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ABSTRACT. A thorough examination of fish diversity indices, gear efficiency, catch composition, and
decline causes of fish diversity was carried out in the Feni River (Bangladesh). Monthly data collection
took place from July to December 2023 at three stations of the river. A total of 8 fish species under
7 orders and 8 families were recorded. The order Perciformes was the most prevalent, representing
30% of the total. Approximately half of the identified species are classified as least concern, while the
remaining 4 species are classified as Not Threatened (12.5%), Vulnerable (12.5%), Endangered (12.5%),
and Critically Endangered (12.5%). The mean values of the Margalef’s richness (d), Pielou’s evenness
(J), Simpson’s index (1-D), Shannon-Weaver diversity (H), and 0.973 +0.002 were calculated as fol-
lows: 1.720+0.139, 0.699+0.112, and 0.248 + 0.034, respectively. Based on the Bray-Curtis similarity
matrix, two groups were observed at a similarity of 58% within six months across the three sites. The
chandi net and ghera net recorded the highest CPUE (kg gear'day!) at 5.93+0.966 and 0.53 = 0.041,
respectively. The highest fish catch was recorded in July (2249 + 668.71 kg), while the lowest was in
October (1564 + 465.05 kg). There was no significant difference (p>0.05) in the monthly fish catch.
Fish biodiversity in the Feni River is declining day by day as a result of pollution, overfishing, the use
of harmful gear, and a lack of optimal water and pollution. To improve and conserve fish species in the
Feni River, it is strongly advised that appropriate fishery management techniques should be applied,
that overfishing be closely monitored, and that fishermen be made more aware of their rights.
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1. Introduction ply catchability (q). The distribution of the total fish

stock by time, area, and depth influences fish availabil-
ity for a fishing operation. Catchability is a function of
both stock availability and gear efficiency (Q) (Zhou et
al., 2019). Moreover, a variety of elements, such as fish
behavior, angler skill, gear selectivity, and surrounding
conditions, might impact the efficiency of fishing gear
(Arreguin-Sanchez, 1996). Catch per unit effort (CPUE)
is a measure of a fishing operation’s efficiency as well
as a measure of stock density and financial and phys-
ical production (Ghosh and Biswas, 2017). The diver-
sity index is a useful tool that provides information not
only the species number but also on the scarcity and
frequency of species of a community in a given body of
waterbody (Sultana et al., 2018).

With a catchment area of 3800 km?, the Feni

Bangladeshi people have depended on fish and
fisheries for their basic requirements since the begin-
ning of time, and it is a component of the nation’s cul-
tural heritage (DoF, 2012). The majority of Bangladesh’s
waterbodies are home to multiple aquatic species. The
government has not yet recommended any equipment
or vessels for use in inland waters. The choice and cap-
ital of the fish traders, who invest a substantial amount
of money by paying the fishermen dadan, or advance
credit, determined the type of nets, their length,
breadth, and mesh size (Hasan et al., 2016). The possi-
bility of catching a specific fish in a particular area that
one specific type of fishing gear affect in a single oper-
ation is known as gear efficiency. The number, which

represents the actual population size of the entire fish
stock, is known as the catchability coefficient, or sim-
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River is a transboundary river that rises in India and
empties into the Sandwip Channel. The river is steep
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in its upper and middle sections, but it is flat and tidal
in its lower reaches (Mondal et al., 2021). To evaluate
the recorded species’ status for both national and inter-
national conservation, the IUCN (2015) Red List was
assessed. 36 of the 54 fish species found in the Feni
River were classified as Least Concern, 9 species rated
as Near Threatened, 6 species rated as Vulnerable, 1 as
Endangered, 1 rated as Critically Endanger and 1 as Data
Difficient. According to Yeasmin et al. (2017), there is
a larger degree of species variety in the mouth of the
Feni River Estuary than in the upper stream direction.
The fish species of the Feni River struggle to main-
tain their biodiversity, just like the fish species in
Bangladesh’s other rivers. Threats to fish species’ abil-
ity to maintain their biodiversity in terms of vulnera-
bility, endangered status, and critical endangered sta-
tus exist. As a result, present research on biodiversity
and gear efficiency has been conducted. The purpose
of this study is to determine the number of fish spe-
cies and the factors contributing to the decline in fish
variety, additionally to ascertain the primary gear types
utilized by the fisherman when operating in the Feni
River, Bangladesh.

2. Materials and Methods
2.1. Study area and study period

The present study was conducted in the Feni River
(Bangladesh). Three sampling stations named Station
1- Musapur Closure (22°46’N to 91°21’E), Station 2-
Char Khondokar (22°49’N to 91°24’E) and Station 3-
Charkrisnaganj (22°52’N to 91°28’E) were selected for
the study (Fig. 1). The investigation was conducted for
a time of 6 months from July 2023-December 2023.

2.2. Sampling procedure

A simple random sampling method was employed
for the data gathering (Siddiq et al., 2013). The selec-
tion of this sampling technique was based on the equal
chances or probability that each fisherman would be
chosen for an interview.

2.3. Questionnaire design and collection
of data

A structured questionnaire was prepared prior to

data collection (Raushon et al., 2017). A draft question-
naire must be manifested and pretested in the study area
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in order to meet the study’s necessary objectives. The
target was paid to prepare any fresh information for the
pre-examination and fill up the draft interview cadaster
with material that wasn’t intended to be questioned.
After that, the pretest results were used to adjust, mod-
ify, and rearrange the questionnaire. The last survey
was then distributed in a manageable order so that the
fishermen could complete it gradually. The question-
naire included questions about the current state of fish
biodiversity in comparison to past data, the majority of
fish species and fishing gear available in the study area
(Aktar et al., 2020). Primary data were gathered from
the full-time fishermen via questionnaires from each of
the three stations. From each station, 8-10 fishermen
were interviewed. Journal articles, books, newspapers,
and the internet were the sources of the secondary data.
Based on their external appearance, the samples were
identified up to the species level (Rahman, 2005; I[UCN
Bangladesh, 2015). Weight of catch, duration of fish-
ing, number of haul, individuals connected with each
gear, number of species caught, number of individu-
als of each species per unit weight, number of fishing
efforts of each gear were recorded.

2.4. Fishing Gear Survey

A variety of fishing gears are employed in the
Feni River, with five particular types being the most
prevalent among fishermen. These are the gill net, the
seine net, the barrier net, the set bag net and the cast
net. Some fry and fingerlings were collecting by nets
(Mosari net, Moia net) were also found there.

2.5. Data Processing

2.5.1 Shannon-Weaver diversity index,
H=-Z Pi In Pi (Shannon and Weaver, 1949)
where, H - diversity index, Pi is the relative abundance
(s/N), s is the number of individuals of one species, N is
the total number of individuals in the sample.
2.5.2 Simpson’s index, 1-D=1-(Zn(n-1)/
N(N-1)) (Simpson, 1949)
where, n is the total number of organisms of a particular
species, N the total number of organisms of all species.
2.5.3 Margalef’s richness index, d=S-1/In N
(Margalef, 1958)
here, d is the richness index, S is the total number of
species and N is the total number of individuals in the
sample.
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Fig.1. Map of the Feni River indicating three stations (google map)
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2.5.4 Pielou’s evenness index, J=H/InS
(Pielou, 1966)
here, J is the similarity or evenness index, S is the total
number of species, In is the natural logarithm and H is
the Shannon-Weaver index.

