk et al., 2022].
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Fig. 3. Limnospira platensis trichomes in reactivated samples after 2 and 19 years of storage under anhydro-
biosis condition (according to scanning electron microscopy data): a, L. platensis trichomes and associated
bacteria after 2 years of storage; b, deformed L. platensis trichomes and associated bacteria after 19 years
of storage; ¢, L. platensis—associated bacteria in a culture suspension of samples after 19 years of storage;
d, bacterial cells on the surface of the Cyanobacteria mucilaginous sheath; e, destroyed L. platensis tri-
chomes in a culture suspension of samples after 19 years of storage; f, bacterial cells on destroyed trichomes;
g, bacterial cells on the surface and in the Cyanobacteria mucilaginous sheath. Scale bars are 5 um

Dynamics of C-phycocyanin content in Limnospira platensis samples at different storage pe-
riods. All samples available (1, 2, 12, and 19 years, the present study; and 4 and 17 years, described
previously [Kharchuk et al., 2022]) exhibit a decline in C-PC concentration as the storage period in-
creases. The highest C-PC content in dehydrated L. platensis cells was recorded after 1 year of storage:
the mean value was (5.88 = 0.68) %. A statistically significant drop (unpaired ¢-test, p < 0.05) was reg-
istered between 1 and 2 years of storage, and also between 1 and 4 years: down to (2.64 + 0.3) %
and (2 £ 0.4) %, respectively. After 12 years of storage, there was a further decrease in C-PC concen-
tration by 1.1-2 times (compared to that in the previous period of study), but it was statistically non-
significant (unpaired z-test, p > 0.05). The lowest C-PC content was observed after 19 years of storage:
(0.8 £0.02) % (Fig. 4).

Interestingly, the longer the storage period, the lower the variability of C-PC concentration. Appar-
ently, due to the effect of this factor, along with temperature and RM, there is a drop in C-PC con-
tent, and the pigment concentration itself can be considered as an indicator of viability of L. platen-
sis cells. Our data provide evidence for the fact that conditions for dehydration and subsequent stor-
age of cyanobacteria, commonly used for commercial production of biomass, differ from conditions
for optimal preservation of L. platensis in the state of anhydrobiosis to ensure subsequent reactivation
of viable C-PC-rich cells. These findings can be applied in selecting conditions for preserving cultures
of microalgae and cyanoprokaryotes in the state of anhydrobiosis.

Conclusion. The highest C-phycocyanin (C-PC) content in anhydrobiotic cells of Limnospira platen-
sis was registered in samples dehydrated at +30 °C: 5.6 and 3.4% for those stored for 2 and 12 years,
respectively. A shift in dehydration temperature to +50 and +60 °C seemed to trigger primary de-
struction of cyanobacterial trichomes. The pigment concentration declined for both periods of study:
down to 1.9% for 2 years of storage and 0.54% for 12 years.
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y= 6.6570-35x

I R>=0.88

1 year 2years 4years 12 years 17years 18years 19 years

C-phycocyanin content, % of dry weight

Storage period, years

Fig. 4. C-phycocyanin content in dehydrated Limnospira platensis samples at different storage periods
(averaged data obtained at dehydration temperatures of +30...+60 °C and residual moisture of 6.6—-15.2%).
The dotted line shows the trend. Data for years 4 and 17 is from [Kharchuk et al., 2022]

A range of residual moisture was wider than the known optimum for L. platensis: the values var-
ied within 6.9-15.4%. No correlation was determined between residual moisture of preserved cultures
and dehydration temperature. However, most often samples with high residual moisture (12-15.2%)
were recorded at high dehydration temperatures (23% of the total sample). Lower residual mois-
ture (6.6—-8.54%) was registered in 47.4 % of samples stored for a long time (more than 12 years). Appar-
ently, residual moisture levels below and above optimal ones triggered irreversible processes in cyanobac-
terial cells, and also secondary destruction of trichomes; moreover, C-PC content dropped to the min-
imum. After long-term storage, suspension of reactivated cyanobacteria exhibited active development
of microflora and dominance of disintegrated trichomes.

A trend was noted for the data array, regardless of dehydration temperature and residual
moisture: there was a decline in C-PC concentration with increasing storage period of samples.
For 2—4 and 4-12 years, a decrease was statistically significant (unpaired z-test, p < 0.05);
then, it was non-significant (unpaired r-test, p > 0.05). It is likely that the long storage pe-
riod, along with dehydration temperature and residual moisture, contributed to the degradation
and complete destruction of C-PC in samples. Its content can be considered an indicator of viability
of L. platensis cells.

Conditions, commonly used for commercial production of cyanobacterial biomass for further pro-
duction of dietary supplements, medicines, food additives, and other biotechnological products, differ
from conditions required for microalgae and cyanoprokaryotes to enter the state of anhydrobiosis with
subsequent reactivation of their viable cells with high C-PC concentration. The following parameters
are optimal for cyanobacteria to enter the state of anhydrobiosis: dehydration at +30 °C and residual mois-
ture of 9—11% during storage for no more than two years. Obtained results may be useful for the proper
preservation of algal cultures in collections.
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PAKTOPBI,

BJIMAIOIIMNE HA KOHIHEHTPAIIMIO C-PUKOIIMAHUHA B KJIETKAX
LIMNOSPIRA PLATENSIS (GOMONT) K. R. S. SANTOS & HENTSCHKE
(SPIRULINA)

TP PA3JINYHBIX CPOKAX XPAHEHHNA B OBE3BOKEHHOM COCTOAHUUN

N. A. Xapuyk, H. M. BeperoBas, O. A. PoiibKkoBa

®I'BYH PUILL «HucTuTyT GHosoruu 10xkHbX Mopeit nvMenn A. O. Koanesckoro PAH»,
Cesactonodb, Poccuiickas ®enepanms
E-mail: seaferm@yandex.ru

Limnospira platensis (Gomont) K. R. S. Santos & Hentschke, 1973 (Spirulina) o6agaeT BBICOKOH Mu-
IIEBOM IIEHHOCTHIO: B e€ cocTaB BXoauT J10 70 % Oenka, a Takke KapOTUHOMIBI, BUTAMHUHBI TPYIITH B,
ButamuH E 1 qpyrue nuTtatenbHble BelllecTBa U MUHepasibl. ONTUMaTbHOE XpaHeHUe IMaHOOAKTepUid
JOCTUTAETCSl BHICYIIIMBAHUEM, U B TAKOM BUJie OMOMAcca JIONroe BpeMsi He TepsieT CBOUX TOJIE3HBIX
cBoucTB. KpoMme Toro, KJIeTKU COXPaHSIOT KU3HECTIOCOOHOCTD, MEPEX0/isl B COCTOSTHUE aHTUIPOOM03a,
4TO SABJISACTCS KpalHe BasKHBIM [UIsl COXPaHEHHs] OMOpa3HOOOPa3Usl IIMAHOIIPOKAPUOT U MUKPOBOIO-
pociieii B xpanunuinax. Cpein OMOXMMHUYIECKUX KOMIIOHEHTOB L. platensis 0COObI MHTEPEC BhI3bIBAET
nmurmeHT C-¢ukornmanud (C-@ir), KOTOpBI 001a1aeT aHTUOKCUIAHTHBIMHA, TMMYHOMO/TYJTUPYIOIIY-
MU ¥ OHKOIPOTEKTOPHBIMU CBOMCTBAMH U BXOJIUT B COCTaB (POTOCUHTE3UPYIOIIKX MUTMEHTHBIX KOM-
TUIeKCOB maHoOakTepuid. Llenbio qaHHON paboThl ObUIO orpeaeauTh coaepkanue C-¢i B oOpa3nax
L. platensis, coxpaHsieMbIX B COCTOSIHMM aHTupoOuo3a ot 1 10 19 jiet, u BHISIBUTH OCHOBHBIE (haK-
TOPBI, BIUSIONINE HA CHYKEHHE KOHIIEHTpaIuy MurMenTa. Mcnosib30BaHbl cTaHIapTHBIE (OMOXUMUYe-
CKUH ¥ ONTUYECKUI) METOMbI UCCIe0BaHUs Ouomacchl L. platensis, a Tak:ke MUKPOCKOITUUECKUN —
IUTSI KOHTPOJISI COITYTCTBYIOIIEH MUK podsiopsl. MakcumMaimbHOe KommdecTBO C-(hIl MOTydeHo TPy TeM-
nepatype +30 °C (5,6 u 3,4 % pns 2-ro u 12-ro roja XpaHeHUsI COOTBETCTBEHHO). Jleruapartauus
mpu OoJjiee BBICOKMX Temmeparypax, +50 u +60 °C, nmpuBoauia K CHUKEHUIO COOEP/KaHMUs MUTMEH-
Ta (1,9 1 0,54 % s 2-ro u 12-ro roga XpaHeHUsi COOTBETCTBEHHO). YETKOW 3aBUCUMOCTH MEXKIY
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ypoBHeM KOHLeHTpauuu C-(pi 1 0CTATOYHOMN BJIaXKHOCTBIO HE OOHApykKeHO, oaHaKo B 23 % oOpas-
LIOB I[IPY BBICOKMX 3HAYCHUSX TEMIIEPATYPhl ACTUIPATALMH BbISBICHA OBBILIEHHAS OCTATOYHAS BIIAXK-
HOCcTh (12-16 %). Xpanenue B TeueHue 19 JjieT, B OTIMUME OT XpaHEHUs B TeUeHUe 2 JIeT, Xapak-
TEpU30BAJIOCH JIOMUHUPOBAHMEM Pa3pyLIEHHBIX TPMXOMOB M MACCOBBIM Pa3BUTHEM COIMYTCTBYIOLIUX
Gaktepuii. OOHapYXeHO cHIKeHUe KoHLeHTpauu C-hIl ¥ yMeHbIlIeHHe BapruaOeIbHOCTH ITOKa3aTe st
IIPY YBEJIMYEHUU CPOKOB XpaHeHus1 00pa3iioB. [1o-BuMMoMy, U TEILHOCT X pAHEHHSI, HAPSLY C TEM-
[epaTypoil ¥ OCTAaTOYHOMN BJIAXKHOCTBIO, OKa3blBaJIa BIMSHUE HA KOHIIEHTPALMIO IMTMeHTa. BeposTHo,
copepxanue C-p11 MOXKeT paccMaTpuBaThCs KAK MHIUKATOP KU3HECIIOCOOHOCTH KJIETOK L. platensis.
[Ipu nepeBone 1MaHOOAKTEPHI B COCTOSIHME AHMMAPOOMO3a ONTHMAJIBHBI JETUApATALMs NPU TEM-
neparype +30 °C u xpaHeHue oOpa3LoB MPU OCTATOYHOW BiakHOCTH 9-11 % (cpok — He Oonee
2 niet). Pe3ybTaThl MOTYT OBITH NOJIE3HBI IS COXpaHeHUs1 OMOPa3sHOOOpa3Us U MOTyYeHHs1 GUOMACCH,
6oratoii C-i1, B aHTUAPOOUO3HBIX KOJUIEKIIUSX BOAOPOCIIEN U IIMaHOOAKTEPHIA.