2.5.5 Catch per unit effort (CPUE) and gear
efficiency

Catch per unit of effort: Catch per unit of effort
is the average catch rate estimated using the following

formula: CPUE g = E;

n
where, CPUE g — daily mean catch per unit of effort,
w — total weight of fish recorded from the gear sampled
and n — number of gears sampled (Harikrishnan and
Kurup, 2001).

2.6. Statistical Analysis

Tabular technique was applied for processing the
data by using simple statistical tools like averages and
percentages. The community succession at three stations
during 6 months was summarized using the sub module
of cluster of Bray-Curtis similarities from species abun-
dance using the software PAST 4.03. The differences in
CPUE, species composition and gear efficiency of the
catch between months and fishing sites were analyzed,
employing analysis of variance (ANOVA) techniques
with significant differences (p> 0.05). The processed
data were analyzed by Microsoft Excel and relevant
tables and graphs were also prepared according to the
objective of the study for clear understanding.

3. Results
3.1. Monthly abundance and biodiversity
status of fish species

A total of 7 fish and 1 prawn species under 7
orders and 8 families were recorded from the study area
over the course of a six-month study period (July 2023
to December 2023). Chaiya (Gobius schlosseri) ranked
as the highest with the number of 57050 + 844 and fol-
lowed by Macrobrachium malcolmsonii (46550 + 225),
Mystus bleekeri (35800+512), Otolithoides pama

Table 1. Present status of fish diversity in the Feni River

Abundance in Number

(17150 % 299), Tenualosa ilisha (11300 +546), Ompok
pabda (11100+198), Labeo bata (8450%501),
Mastacembelus armatus (4400 = 447) (Fig. 2). Though
all recorded species were found available in every
month of the study period but the intensity of abun-
dance varied with the different months and different
sampling sites (Table 1). Based on conservation status
IUCN 2015; about 4 species Least Concern (LC; 50%)
and other 4 species each Critically Endangered (CR;
12.5%), Vulnerable (VU, 12.5%) and Endangered (EN,
12.5%) and Not Threatened (NT; 12.5%) were recorded.
Pabda (Ompok pabda), baim (Mastacembelus armatus)
and chaiya (Gobius schlosseri) are mostly threatened
species in the study area due to habitat loss, overex-
ploitation, use of illegal nets etc. (Table 1).

In the present investigation, the dominant
order was Perciformes comprising 30% of the total
of fish species recorded. When other dominant
orders were recorded Siluriformes (25%), Decapoda
(24%), Tetraodontiformes (9%), Clupeiformes (6%),
Cypriniformes (4%) and Synbranchiformes (2%) from
the study area (Fig. 3).

3.2. Diversity indices

The values of Shannon-Weaver diversity,
Simpson’s index, Margalef’s richness and Pielou’s even-
ness indices in each sampling month were recorded
in the present investigation. Diversity was recorded
highest (H = 1.867, 1-D = 0.977) in July and low-
est in October (H = 1.520, 1-D =0.969); richness
was highest (d = 0.829) in December and lowest in
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Fig.2. Abundance (number) of fish species in the Feni River

Order Family Local Name | English Name Scientific name |IUCN status (BD)
Clupeiformes Clupeidae Hilsha Hilsa shad Tenualosa ilisha LC
Cypriniformes Cyprinidae Bata Bata Labeo bata LC

Tetraodontiformes Tetraodontidae Poa Red Jaw Fish Otolithoides pama NT

Siluriformes Siluridae Gulsha Bleeker’s Mystus Mystus bleekeri LC

Siluridae Pabda Pabdah catfish Ompok pabda CR

Decapoda Palaemonidae Cingri Monsoon river Macrobrachium LC
prawn malcolmsonii

Synbranchiformes Mastacembelidae Baim Tire-track Mastacembelus EN

Spinyeel armatus
Perciformes Gobiidae Chaiya Mud-skipper Gobius schlosseri VU

Note: * EN: Endangered, *CR: Critically Endangered, *VU: Vulnerable, *NT: Near Threatened, *LC: Least Concern, *Jul: July,
*Aug: August, *Sep: September, *Oct: October, *Nov: November, *Dec: December.
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August (d = 0.567) and the values of evenness index
(J) was recorded highest (J = 0.302) in August and
lowest in December (J = 0.199). The mean value of
Shannon-Weaver diversity (H), Simpson’s index (1-D),
Margalef’s richness (d) and Pielou’s evenness (J) indi-
ces were recorded as, 1.720+0.139, 0.973+0.002,
0.699+0.112 and 0.248 = 0.034 respectively (Table 2).

3.3. Cluster Analysis

Cluster analysis indicates a clear structural varia-
tion in fish communities among the three stations in six
months of the study area. Three stations of July, August,
September November and December are closely related
to one another and form a cluster then this cluster was
found related to another cluster in which 3 stations of
October were connected. At the similarity level of 58%
separation, two major clusters were observed. The first
cluster consists of July, August, September, November
and December and second cluster contains only October
for station 1, station 2, and station 3 (Fig. 4).

3.4. Fishing gears and catch composition
of different fishing gears

About 5 types of fishing gears including gill net
or chandi net, seine net, barrier net or ghera net, cast
net and set bag net were found in the study area. Nets
were nylon made, operated from chandi boat, dingi
boat etc. Mesh size of gill net, seine net, barrier net,
cast net and set bag net were recorded 1 to 1.5 cm, 0.2
to 0.8 cm, 0.3t0 5.1 cm, 0.5to 1.5 cm and 1 to 10 cm
respectively and all the identified fishing gears were
operated by 1 to 8 persons. Chandi and seine net can
capture almost all types of fish but barrier net is used
to capture small species like cingri (Macrobrachium mal-
colmsonii) and gulsha (Mystus bleekeri) (Table 3).

3.5. Fishing Gear Efficiency

In the present study, fishing gear efficiency was
calculated based on kg gear'day!, kg gear'person’, kg
gear! haul?! of different months were shown as graph-
ical representation. Gill net showed higher CPUE (kg
gear'day?) in July about 5.1 + 0.674; seine and barrier
net in August about 2.53 +0.278 and 0.74 = 0.062; cast
and set bag net in September about 1.05+0.135 and
1.04 +0.128 respectively (Fig. 5).

Perciformes

Siluriformes

Decapoda
Tetraodontiformes

m Clupeiformes

—

Fig.3. Diagrammatic representation of percent contribu-
tion in each order of the study area

Cypriniformes

B Synbranchiformes

The highest CPUE (kg gear!person?) was found
0.84+0.026, 0.85+0.05, 0.69+0.01, 1.05+0.007 and
0.52+0.061 respectively in the months of July (gill
net) and September (seine, barrier, cast and set bag net)
(Fig. 6). CPUE (kg gear'haul?) for all identified fishing
nets was found maximum in different months of the
study period (Fig. 7). There was no significant differ-
ence (p>0.05) was observed on monthly based CPUE
of fishing gears in the study area.

3.6. Station based CPUE of fishing gears

For gill net, the maximum CPUE’s was found
from station 1(5.14 = 0.638 kg gear'day), (0.9+0.026
kg gearlperson!) and (2.74%+0.071 kg gearthaul?)
in the months of July, July and October respectively.
On the other hand, the minimum CPUE’s were found
respectively from station 2(3.30 =0.095 kg gear'day),
station 3(0.53+0.073 kg gear'person?!) and again sta-
tion 2(1.64+0.083 kg gear'haul!) in the month of
December (Table 4). The highest and lowest CPUE (kg
gear'day?) in the study area were recorded in station
1 and station 2 respectively for all types of identified
gears. CPUE (kg gear'person') was measured highest
at station 1 in the study area but the lowest value was
found at station 3 for all gears except cast net (sta-
tion 2). Again, the highest CPUE (kg gear'haul?) was
recorded at station 1 for all types of nets but the low-
est values were observed at station 2 (gill net, barrier
net and cast net) and station 3 (seine net and set bag
net). However, there was no significant difference was
observed (p > 0.05) in the station based CPUE.