KioueBnble ciioBa: LII/IaH06aKTepI/II/I, aHI‘I/I)_'lpO6I/IO3, MUKPOBOAOPOCIIH, ACTUpaTaliid, OCTaTOYHAA
BJIA)KHOCTb, TEMIIEPATYPA, CPOKH XPAHEHU A
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The technique of quantitative analysis of total iodine is given: the mineralization of biomass in the pres-
ence of KOH followed by bromine oxidation of inorganic iodine compounds to iodates with removing
the excess bromine with formate. Iodates in acidic medium are reduced with iodide to elemental io-
dine, which is extracted with chloroform and detected by light absorption in the range of 502—-510 nm.
The lower detection limit is 107® g. To boost sensitivity, a 10% alcohol solution of potassium iodide
is added to the chloroform fraction. After potassium triiodide is formed, iodine is detected by light
absorption in the range of 225 or 325 nm. The lower detection limit is 107 g.

Keywords: marine organisms, organoiodine compounds

Essential elements play a vital role in marine ecosystems. The analysis of metabolic pathways,
the determination of their quantitative content in hydrobionts, and many other applied aspects deserve
close attention of researchers. Among these elements, iodine stands out both in theoretical and practical
terms. Despite its importance in the diet, including for humans, relatively few publications are focused
on studies of iodine metabolism in marine hydrobionts. This is partly due to the fact that many
methods for determining iodine are quite labor-intensive and expensive, or have low sensitivity. When
choosing the proper technique, it is reasonable to consider its analytical capabilities, the availability
of technical measuring instruments, and also iodine content in the object of study. In laboratory practice,
the following analysis methods are used: photometric [Bryanskaya, Leskova, 2006; GOST 26185-84,
2004; Laboratornyi praktikum, 1991; Mazor, 1986; Pochinok, 1976; R 4.1.1672-03, 2004], titrimetric
[Bryanskaya, Leskova, 2006; Ermolenko et al., 2010; GOST 25832-89, 1996; GOST 31505-2012,
2013; MUK 4.1.1106-02, 2002; Mézor, 1986; R 4.1.1672-03, 2004], kinetic [Bozina, Ruvinsky, 2003;
Ermolenko et al., 2010; Farkhutdinov et al., 2013; GOST 28458-90, 2006], chromatographic [Bozina,
Ruvinsky, 2003; Mishra et al., 2000; Nitschke, Stengel, 2015; Yeh et al., 2014], radiochemical [Bozina,
Ruvinsky, 2003], and electrochemical ones [GOST 31505-2012, 2013; GOST 31660-2012, 2013;
MUK 4.1.1481-03, 2003], as well as methods of atomic emission spectrometry [Milinovic et al., 2021]
and mass spectrometry [GOST EN 15111-2015, 2017; Mello et al., 2013].
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The aim of the study is to develop a theoretical basis for working out a simple spectrophotometric
method for determining the mass fraction of total iodine in the biomass of hydrobionts.

RESULTS AND DISCUSSION

In the biomass of hydrobionts, iodine occurs mainly in organic form. During sample preparation
(biomass mineralization), organic and inorganic iodine compounds are oxidized, which may result
in iodine deficiency due to the sublimation of its vapors. To prevent its loss, biomass mineralization
is carried out in the presence of alkali:

31, + 6KOH —— KIO; + 5KI+ 3H,0 .

Mineralization must be carried out in the presence of KOH at a temperature of +500...+550 °C,
since potassium iodate decomposes releasing oxygen at +560...+650 °C, while sodium iodate has
a decomposition temperature significantly below +500 °C.

The resulting iodide compounds are oxidized by bromine in an alkaline medium to iodates during
mineralization (I057):

I +3Br, +60H — 10, +3H,0+6Br .
For example, in the presence of KOH:
KI + 3 Br, + 6 KOH — KIO; + 3H,0 + 6 KBr .
Excess elemental bromine is removed using formate after its formation in an alkaline medium:

HCOOH + KOH — H,0 + KCOOH ;
KCOOH + Br, — H,CO; + 2KBr .

Then, it is acidified with sulfuric acid.
Iodates in an acidic medium are reduced with iodide to elemental iodine:

10,” +51° +6H" — 31, + 3H,0.
For example, with potassium iodide in the presence of formic acid:
KIO; + 5KI+ 6 HCOOH — 31, + 3H,0 + 6 KCOOH .

Iodine is concentrated from an aqueous solution by extraction with chloroform and detected by light
absorption in the wavelength range of 502-510 nm. The lower detection limit is 107 g. To boost
sensitivity, a 10% alcohol solution of potassium iodide is added to the chloroform fraction resulting
in the formation of potassium triiodide:

KI+1, — KI, .

Iodine is determined in the ultraviolet range at a wavelength of 225 or 325 nm. Thus, the sensitivity
can be boosted 20-fold. The lower detection limit is 107 g.

Marine Biological Journal 2026 Vol. 11 No. 1
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The proposed simple method is suitable for routine measuring. It is time effective and does not require
expensive reagents and equipment.

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 substances
from hydrobionts” (No. 124022400152-1).
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KOJIMYECTBEHHOE OIIPEJIEJIEHUE
MACCOBOI 10JI1 CYMMAPHOT'O TOJA B MOPCKUX I'MJIPOBUOHTAX
CIHEKTPO®OTOMETPUYECKHUM METO/IOM

P.TI. I'eoprus, E. B. 3unoBbeBa, C. H. 7Kene3nona, | H. . Booko

®I'BYH PULL «MucTuTyT OMosiorum 10xHbIX Mopeid umMenn A. O. Kosanesckoro PAH»,

Cesacromnosb, Poccuiickas ®enepanus

E-mail: r.gevorgiz@ibss-ras.ru

[puBeseHa MeTOIMKA KOJIMYECTBEHHOTO ONpe/Ie/IeHUsI CYMMapHOro Hojia B TUIAPOOUOHTAX, 3aKJTI0Ya-
0I1ascs B MUHepanu3aiuu 6uoMaccsl B ipucytctBur KOH 1 okuMcIeHMM HEOPraHUYECKUX COeTUHe-
HUil loa GpOMOM JI0 OIaTOB € yAaJIeHHeM M3JIUIIKOB Opoma (hpopMHATOM. Hopats! B KUCIIOM cpene
BOCCTAaHABIIUBAIOT HOAMIOM JIO JIEMEHTApHOTO 0/1a, KOTOPBIA 9KCTPArupyoT XJI0poopMOM U OITpe-
JEJISTIOT O MOTJIOLIEHUIO CBeTa B Auarna3zoHe 5S02—-510 HM; HUKHsIS [paHUIIa OIpeeisieMOro coaep:xa-
Hus — 1070 1. [I1e1 yBeTMue s qyBCTBUTENLHOCTH B XJI0pOOPMHYIO (ppaKImio 100aBsioT 10%-Hbiit
CIUPTOBOH pacTBOP Hoauaa kajusl. [Tocyie oOpa3oBaHus TPUHUOAN/A KKl OIPEALIISIIOT KO 110 IOTJIO-
IIEHMIO CBeTa B 0071acTy 225 mmi 325 HM; HIKHAS TPaHUIA ONpeenseMoro coaepkanus — 1070 .