The highest CPUE was observed in the months of
July, August, September and October for station 1. But
the lowest CPUE mostly was recorded for station 2 and

Table 2. Number of calculated species, individuals, and values of Shannon-Weaver diversity, Simpson’s index, Margalef’s

richness and Pielou’s evenness indices in each sampling month

Months Species, S Diversity, H | Simpsons, 1-D Richness, d Evenness, J
July 7 1.867 0.977 0.697 0.266
August 6 1.813 0.975 0.567 0.302
September 8 1.825 0.975 0.824 0.228
October 6 1.520 0.969 0.581 0.253
November 7 1.699 0.973 0.699 0.242
December 8 1.595 0.971 0.829 0.199
Mean +=SD 7 1.720+£0.139 | 0.973*=0.002 | 0.699+0.112 | 0.248+0.034
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Fig.4. Dendrogram of clusters based on Bray-Curtis similarity matrix of different months and stations showing structural
variability of the fish communities (Station 1, station 2, station 3).

station 3 in December (Table 4). No significant
difference was observed among the stations for
different fishing gears (p >0.05) in the study area.

3.7. Total catch of Fish

The total fish catch was recorded
12008 +=727.08 kg in the study area. Most of the
fishes were caught in July (2249 + 668.71) kg
and least in October (1564 * 465.05) kg. During
October, reduced number of fishing efforts were
seen due to banning period. Tenualosa ilisha had
the highest catch (2825+136.39) kg and fol-
lowed by Otolithoides pama (2144=+ 37.38) kg,
Macrobrachium malcolmsonii (1862+8.98) kg,
Gobius schlosseri (1268 =18.74) kg, Mystus bleekeri
(1194 +17.05) kg, Ompokpabda (1110+19.74) kg,
Labeo bata (1056 =62.68) kg and Mastacembelus
armatus (550 = 55.85) kg in the study period (Fig.
8). However, no significance difference (p>0.05)
in monthly variation of fish catch was observed in
the study area.

3.8. Decline Causes of Fish Diversity
in the Feni River

Over-exploitation and indiscriminate fish-
ing due to lack of knowledge, use of illegal fishing
gear, catching of brood fish, fry, fingerlings and
juvenile, low water depth, improper implementa-
tion of fishing rules and regulations are the rea-
sons behind loss of fish diversity in the river.

4. Discussion
4.1. Fish Species Abundance

During the study period, 7 species of fishes
and 1prawn species were found in the Feni River
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Table 3. Various fishing gears with species composition and gear efficiency

Net Type Local Name Mesh People Species Period of opera-
(cm) tion (months)
Gill Net Chandi Jal 1-1.5 6-8 Hilsha (Tenualosa ilisha), Punti (Puntius | All months except
sophore), Baim (Mastacembelus armatus), Oct
Koi (Anabas testudineus)
Seine Net Ber Jal 0.2-0.8 4-5 Gulsha (Mystus bleekeri), Cingri All
(Macrobrachium malcolmsonii), Poa
(Otolithoides pama)
Barrier Net | Char ghera Jal | 0.3-5.1 2-3 Cingri, Gulsha Sep, Oct, Nov and
Dec
Cast Net Jhaki Jal 0.5-1.5 1 Bata (Labeo bata), Dhela (Osteobrama All
cotio), Koi, Poa, Boal (Wallago attu), Baila
(Glossogobius giuris), Baim
Set bag Net Behundi Jal 1-10 2 Pabda (Ompok pabda), Koi, Pangus All
(Pangasius pangasius)

Note: *Sep: September, *Oct: October, *Nov: November, *Dec: December.

(Bangladesh). Among them, highest species belonged to
the order Perciformes (30%) followed by Siluiriformes
(25%), Decapoda (24%), Tetraodontiformes (9%),
Clupeiformes  (6%), Cypriniformes (4%) and
Synbranchiformes (2%) (Fig. 3). The present study was
similar to Rubel et al. (2016) in case of order domi-
nance where highest species belonged to the order
Perciformes (40%) in the Lohalia River. As dominant
order Cypriniformes was identified by Galib et al. (2013)
and Islam et al. (2018) in the Choto Jamuna River and
the Ghaghat River, respectively. Gobius schlosseri,
Macrobrachium malcolmsonii, Mystus bleekeri were
the dominant species in the study area (Table 1). The
most common fish species found in Bangladesh’s the
Bangshi River are jat punti (Puntius sophore) and kalo
bujuri (Mystus tengara), as reported by Kamrujjaman
and Nabi (2015). According to Galib et al. (2013), the
most prevalent species in Bangladesh’s Halti beel is jat
punti (Puntius sophore). These results are different from
the present study due to the difference in geographical
location of these water bodies, survey periods, choice
of fishing gear, etc.

4.2. Present Status of Fish Biodiversity

In the study area from 8 species 50% are under
least concern (LC) and 12.5% each under critically
endangered (CR), vulnerable (VU) and endangered
(EN) in Bangladesh were recorded (Table 1). Rubel et

al. (2016) found 40% species NT, 37% of species as
VU, 17% species EN and 6% species CR in Lohalia
River. Chaki et al. (2014) identified and recorded
thirty (30) locally threatened species, among them,
13.51%,18.92% and 8.11% were vulnerable, endan-
gered and critically endangered at the Atrai River
(Bangladesh). These findings are different from the
present study due to differences in sample size, survey
duration, geographical location and variation in fishing
techniques.

4.3. Diversity Indices

The Shannon-Weaver variety (H) index takes
into account both the total number of species and the
population distribution within the Feni River’s spe-
cies. From the study area we see that diversity of fishes
was high in July and low in October for both diver-
sity and Simpson’s index. Highest value of H was 1.867
and lowest was 1.520 with an average of 1.720+0.13
(Table 2). It is close to the findings of Igbal et al. (2015)
between 1.8 to 3.40 in the Hakaluki River. Rahman et
al. (2015) carried out a study on the Talma River found
slightly lower and Jewel et al. (2018) recorded higher
value of the diversity index (H) in the Atrai River of
Bangladesh. So, these findings which are slightly dif-
ferent from the present findings because of different
geographical locations, survey periods, different fishing
methods and choice of fishing gear in the Feni River.
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But Biligrami (1988) recommended improve water
body conditions for fish variety when the H® index was
between 3.0 and 4.5. According to this recommenda-
tion, the Feni River is strongly degraded which led to
decline the fish diversity.

Simpson’s dominance index gave the possibil-
ity that any two individuals chosen at random from an
indefinitely huge community would be of different spe-
cies. The present research observed highest Simpson’s
dominance index (1-D) value as 0.97 in July and lowest
in October 0.96 with an average of 0.97 =0.002 (Table
2). Tikadar et al. (2021) found the highest Simpson
Dominance index value 0.84 was observed in June
and the lowest 0.21 in September with a mean value
of 0.57+0.197 in the Gorai River. Dominance index
0.325 to 0.893 was recorded in the Dhaleshwari River,
Bangladesh, by Islam and Yasmin (2018). According to
Hossain et al. (2012), the monthly dominance diversity
index value in March had the maximum value of 0.102,
while the lowest value was 0.062 in December. The
finding of this study was slightly higher might be due
to different geographical location, duration of survey
and sample size.