KuaroueBrbie cjioBa: MOPCKHE OPraHU3MBI, HOJIOPTraHUIEeCKHe COSMHEHUS
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Due to the low salinity of the Black Sea water, only a few species of echinoderms inhabit it.
During the entire research period, seven species of sea cucumbers were found. Out of those,
five can be considered true inhabitants; the rest were recorded only in the Bosporus outlet area.
Two species of holothuroids, Leptosynapta inhaerens (O. F. Miiller, 1776) and Stereoderma kirchsbergii
(Heller, 1868), were relatively frequently encountered in zoobenthos off the coast of the Crimea. There
is no data on the reproduction of sea cucumbers in the Black Sea. In the early 20th century, their lar-
vae were rarely and mostly singly noted in plankton. After 1935, holothuroid larvae were not observed
in plankton off the coast of the Crimea. During regular year-round meroplankton sampling in the Se-
vastopol Bay, holothuroid larvae, auriculariae, were found in the surface layer (0—10 m) in August 2023,
for the first time within the past 20 years. Water temperature at the time of sampling was +25.3 °C,
and salinity was 17.7%o. Larval density was 2 ind.-m™ of water mass. Dimensions of auriculariae were
as follows: length, 750-800 um, and width, 400—-425 um. It is suggested that registered auriculariae be-
long to the species S. kirchsbergii. It is relatively abundant in the Black Sea benthos and occurs at depths
of 30-125 m. The rarity of auricularia findings is probably due to the fact as follows: a holothuroid
S. kirchsbergii inhabits biotopes with constant low water temperature, and all stages of its development
are adapted to occur in water layers below the thermocline.

Keywords: macrozoobenthos, holothuroid, Stereoderma kirchsbergii, pelagic larvae, auricularia

There are seven species of holothuroids in the Black Sea; out of those, five can be considered true
inhabitants, and the rest are recorded only in the Bosporus outlet area [Baranova, Savel’eva, 1972; Mari-
nov, 1990; Oztoprak et al., 2014]. Among the five species, Oestergrenia thomsonii (Herapath, 1865)
was found only once in the Bugazsky Estuary, while the validity of Synapta hispida Heller, 1868 and, con-
sequently, reports on its finding in the Black Sea raise certain doubts [Baranova, Savel’eva, 1972; Bohn,
2004]. K. Vinogradov [1967] believed that S. hispida identification was a mistake, and that it was ac-
tually Leptosynapta inhaerens (O. F. Miiller, 1776). In the middle of the 20th century, one holothuroid
species, L. inhaerens, was registered in the northwestern Black Sea off the Soviet coast, and also Oester-
grenia digitata (Montagu, 1815) was noted off the Romanian coast [Biologiya, 1967]. Later, in addition
to L. inhaerens, which was fairly common, a holothuroid Stereoderma kirchsbergii (Heller, 1868) was oc-
casionally found in the northwestern Black Sea [Samyshev, Zolotarev, 2018]. Only two holothuroid
species, L. inhaerens and S. kirchsbergii, were often encountered in zoobenthos off the Crimean coast.
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The first one was registered at a depth of 18—100 m, while the second one, at 50-125 m [Kiseleva, 1981;
Revkov, 2003; Revkov et al., 2015; Samyshev, Zolotarev, 2018]. Single specimens of O. digitata were
recorded only in 1904-1910 in one of Sevastopol bays [Zernov, 1913], and confirmation is required
whether the species inhabits the Crimean shelf area.

In the first half of the 20th century, holothuroid larvae, auriculariae, were registered rarely and mainly
as single specimens in plankton off Sevastopol and off the coast of Karadag [Dolgopol’s’ka, 1940; Gal-
adzhiev, 1948; Zernov, 1904, 1913], and were reported for the Karkinitsky Bay only once [Galadzhiev,
1948]. Within 1902-1912, auriculariae were recorded in the coastal area of Sevastopol in summer, dur-
ing the period of maximum water warming [Zernov, 1913]. In 1929-1933, June to September, single
auriculariae were noted in the Karadag Biological Station vicinity, primarily in a water layer of 10-15 m
[Dolgopol’s’ka, 1940]. After 1935, holothuroid larvae were not found in plankton off the Crimean coast.
There is no data on holothuroid reproduction in the Black Sea, except for the fact that reproductive
products in gonads of two species (L. inhaerens and S. kirchsbergii) inhabiting the Crimean coast were
encountered in June and July [Kiseleva, 1981; Zernov, 1913].

In August 2023, we registered two holothuroid larvae (Fig. 1A) in plankton sampled in a water
layer of 10-0 m on the outer roadstead of the Sevastopol Bay (44°37°13”N, 33°30’07”E). The lar-
vae were 750-800 um long and 400—425 um wide. At the time of sampling, the water temperature
was +25.3 °C, and salinity was 17.7 %o. The material was sampled with a Juday plankton net (mill
gas mesh of 135 um, and inlet diameter of 36 cm). Pictures of the larvae and adult holothuroids
were taken in live condition with a Sony Cyber-shot 16.2 camera. The material was preserved
in a 4% formalin solution.

Notably, this is the first time holothuroid larvae were found in 20 years of regular year-round
meroplankton sampling (since 2004) on the outer roadstead of the Sevastopol Bay. According
to an oral report of Yu. Zagorodnyaya (IBSS), zooplankton she sampled on the Crimean shelf be-
tween 2010 and 2022 included auriculariae only once: in the Feodosia Gulf (June 2016; 45°0’48”N,
35°38’06”E). They were noted in a water layer of 18-0 m at a 22-m deep station, and the density
was 2 ind.-m~,

Fig. 1. Holothuroids found in the coastal waters of the Crimea: A, auricularia (photo by E. Lisitskaya);
B, C, Stereoderma kirchsbergii (photo by A. Nadolny). Scale bars are 100 wum (A) and 5 mm (B)
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Considering how incidental and minor auriculariae findings in plankton are, one could make an as-
sumption that holothuroids are a rare component of zoobenthos in the shelf area of the Crimean
Peninsula. However, this is not the case. According to our data, two holothuroid species, L. inhaerens
and S. kirchsbergii, are fairly common in macrozoobenthos of the Black Sea shelf area, including the coast
of the Southwestern Crimea. L. inhaerens is common in coastal biotopes of the Southwestern Crimea
at a depth of 0.5-30 m both in open areas and in bays. Its occurrence at certain sites reached 10-25%,
and density was up to 200 ind.-m~2 [Boltachova et al., 2022]. Earlier, M. Galadzhiev [1948] suggested
that holothuroid larvae registered in the Black Sea plankton belonged to the genus Leptosynapta Ver-
rill, 1867. However, studies of reproductive biology of L. inhaerens off the coast of Great Britain re-
vealed that it is characterized by direct development [Thomson, 1862]. Therefore, auriculariae found
in plankton off the Crimea could not be L. inhaerens, with its adult form being a common and abundant
species in zoobenthos of this area. We can only assume that the holothuroid larvae recorded in plankton
are another species: S. kirchsbergii (Fig. 1B, C).

Most representatives of the family Cucumariidae Ludwig, 1894, to which S. kirchsbergii belongs,
have a larval stage of development, but some arctic forms are characterized by direct development [Ko-
htsuka et al., 2021]. S. kirchsbergii is common in seas of the Mediterranean Basin and off the Atlantic
coast of Morocco [Bohn, 2004]. There is no data on its reproduction, apart from the fact as follows:
in June and July, the sex ratio in the Black Sea population was 1 : 1, and gonads of females with a length
of 16—18 mm contained 1,130 eggs of 0.175 mm [Kiseleva, 1981]. We noted mature females with
eggs in samples taken off the Crimean coast on 23.06.2022 at a depth of 64 m. This species is com-
mon in the Black Sea; it occurs at depths of 30 to 125 m where it can even form significant aggrega-
tions [Baranova, Savel’eva, 1972; Kiseleva, 1981]. Most often, S. kirchsbergii is found in biotic com-
munities dominated by bivalves: Mytfilus galloprovincialis Lamarck, 1819 (the silt form) and especially
Modiolula phaseolina (R. A. Philippi, 1844) [Kiseleva, 1981; Zernov, 1913]. We registered S. kirchs-
bergii on the Crimean shelf primarily in M. phaseolina community deeper than at 70 m, with the species
maximum density of 72 ind.-m™2 and wet weight of 7.53 g-m™ [Revkov et al., 2015]. On the coast of Se-
vastopol (33°24’8”N, 44°32’45”E), S. kirchsbergii was recorded at a depth of 62 m, also in M. phase-
olina community; its density reached 48 ind.-m, and wet weight was of 2.59 g-m™. In the Black Sea,
sustainable M. phaseolina communities, as well as its biocenosis, exist within a depth range of 40-50
to 125 m [Kiseleva, 1981; Mitilidy Chernogo morya, 1990]. Therefore, the depth distribution of adult
holothuroids S. kirchsbergii in the Black Sea is quite similar to that of M. phaseolina. The latter one
is known to have a pelagic stage of development; however, its planktonic larvae were not observed in wa-
ter layers above the thermocline (35-50 m), even though adult M. phaseolina were occasionally recorded
at a smaller depth [Mitilidy Chernogo morya, 1990]. Considering the boundaries of S. kirchsbergii verti-
cal distribution (30—125 m), one could assume that all its development stages, similar to those of a bivalve
M. phaseolina, are adapted to occur under constantly low water temperature, which is generally regis-
tered in the Black Sea at depths of 35 m and lower. It is also known as follows: during strong offshore
winds, some larvae of benthic animals can be carried to a small depth, to the shore, from a near-bottom
layer or a layer below the thermocline [Mitilidy Chernogo morya, 1990]. If our assumption is correct
and auriculariae noted in plankton off the Crimean coast are indeed S. kirchsbergii, then, the rarity of such
findings can be attributed to the vertical distribution of this species: its association with biotopes with
constantly low water temperature.
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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 substances
from hydrobionts” (No. 124022400152-1) and “Biodiversity as the basis for the sustainable functioning of marine
ecosystems, criteria and scientific principles for its conservation” (No. 124022400148-4).
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O HAXOKJIEHUHU IEJATHYECKUX JITUMHOK I'OJIOTYPUI
(ECHINODERMATA: HOLOTHUROIDEA)
Y I0T'0-3AIATHOT'O ITIOBEPE Kb KPBIMA (YEPHOE MOPE)