Margalef’s richness, which is only a count of
the various species present in a specific area, is the most
basic indicator of biodiversity. The present study result
in observation of maximum Margalef’s richness index
was recorded in December as 0.829 while minimum in
August 0.567 with an average of 0.699+0.112 (Table
2). Most fish species started breeding from June when
the monsoon start in Bangladesh which might be the
purpose in the back of the lowest and very best richness
value during August and December. Galib et al. (2013)
have calculated fish species richness value in the Choto
Jamuna River and found values varied from 6.973 in
June to 8.932 in November. The species richness in
winter grew as more participants joined the fish shares
(Siddique et al., 2016). Because of the lower water
depth brought on by the lack of rainfall, which caused
fishermen to adjust their fishing gear more effectively,
the Margalef’s index may slightly differ from the actual
diversity value (Igbal et al., 2015). Furthermore, the
distribution of the fish species was influenced by eco-
logical factors as well (Siddique et al., 2021).

Pielou’s evenness index measures the stabil-
ity of an ecosystem. A low level of evenness suggests
that a small number of species dominate an ecosystem.
During the study period, the recorded highest evenness
(J°) value was found as 0.302 (August) and the low-
est as 0.199 (December) whereas the mean value was
recorded as 0.248+0.03 in the sampling area of the
Feni River (Table 2). Therefore, the species equitability
index among the sampling area in the different months
reveals that the distribution of fish population of the
Feni River is more or less equally distributed. This
was close to the finding of Islam and Yasmin (2018);
they recorded evenness index (J) 0.117 to 0.588 in
the Dhaleshwari River. Tikadar et al. (2021) recorded
highest evenness (J) as 0.763 (August) and the lowest
as 0.235(September) whereas the average value was
recorded as 0.481 in the sampling area of the Gorai
River.

1203

4.4. Cluster Analysis

Two groups reached in a similarity level of 58%
separation in the study area (Fig. 4). All the other
months (July to December) of the study period stand
in the same cluster but October was found in differ-
ent cluster. Month October was the banning period for
capturing fish declared by government which might be
the reason behind this difference. Shamsuzzaman et al.
(2016) and Hossain et al. (2012) found lower similar-
ity percentages in the Karnafully and Meghna Rivers
(Bangladesh) respectively. On the other hand, Rashed-
Un-Nabi et al. (2011) discovered that the finfish and
shellfish in estuary of the Bakkhali River were 65% sim-
ilar throughout the year which was higher from present
findings. Their findings are dissimilar from the pres-
ent result because of the different geographical loca-
tions, different survey periods and sample size. Almost
same types and number of species were recorded in all
months of the present study period with small differ-
ences so the least percentages of separation in clusters
was observed.

4.5. Fishing Gears, Gear Efficiency and
Total Fish Catch

In the present study, 5 types of fishing nets were
found in the Feni River (Table 3) which is much more
similar to the findings of Mondal et al. (2013). Sultana
et al. (2018) and Sayeed et al. (2014) recorded higher
amount of fishing gears used respectively in the Payra
River and the Chalan Beel than the present study find-
ings. Because the choice of fishing gears by the fisher-
men depends on many factors like types of fish species
available in the river, the physical condition of the river
such as the presence of currents, bottom conditions,
and types of aquatic vegetation present in the river. In
the Old Brahmaputra River, Saberin et al. (2018) have
documented 19 different kinds of fishing gear between
April 2011 and March 2012. Seine nets, with fishing
effort of 0.0224 gear'haul'day! and a CPUE of 5.56
56 kg gear! day’', demonstrated the greatest CPUE
among them, followed by push and lift nets. According
to Ahmed and Hambery’s (2005), the CPUE varied from
2.91 to 30.86 kg gear'day!. According to Sayeed et al.
(2014), there were 34 distinct kinds of fishing gear used
in the Chalan Beel, with seine nets being the most com-
mon type, followed by gill nets and set bag nets. These
previously documented study on CPUE is different from
the present study due to dependence on same old gears,
types of fish species available in the river, the physical
condition of the river such as the presence of currents,
low availability of other gears etc.

4.6. Total catch of fish

In this study the highest and lowest fish catch
was in July (2249 = 668.71) kg and in October (1564
+ 465.05) kg respectively (Fig. 8). Tikadar et al. (2021)
have recorded higher fish catch from the present study
in the Gorai River. The current study was deviated
from reference value due to little survey period, sample
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size, efficiency of fishing gears, different geographical
pattern.

5. Conclusion and Recommendations

The Feni River is a moderate productive water-
body with a reasonable range of declining fish species.
The species selectivity associated with various types of
fishing gear differed greatly. It was shown that fine-
meshed seine nets and gill nets were more damaging
than those with varied gears. These illegal fishing
practices were widespread, and poor fishermen con-
tinued to practice them for their staff members since
they were unable to find alternative leisure activities
during the periods. This study is an initial attempt to
consider factors such as the fish variety index, CPUE,
gear efficiency, and catch composition of different fish-
ing gears, as well as the causes of the declining fish
population in the Feni River. Therefore, while fisher-
ies investigate foundation, NGOs and the government
should forbid fishing during breeding seasons. Fishing
gear should be designed with the intended species of
fish in mind. Large mesh fishing nets, such as seine and
gill nets, could be an effective tool for fish species con-
servation. While the introduction of new fishing meth-
ods always requires effective management and control,
their adaption may assist small-scale fisheries increase
their catch. Since it is not possible to immediately
outlaw every kind of gear, it is crucial to determine
which gear poses a risk to the public and ought to be
prohibited. Simultaneously, a government-supervised
and non-governmental organization-led awareness or
training program should be held for fishermen to teach
knowledge of fishing rules and to raise awareness of the
long-term impacts of various fishing equipment.
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ABSTRACT. For the first time, fragments of the cox1 gene of a representative of the family Eimeriidae
were obtained by high-throughput sequencing in the digestive tract of Godlewski’s sculpin Abyssocottus
(Limnocottus) godlewskii (Dybowski, 1874). The nucleotide sequences of the coccidia, which accounted
for less than 0.01% of the total data set, belonged to a single genotype and were significantly different
from all previously known. Phylogenetic reconstruction based on the translated amino acid sequences
reliably revealed the basal location of branches belonging to representatives of the family Eimeriidae
among fishes. The question of the genus of the detected organism remains unresolved due to the limited
nucleotide data for representatives of the genera Eimeria, Calyptospora, and Goussia from fish.
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1. Introduction

The analysis of fish parasites is an essential part
of studies on their ecology. The advantage of the molec-
ular genetic approach using high-throughput sequenc-
ing technologies is the ability to analyze and identify
relatively short fragments of foreign DNA from the con-
tents of the digestive tract, organs, and tissues of fish.
These methods are efficient due to their high resolution
and ability to identify a wide range of species (Harms-
et al., 2017). Despite a number of drawbacks, includ-
ing inaccurate species identification due to the limited
genetic data in publicly available databases (Siddall et
al., 2012; Kvist, 2013) and the detection of organisms
from the digestive tract of food using DNA (Sakaguchi
et al., 2017), metabarcoding can serve as a complemen-
tary approach to traditional methods for studying fish
parasite fauna (Ogedengbe et al., 2011; Villsen et al.,
2022; Denikina et al., 2023a; b).