E. B. JIucunkasga, H. A. BoaraueBa

®I'BYH PUILL «MucTuTyT GHosoruu 10xHbX Mopei nvenn A. O. Koanesckoro PAH»,

Cesacronosb, Poccuiickas denepauus

E-mail: e.lisitskaya@gmail.com

B Yéprom Mope 0OHMTaeT JIIIb HECKOJIBKO BHUIOB MITIOKOXKHX, YTO CBA3aHO C TIOHVKEHHOHN COJEHO-
CTBIO €r0 BOJI. 3a BECh NIepHO/1 HCCIIeJOBAaHHI OBUTO OOHAPYKEHO CEMb BUIOB TOJIOTYPHIA, U3 KOTOPBIX
VCTUHHBIMU OOUTATEIISIMUA MOXKHO CUMTATB ISATh; OCTAIbHBIE 32aPETHCTPUPOBAHBI TOJIBKO B prOocdop-
cKoM paiione. Y 6eperoB Kpeima iBa Buna rojotypuit — Leptosynapta inhaerens (O. F. Miiller, 1776)
u Stereoderma kirchsbergii (Heller, 1868) — oTHOCHTEILHO YacTO BCTpevaiu B 3000eHToce. JJaHHbIX
0 pa3MHOXEeHHH royioTypuid B YEpHOM MOpe HET, a X JIMYMHOK PEAKO U B OCHOBHOM €JVHHUYHO Ha-
Xoauu B riaHkToHe B Havajte XX B. ITocie 1935 r. IMUUHKY rOJIOTYpHIA B IUIAHKTOHE Y IMTOOEPEKbST
KpriMa otMedeHs! He ObUTH. B X071€ TpoBeieHnst perysIsipHbIX KPYTIJIOTOJUYHBIX COOPOB MEPOTLIAHKTO-
Ha B CeBactonosibckoii OyxTe B aBrycte 2023 r. B moBepxHocTHOM cioe (0—10 M) BriepBble 3a nocnes-
aue 20 yieT ObUTM OOHAPYKEHBI JIMIUHKY FOJIOTYpHii — aypuKyisipun. Temreparypa Boabl HA MOMEHT
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otoopa 1pod cocrapisiia +25,3 °C, conénocts — 17,7 %o. IIIOTHOCTD THYMHOK — 2 9K3.-M™> BOJI-
Hoi1 Macchl. Pazmepsl imunHok: jyinHa — 750-800 MM, mmpuna — 400-425 mxwm. [Ipeanonaraercs,
4yTO OOHAPYKEHHBIE AyPUKYJISIPUM OTHOCATCS K BUAY S. kirchsbergii. OH OTHOCUTENIHHO MHOTOUUCIICH
B 6eHTOCce UEpHOro Mopsi v 00BIYHO BeTpeuaeTrcs Ha riyouHe 30—125 M. PekocTh HaXOIOK JIMYMHOK
B [TOBEPXHOCTHBIX CJIOSIX BOJIBI, BEPOSITHO, OOYCIIOBJIEHA TeM, UTO ToJoTypus S. kirchsbergii obutaer
B OMOTOMAaX C MOCTOSIHHOW HU3KOM TeMIlepaTypoi BOJIbI U BCE CTa[MU € Pa3BUTHUs MPOXOMAST HUKE
TPaHMIIB TEPMOKJIMHA.

KurroueBrbie ciioBa: Makpo3000eHTOC, TONOTYpus, Stereoderma kirchsbergii, nenarndeckue TMIUHKH,
AyPUKYJISpUS
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CHRONICLE AND INFORMATION

IN MEMORIAM: SERGEY MASLENNIKOV
(25.08.1963 - 17.11.2025)

* ' We are the pioneers when it comes to working

with juvenile red king crabs and hairy crabs.

S. Maslennikov

On 17 November, 2025, PhD Sergey Maslennikov died
suddenly during his work trip to Yantai (China). He was
only 63 years old. S. Maslennikov worked as senior re-
searcher at the Laboratory for Marine Ecosystem Dynam-
ics and headed the Center for Aquaculture and Coastal
Bioresources at NSCMB FEB RAS.