All members of the protozoan type Sporozoa or
Apicomplexa of the Alveolata group are unicellular obli-
gate parasites of multicellular animals and are also con-
sidered to be among the most successful parasites in the
world (Morrison, 2009). It is estimated that more than
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6,000 described species represent only 0.1% of the total
diversity of the group (Morrison, 2009). Representatives
of the genera Cryptosporidium, Plasmodium, Toxoplasma,
and Babesia are causative agents of human and ani-
mal diseases. Coccidia cause significant damage to
agricultural production (Conoidasida: Eimeriidae).
Despite their widespread distribution and economic
importance, research on the evolutionary relation-
ships within this group is still in its infancy (Arisue and
Hashimoto, 2015; Xavier et al., 2018). The taxonomy
of coccidia is still evolving, with many genera being
paraphyletic. This raises questions about the value of
strict morphological and ecological traits for their clas-
sification (Ogedengbe et al., 2018; Xavier et al., 2018).
Representatives of the family Eimeriidae are less well
studied in aquatic animals than in terrestrial animals.
Nevertheless, even the limited sequence data available
for the small subunit ribosomal RNA (ssrRNA) enable to
suggest that these are the base groups within the fam-
ilies (Jirkt et al., 2009; Xavier et al., 2018; Denikina
et al., 2023b). The NCBI database currently contains
mtDNA cox1 gene sequences for the following fish spe-
cies: redlip blenny Ophioblennius macclurei (Silvester,
1915), white perch Morone americana (Gmelin, 1789),
and belica Leucaspius delineatus (Heckel, 1843).

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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Godlewski’s sculpin Abyssocottus (Limnocottus)
godlewskii (Dybowski, 1874) is an endemic species of
lake sculpins that inhabits depths ranging from 100
to 900 m (Bogdanov, 2023). Difficulties in studying
of the ecology and parasite fauna of deepwater spe-
cies arise from the limited number of fish samples due
to the labor-intensive capture process. A study of the
food spectrum of Godlewski’s sculpin using next-gen-
eration sequencing techniques has resulted in coccidia
sequences. The aim of the work was to determine the
phylogenetic position of a representative of the fam-
ily Eimeriidae from the digestive tract of Godlewski’s
sculpin.

2. Materials and methods

The samples were collected in September 2019
from the R/V “G.Y. Vereshchagin” in the area around
the Chivyrkuisky Bay of Lake Baikal (53°59.674’N,
109°09.086’E) at depths of 790 to 820 m. The fish
species were identified according to the latest revi-
sions (Bogdanov, 2017; 2023). Five individuals of
Godlewski’s sculpin with weights ranging from 8.7 to
28.5 g and total lengths from 95 to 149 mm were used
for the analysis.

In vitro, the contents of the entire digestive tract
(250-700 pl) of each individual were diluted with an
equal volume of mQ water, ground and mixed thor-
oughly. Total DNA was extracted using the DNA-
sorb-AM kit (Russia) according to the manufacturer's
instructions. An approximately 350 bp fragment of the
cox1 gene was amplified for each sample in 30 cycles
with reducing the annealing temperature by 0.3°C
from the initial 55°C, using MiSeq primers: COIintF
5°tcgtcggcagegtcagatgtgtataagagacagGGWACWGGWT-
GAACWGTWTAYCCYCC and dgHCO2198 5’gtctcgt-
gggcteggagatgtgtataagagacagTAIACYTCIGGRTGIC-
CRAARAAYCA (Leray et al., 2013). All amplicons from
the digestive tract were pooled and used to prepare the
sample for sequencing.

A library was constructed from the purified ampl-
icon pool using the Nextera XT kit (Illumina, Hayward,
California, USA). The nucleotide sequences were deter-
mined using Illumina NextSeq. The registration number
of the data obtained in the international NCBI database
is PRINA1086215.

All original reads were trimmed for quality using
the program Trimmomatic V 0.39 (Bolger et al., 2014)
with options: average read quality 20, minimum read
length 140. The original reads were assembled into
contigs corresponding to the full-length amplification
products using the program metaSPAdes (Nurk et al.,
2017) with k-mer lengths of 21, 33, 55, 77, 99, and
121. The chosen k-mer lengths allowed the aggregation
to be brought into single contigs containing only reads
specific to the original cox1 fragments of the DNA mix-
ture of different metagenomic sample species.

The complete sequence set of the coxI marker
from the International Barcode of Life Database (iBOL)
(https://ibol.org/) was used as a reference database
for the taxonomic analysis. The DNA sequences of
the amplicon assembly were compared to a reference
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database using the local BLASTn application (Altschul
et al., 1990). The results of the BLAST analysis were
converted into a table of taxonomic representation in
the DNA of the host digestive tract contents. The pri-
mary processing of the obtained nucleotide sequences
of representatives of the family Eimeriidae and the cor-
responding data in the NCBI database (Table 1) was
performed with the editor BioEdit and aligned with the
program ClustalW. The sequence is registered in NCBI
under the number PP552829. Phylogenetic analysis,
including model selection for estimating evolutionary
divergence and reconstructing evolutionary history,
was performed using the program MEGA7 (Kumar et
al., 2016). The evolutionary divergence between the
sequence groups was estimated with the maximum
likelihood method using the Tamura-Nei model (TrN
DNA evolutionary model) (Tamura and Nei, 1993).

Phylogenetic reconstruction of evolutionary his-
tory based on amino acid sequences was performed with
the maximum likelihood method using the Le-Gascuel
model with gamma correction for differences in rates
of substitution accumulation at different sites (LG + G
protein evolutionary model) (Nei and Kumar, 2000; Le
and Gascuel, 2008). A non-parametric booster (1000
replicates) was used to test the validity of the phyloge-
netic tree topology.

3. Results and discussion

As a result of analyzing data from metagenomic
DNA sequencing of the Godlewski’s sculpin diges-
tive tract contents, sequences from representatives of
the family Eimeriidae with a relative representation
of <0.01% were detected. The sequences obtained
belonged to the only haplotype significantly different
from all known sequences of the cox1 gene of coccidia,
including G. bayae and Eimeriidae derived from the
belica, and showed the highest degree of homology
(86.71%) with the nucleotide sequences of Cyclospora
cayetanensis (Ortega, Gilman & Sterling, 1994).

Fish coccidia are relatively understudied, and
very little nucleotide data is available for them. In addi-
tion to the sequences of the coxI mtDNA gene from the
common sunbleak, which were previously obtained in
a similar experiment (Denikina et al., 2023b), only two
sequences of representatives of the family Eimeriidae
from fish are currently available in the NCBI database.
The sequences of G. bayae from the gall bladder of
the white perch (Matsche et al., 2019) and a sequence
from the blood of the redlip blenny were also obtained.
However, the latter, referred to as Coccidia sp. (NCBI:
OR822199.1), actually belongs to a clade of a new
widespread group of fish parasites of the Apicomplexa
type, sister to the order Corallicolida and called “ich-
thyocolids” by the authors (Bonacolta et al., 2024).
Based on the above, these data were not included in
the phylogenetic analysis. The phylogenetic tree was
constructed using data from representatives of the
family Eimeriidae of vertebrates; the sequence of the
Toxoplasma gondii mtDNA cox1 gene was represented
as an outgroup (Nicolle & Manceaux, 1908) (Table 1,
Fig. 1).
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Table 1. The coxI gene nucleotide sequence numbers from the NCBI database used in the analysis.

Host No.No. NCBI; Species

MN260359; MN260361; MN260362; MN260363; MN260364; MN316534; MN316535; Cyclospora
cayetanensis Ortega, Gilman & Sterling, 1994

KP025693; Eimeria flavescens Marotel & Guilhon, 1941
KT203398; Eimeria mephitidis Andrews 1928
JQ993698; Eimeria piriformis Kotlan & Pospesch, 1934
HM?771687; KX495130; OL770312; Eimeria zuernii (Rivolta, 1878) Martin, 1909
MNO077082; Toxoplasma gondii (Nicolle & Manceaux, 1908)
MK202809; Eimeria gaimardi Barker, O’Callaghan, and Beveridge, 1988
MK202808; Eimeria mundayi Barker, O’Callaghan, and Beveridge, 1988
MK202807; Eimeria potoroi Barker, O’Callaghan, and Beveridge, 1988
JN192136; Eimeria trichosuri O’Callaghan & O’Donoghue, 2001

Mammalia:
Placentalia

Mammalia:
Marsupialia

MK202806; Eimeria woyliei Northover et al., 2019

Reptilia

KF859856; Caryospora bigenetica Wacha and Christiensen, 1982
KR108297; MW720599; Isospora amphiboluri Cannon, 1967
MW?720599; Isospora lunulatae Yang, Brice, Berto & Zahedid, 2021

Aves

EF158855; Eimeria acervulina Tyzzer, 1929
MH758793; Eimeria anseris (Kotlan, 1932)
HM?771675; Eimeria brunetti Levine, 1942
JQ659301; KX094945; Eimeria praecox Johnson, 1930
MF497440; Eimeria tenella (Railliet & Lucet, 1891) Fantham, 1909
KC346355; Isospora gryphoni Olson, Gissing, Barta & Middleton, 1998
KT224377; Isospora manorinae Yang, Brice, Jian & Ryan 2016
NC_065382; Isospora picoflavae Rejman, Hak-Kovacs & Barta, 2021
ON584773; Isospora serini (Aragao, 1933)
KX276860; Isospora serinuse Yang, Brice, Elliot & Ryan 2015

Amphibia

KT184381; Lankesterella minima (Chaussat, 1850) Noller, 1912

Actinopteri

PP590353; PP590354; PP590355; PP590356; Eimeriidae
MH792860; Goussia bayae Matsche, Adams & Blazer, 2019

It is important to note that for all currently
available sequences of the family Eimeriidae from
fish, the closest homologs are those of parasites from
homeothermic animals and birds: G. bayae is homol-
ogous to Choleoeimeria taggarti (Amery-Gale et al.,
2018) Kruth, Michel, Amery-Gale & Barta, 2020
(79.33%, NCBL: MK813349) from the yellow-footed
antechinus Antechinus flavipes flavipes (Waterhouse,
1838). Representatives of the family Eimeriidae from
the belica are most closely related to Eimeria praecox
(Johnson, 1938) (82.95%, NCBI: KX094945) from the
red junglefowl Gallus gallus (Linnaeus, 1758); Isospora
serini (Aragao, 1933) (84.62%, NCBI: ON584773) and
Isospora serinuse (Yang, Brice, Elliot & Ryan, 2015)
(82.37%; NCBIL: KX276860) from the common canary
Serinus canaria (Linnaeus, 1758). A comparative analy-
sis of the nucleotide sequences revealed a high degree
of similarity between representatives of the family
Eimeriidae from Godlewski’s sculpin and parasites of
marsupials (Table 2).

Analysis of phylogenetic relationships based on
the cox1 mtDNA nucleotide sequences proved to be
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uninformative; the tree was unresolved with low sup-
port. However, representatives of the family Eimeriidae
of fish have formed basal branches. The phyloge-
netic reconstruction based on translated amino acid
sequences (Fig. 1) demonstrates that representatives of
the family Eimeriidae from fishes are reliably located
at the base of the tree. The hypothesis that fish coccidia
were the source of all known coccidia lineages in other
vertebrates (Rosenthal et al., 2016; Xavier et al., 2018;
Matsche et al., 2019; Denikina et al., 2023b) was indi-
rectly confirmed.

It has been previously suggested that the coxI
gene fragment has sufficient phylogenetic potential
to contribute to the resolution of the apparent para-
phyly within coccidia (Ogedengbe et al., 2011). The
results obtained do not allow us to definitely confirm
this hypothesis, as data on coxI mtDNA sequences of
representatives of the genera Eimeria, Calyptospora,
and Goussia from fish are currently insufficient. For
the above reasons, it is premature to determine to
which genus the detected representative of the family
Eimeriidae belongs.
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Metagenomic studies (metabarcoding) of eukary-
otes from marine and terrestrial ecosystems have shown
the high diversity and dominance of Apicomplexa rep-
resentatives (Mahé et al., 2017; Lentendu et al., 2018),
which are parasites of invertebrates and vertebrates,
and have complex life cycles that differ significantly
between groups (Votypka et al., 2016; Rueckert et al.,
2019). The family Eimeriidae is the most diverse taxon
of protozoa. The main characteristic of its representa-
tives is the formation of environmentally stable oocysts,
that are released with the host’s feces. The general mor-
phology of the oocysts, as well as the number of spo-
rocysts and sporozoites are commonly used to identify
individual genera. However, the results of recent phylo-
genetic studies correlate poorly with current taxonomy.
They have also shown that several diagnostic traits
thought to be unique and are also found in representa-
tives of several genetically distant genera (Votypka et
al., 2016). It is now known that members of the genera
Eimeria, Goussia and Calyptospora are most commonly
found in various species of marine and freshwater fish
(Xavier et al., 2018).

Previously, five species of coccidia were iden-
tified in fish from Lake Baikal (Shulman and Zaika,
1964; Zaika, 1965; Pronina, 1990), and only one was
observed in representatives of the Cottidae family:

1. Goussia carpelli (Leger et Stankovitch,
1921) (Syn.: Eimeria carpelli (Leger et Stankovitch,
1921); E. cyprini (Plehn, 1924); Goussia carpelli sensu
(Dykova et Lom, 1983). The parasite is localized in the
intestinal and gall bladder walls of the bighead sculpin
Batrachocottus baicalensis (Dybowski, 1874), the sandy
sculpin Leocottus kesslerii (Dybowski, 1874), the broad-
snout sculpin Abyssocottus (Cyphocottus) eurystomus
(Taliev, 1955), and the siberian river minnow Phoxinus
rivularis (Pallas, 1773).

2. Goussia leucisci (Schulman et Zaika, 1964)
Lom, Desser, Dykova, 1989 (Syn.: Eimeria leucisci
(Schulman et Zaika, 1964); E. freemani (Molnar et
Fernando, 1974); Goussia freemani (Molnar et Fernando,
1974)). The parasite is localized in the kidneys and
in the walls of the gall bladder of the Siberian dace
Leuciscus baicalensis (Dybowski, 1874).

3. Eimeria esoci Schulman et Zaika, 1964. The
parasite is localized in the intestinal and gall bladder
walls of the northern pike Esox lucius (Linnaeus, 1758).

4. Eimeria percae (Riviere, 1914) (Syn.:
Coccidium percae Riviere, 1914; Eimeria percae

61 Eimeria brunetti O

m Mammalia: Placentalia Eimeria zuernii  ®
Eimeria mephitidis B
= T 30 Eimeriatenella O
® Mammalia: Marsupialia Eimeria prascox @
32| | Eimeria anseris @
O Reptilia Eimeria acervulina 0O
7 Cyciospora cayetanensis |
Eimeria flavescens | ]
@ Aves Eimeria piriformis B
59 Isospora picoflavae O
- Amphibi a Isospora sen‘m..-se =]
Isospora serini O
61 Isospora manorinae @O
m Actinopteri Isospora gryphoni O

Isospora amphiboluri O
isospora lunujatae O
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Caryospora bigenetica O

74

47
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Goussia bayae B
Toxoplasma gondii B

0.10

Fig.1. A phylogenetic tree of representatives of the fam-
ily Eimeriidae constructed using the maximum likelihood
method based on translated amino acid sequences of the
mtDNA cox1 gene fragments. T. gondii as an outgroup

Reichenow, 1921; E. rivieri Yakimoff, 1929). The par-
asite is localized in the intestinal walls and kidneys of
the European perch Perca fluviatilis (Linnaeus, 1758).