Born on 25 August, 1963, in Barnaul, he graduated
from the Faculty of Biology and Soil Science of the Far East-
ern State University in 1986. Since 1991, he worked at the In-
stitute of Marine Biology, since 2016 known as A. V. Zhir-
munsky National Scientific Center of Marine Biology, FEB RAS. Here, Sergey Maslennikov paved
his way from graduate student to senior researcher at the Laboratory for Marine Ecosystem Dynamics.
In 1999, he created and headed the Center for Aquaculture and Coastal Bioresources at NSCMB FEB
RAS. In 2007, he became Associate Professor in hydrobiology.

His academic interests were focused on identifying patterns in the functioning of fouling communi-
ties at mariculture facilities and the associated effects. S. Maslennikov authored and co-authored many
papers in the field of high scientific and practical value; also, he received several patents for inven-
tions related to the cultivation of hydrobionts. The total number of his scientific publications is 212;
it includes 50 articles in journals indexed in the international databases Web of Science and Scopus.

He led successful experiments in aquaculture of molluscs and crabs at mariculture facilities
in the open waters of the Peter the Great Bay (the Sea of Japan). His passion for hydrobionts and the de-
velopment of technology for growing crab juveniles earned him an informal and unofficial nick-
name of Crab Dad in many Far Eastern and Russian media. Sergey Maslennikov made an invaluable
contribution to the development of this field.

At the Center, his colleagues and he developed technologies for culturing various microalgae
and crustaceans, in particular, a technology for industrial-scale production of viable juvenile crabs Par-
alithodes camtschaticus, Eriocheir japonica, and E. sinensis, which are in high demand on the global food
market. These species have unstable natural reproduction and require certain efforts in artificial breed-
ing. Based on the fundamental technology developed at the Center, it is possible to completely restore
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commercial stocks of coastal true crabs and stone crabs within the territorial waters and in the special
economic zone of the Far Eastern seas of the Russian Federation. For approbation of new technologies,
at the “Zapad” marine biological station of NSCMB FEB RAS, a scientific and experimental mariculture
site for culturing invertebrates and microalgae was created. Pilot industrial regulations were developed
for the management and mass production of live food, maintenance of breeding stock, stimulation of sex-
ual behavior in breeders, larvae cultivation, and rearing to the settlement phase. The Center is cooper-
ating with leading marine biology institutions and universities of the provinces Shandong and Liaoning
(China) for more than 20 years.

One of the most famous marine biologists
in the Far East and a Professor at the Far Eastern
Federal University, S. Maslennikov was an open per-
son, friendly conversationalist, and active participant
of public discussions and scientific forums. His col-
laboration with the “Living Taiga” school of environ-
mental journalism was particularly vibrant. In 2024,
he opened the first Marine Festival on Popov Island
with a lecture; a year later, he gave journalists a tour
of the littoral zone and presented the project “Marine
lessons for kids and adults: 8th-graders recommend.”
The authors call Sergey Maslennikov the “soul of the project” and a visionary who could give a captivating

yet simple explanation of complex processes in the marine ecosystem.

He was a person gifted with the ability to get along with people of all ages and backgrounds, a sup-
portive friend, and a talented researcher. His hard work and extensive field experience were combined
with a resourcefulness in problem-solving. His energy, open-mindedness, and ability to make original
scientific ideas easy to understand earned S. Maslennikov wide renown in Russia. He was awarded cer-
tificates and prizes for his services. On the day of the ceremonial meeting of the FEB RAS Presidium
dedicated to the 55™ anniversary of NSCMB FEB RAS (13 November, 2025), Sergey Maslennikov re-
ceived a letter of acknowledgment from the Governor of Primorsky Krai for many years of dedicated
work, high professional achievements, and personal contribution to the development of science.

The news of his death caused profound sorrow in all who knew him and worked with him.
This is a great loss to the scientific community of Vladivostok and Primorye.

The staff of the Center for Aquaculture and Coastal Bioresources at NSCMB FEB RAS will always
hold dear the memory of S. Maslennikov and will continue his work.

D. Sc. A. Zvyagintsev, students, colleagues, and friends

INAMATHU CEPI'EA UBAHOBUYA MACJIEHHUKOBA
(25.08.1963 — 17.11.2025)

17 Hos16pst 2025 r. HayuHOe coodiecTBO [IpUMOphs MOHECTIO HEBOCTIOIHUMYIO YTPATY: YIIENT U3 K13~
HU K. 0. H. Cepreit ViBanoBrY MacieHHUKOB — pyKoBoauTe b LleHTpa akBaKyIbTYphl U MPUOPEKHBIX
6uopecypcoB HHIIMB IBO PAH, aBrop 6onee yem 200 myOnukauuii 1 oJuH U3 pa3pabOTUMKOB
TEXHOJIOTHHU TOJyYeHHsI B POMBIIIEHHBIX MacIITadax )XU3HECTOMKON MOJIOAU KpaOoB.
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