5. Eimeria sp. The parasite is localized in the
intestinal walls of the Baikal omul Coregonus migratorius
(Georgi, 1775).

One species, G. carpelli, has previously been
recorded in representatives of the family Cottidae,
including coastal species of the bigheaded and sand
sculpins, as well as in the deep-water species, the broad-
snout sculpin. For the parasitic protozoa Apicomplexa,
which are transmitted and spread by oral-fecal means,
the resistance of the oocysts to environmental factors
is of great importance (Clopton et al., 2016). Due to
these properties, they can be detected in a variety of
environmental samples, including paleontological sam-
ples (Rueckert et al., 2011; C6té and Le Bailly, 2018; Le
Bailly et al., 2019; Singer et al., 2020; Beltrame et al.,

Table 2. The estimation of evolutionary divergence between sequence groups. The standard errors are given above the

diagonal
1 2 3 4 5 6 7

1. Eimeriidae (Abyssocottus godlewskii) 0.029 0.062 0.019 0.020 0.022 0.076
2. Eimeriidae (Leucaspius delineatus) 0.119 0.047 0.026 0.024 0.021 0.069
3. Goussia bayae 0.385 0.271 0.053 0.049 0.050 0.065
4. Mammalia: Marsupialia 0.061 0.105 0.315 0.010 0.012 0.077
5. Reptilia+ Amphibia 0.070 0.102 0.293 0.020 0.004 0.068
6. Mammalia: Placentalia + Aves 0.087 0.089 0.303 0.034 0.010 0.069
7. Toxoplasma gondii 0.486 0.450 0.423 0.487 0.433 0.443
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2022). Oocysts, including those of the genera Eimeria
and Goussia, may be present in the external environ-
ment, including bottom sediments (Sifiski and Behnke,
2004). In coccidia of aquatic animals, young oocysts
are usually released with the feces that are not spor-
ulated and are not infectious, as their development is
terminated only in the external environment, where
the formation of sporocysts with sporozoites occurs
(Votypka et al., 2016). Two modes of transmission are
observed in the life cycle of coccidia in fish: direct with
fecal contamination and indirect, which includes inver-
tebrates (Steinhagen and Korting, 1988; Davis and Ball,
1993). It can therefore be assumed that the DNA of a
representative of the family Eimeriidae could enter the
digestive tract of Godlewski’s sculpin with equal prob-
ability in two ways: directly from the external environ-
ment and/or indirectly via its food objects.

Sequences derived from representatives of the
family Eimeriidae accounted for <0.01% of all metag-
enomic DNA sequencing data from the contents of the
digestive tract of fish. However, we cannot currently
confirm whether the parasite we detected is specific to
the Godlewski’s sculpin. G. carpelli, which is found in
members of the family Cottidae, is considered a specific
parasite of the common carp Cyprinus carpio (Linnaeus,
1758) (Molnér et al., 2005). However, other fish spe-
cies on its host list have their own separate coccidia
species (Sokolov and Moshu, 2014). In this context, a
comprehensive morphological and molecular genetic
study of these parasites is required, with particular
attention to the widespread G. carpelli from different
systematic fish groups.

4. Conclusion

When analyzing the metagenomic DNA sequenc-
ing data of the Godlewski’s sculpin digestive tract
contents with a relative representation of <0.01%,
sequences from representatives of the family Eimeriidae
were detected for the first time. The sequences obtained
belonged to the only haplotype that was reliably differ-
ent from all previously known. In contrast to the anal-
ysis of the nucleotide sequences of the cox1 mtDNA,
the phylogenetic reconstruction based on translated
amino acid sequences reliably demonstrated the basal
location of the branches of representatives of the fam-
ily Eimeriidae in fish. The question of the genus of the
detected organism remains unresolved due to the lim-
ited nucleotide data for representatives of the genera
Eimeria, Calyptospora, and Goussia in fish. The results
obtained indicate the need for targeted and complex
studies, including molecular genetic studies, of the
fauna of parasitic protozoa in fish.
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AHHOTAILIUA. BnepBole B MNUIIEBAPUTEIHBHOM TpakTe IMMUPOKoJIoOKu TlopseBckoro Abyssocottus
(Limnocottus) godlewskii (Dybowski, 1874) MeT0oq0M BHICOKONIPOU3BOAUTEILHOTO CEKBEHUPOBAHUS TOJTY-
yeHbl parMeHTHl TeHa cox1 npecraBuTelis cemericTBa Eimeriidae. JleTekTrpoBaHHbIE HYKJIEOTH/IHBIE
MocJIeIoBaTeIbHOCTU KoKIuAuii coctaBmim <0,01% ot obijero MaccuBa JAaHHBIX W MPUHAAJIEXKATIU
eJMHCTBEHHOMY 'eHOTHUITy, JOCTOBEPHO OT/IMYaBIIeMyCs OT BCeX paHee U3BeCTHBIX. duiioreHeTnyeckas
PEKOHCTPYKLIMA Ha OCHOBAaHWM TPAHCJIMPOBAHHBIX aMHHOKUCJIOTHBIX IIOCJIEOBATEJIbBHOCTEN HOCTO-
BEPHO MPOAEMOHCTPHUPOBAJIa Ga3ajibHOE PACIOJIOKEHHE BETBel mpexacTtaBuresell cem. Eimeriidae u3
pBIO. Bonpoc 0 poaoBOi NMpHUHAAJIEKHOCTU AETEKTHPOBAHHOIO OpraHM3Ma OCTaeTCs OTKPBITBIM M3-3a
HEOCTAaTOYHOTO KOJIMYECTBA HYKJIEOTUIHBIX JAHHBIX MpejcTaBuTeieldl poaoB Eimeria, Calyptospora n

Goussia u3 pbIO.
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1. Beeaenue

Ananuz ¢ayHsl napasuToB peIO ABJsIETCSA HeoO-
XOUMOH 4acThI0 KCCJIeJOBAaHNUI, TIOCBAIIEHHBIX BOIIPO-
caM UX 3KoJIoruM. IIpeuMyIiecTBO MOJIeKyJIApHO-TeHe-
TUYECKOr0 IOJX0/Aa C HCIOJIb30BAaHNEM COBPEeMEHHBIX
TEXHOJIOTUII BEICOKOIIPOU3BOAUTEIBHOT'O CEKBEHPOBA-
HUA 3aKJII0YaeTcsi B BOBMOXHOCTH aHaln3a U UIeHTU-
dbukanuu OTHOCUTEIBHO KOPOTKUX (PparMeHTOB yyxe-
poxmHoti JTHK u3 comepXuMOro mHIeBapUTEIbHOIO
TpakTa, OpTaHOB U TKaHeil pei0. OTU MeToAb 3ddek-
THUBHEI 32 CUeT BHICOKOT'O pa3pelleHls 1 BO3MOXHOCTHU
naeHTUGUKANUKM IIHpokoro crekrpa uaos (Harms-
Tuohy et al., 2016; Jakubaviciiité et al., 2017; Yoon et
al., 2017). HecMoTps Ha psAQ HEOOCTAaTKOB, TAKUX KaK
HeTOYHasA uJeHTUGUKAIUA BUAOB M3-32 OTCYTCTBUA
UX TeHeTHYeCcKUX [aHHBIX B OOIIeJOCTYNHBIX 6a3zax
(Siddall et al., 2012; Kvist, 2013) u gerexkuusa JHK
OpraHM3MOB U3 MMUIIeBapUTEIbHBIX TPAKTOB KOPMOBBIX
obpekToB (Sakaguchi et al., 2017), meTabapkoaupoBa-
HUe MOXeT JOIOJIHATh TPaAUINOHHbIE MeTOMIb HCCIle-
JoBaHuA ¢ayHel mapasuTtoB pei6 (Ogedengbe et al.,
2011; Villsen et al., 2022; denukuHa u gp., 2023a; b).
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Bce npeacraBuTesu TUMA MIPOCTEUIINX SPOTOZoa
wm Apicomplexa u3 rpynnsl Alveolata saBisoTCA
OMHOKJIETOYHBIMU OOJIUTAaTHBIMU TMapa3suTaMB MHOTO-
KJIETOYHBIX XMBOTHBIX, a TaKXe CUMTAIOTCSI OJHUMHU
U3 CcaMbIX VCIIENIHBIX IMapa3uToB B mupe (Morrison,
2009). IIpenmnosnaraercs, uro 6ojiee 6000 onmrcaHHBIX
BHJIOB cocTaBJisAloT Bcero 0,1% oT oOmiero mx pasHo-
o6pasua (Morrison, 2009). IIpeacraBuTesd PpoOAOB
Cryptosporidium, Plasmodium, Toxoplasma wu Babesia
ABJIAIOTCA BO30yAuTesIAMH 3a0oJieBaHMI 4YesloBeKa U
xuBoTHBIX. Kokiuauu (Conoidasida: Eimeriidae) HaHo-
CAT 3HAUUTEJIBHBIA YPOH CEJTbCKOXO03SHCTBEHHOMY IPO-
MU3BOJICTBY. HecMOTps Ha HMIMPOKOE paclpocTpaHeHue
1 XO3AHMCTBEHHOe 3HauyeHHUe, MCCJIeJOBaHMs SBOJIIOIU-
OHHBIX OTHOIIIEHU BHYTPHU 3TOU I'PYIIIBHI TOJIBKO HAUM-
Hatotcsa (Arisue and Hashimoto, 2015; Xavier et al.,
2018). TakcoHOMUA KOKIIUANUH K HACTOAIIEMY BpeMeH!
HaXOJMTCs B CTAQOUU pa3pabOTKU, MHOTHE POABI ABJIA-
0TCs mapad@uIeTUYEeCKUMHU, YTO CTABUT IO COMHEHUE
I[EHHOCTh CTPOTUX MOP(OJOTHMYECKUX W 3KOJIOTHYe-
CKUX TMPU3HAKOB A ux kiaccudukanuu (Ogedengbe
et al., 2018; Xavier et al., 2018). Ilpu 3TOM NpeaCTaBU-
Tesiu cemelicTBa Eimeriidae y BOOHBIX )XUBOTHBIX U3Y-
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YeHBl 3HAYMTEJIPHO XyXe, YeM y HaszeMHbIX. OfHaKo,
Jaxxe MMelolyecs CKy/IHble JaHHBIE O [TOCJIeIoBaTesIb-
HOCTSIX MaJioi cy6beAuHMIBI pubocomanbHoit PHK
(MCE pPHK) no3BoJifi0T MpeanoJioXuTb, YTO UMEHHO
OHU ABJIAIOTCA 0Aa30BEIMU I'PYNIIaMU BHYTPH CEMeEHCTB
(Jirka et al., 2009; Xavier et al., 2018; JleHHMKUHA U
ap., 2023b). B HacTosiee Bpemsa B 6aze NCBI 3aperu-
CTPUPOBAHHI I0CJIeIoBaTeJIbHOCTU reHa cox1 MTIHK
Eimeriidae u3 cieaymomux BUIOOB phIO: KpacHOryoOas
Mopckasa cobauka Ophioblennius macclurei (Silvester,
1915), 6ebiii amepuKaHCcKuii JJaBpak Morone americana
(Gmelin, 1789) 1 oOGBIKHOBeHHas BepXOBKa Leucaspius
delineatus (Heckel, 1843).

[Iupokosiobka T'ogrieBckoro Abyssocottus
(Limnocottus) godlewskii (Dybowski, 1874) — sugemuy-
HBIN BUJ 03€PHBIX ITUPOKOJI000K, OOUTAIOIUI Ha TJIy-
6unax ot 100 mo 900 m (Bormanos, 2023). CJI0XKHOCTU
B MICCJIeTOBAHUAX KOJIOTUU U (payHbI TapasuToB Ii1y6o-
KOBOIHBIX BU/IOB BBI3BAaHBI MaJIbIM KOJIMYECTBOM BBIOO-
POK pBIO B CBSI3U C TPYJIOEMKUM IIpOLiecCcOM OTJIOBa. B
pe3yJbTaTe HCCJIeJOBAHUS MUIIEBOr0 CHEKTpa IMIUPO-
KoJIOOKM T'OfJIEeBCKOr0 C UCIOJIb30BAaHUEM METOJIOB
CEKBEHUPOBAHUsI HOBOI'O IOKOJIEHUS OBUIN IOJIy4YeHBI
[I0CJIeTOBaTEJIBHOCTY KOKIUAUH. Llespio paboTH ABJISA-
JIoch olpefeseHne (GUIOreHeTHYeCKOro IIOJIOXKEHUs
npeacraButesia ceM. Eimeriidae w3 mnumeBaputeisb-
HOT'O TpaKTa II1POK0JI06ky I'o/iyieBCcKoro.

2. MaTepuanbl U MeTOADI

COop npob6 ocyuiecTByAAN ¢ 60pTa HayyHO-HC-
cyiefoBaTenbckoro cyaHa «I.10. Bepemarus» B ceHTs-
6pe 2019 r. B palioHe cTBOpa YMBBIPKYICKOrO 3aJI1Ba
o3epa batikasn (53°59.674’N, 109°09.086’E) c riry6uH ot
790 mo 820 M. BugoByio nprHaJIeXXHOCTb PHIO UAEHTH-
dunupoBanyu B COOTBETCTBUU C NOCJIEAHMMM pEBU3U-
svu (bormanos, 2017; 2023). 14 aHa/M3a UCIOJIb30-
BaJIU IATHh 0cobell M1poKoJIoOKY ['oAIeBCKOro Maccoii
ot 8,7 mo 28,5 r, obmiel AauHOM oT 95 1m0 149 MMm.

B saGopaTOpHBEIX YCJIOBUAX COAEpPXHMOE BCEro
nuinieBapuTesibHOro Tpakra (250-700 MKJI) OT KaXJI0ro
OTAEJIPHO B3ATOrO 3K3eMIUlApa pa3BOAWIN PaBHEIM
o0beMOM BoApl mMQ, U3Mesb4yaau U THIATeJBHO Iepe-
MemunBand. CymmapHyio JHK BblessAan ¢ MOMOIIbIO
Habopa 1A skcerpaknuu «AMmimnCerc JHK-cop6-AM»
(Poccust) B COOTBETCTBUU C MHCTPYKI[HEH MPOU3BON-
TesisA. dparmMeHT resa coxl AJIMHON NMPUOINU3UTEIBHO
350 map ocHoBaHMIl aMIUTUMUIIMPOBATIUA Ui KaXJON
npoOs1 30 [UKJIIOB € NOHWXXEHUEeM TeMIlepaTyphl OTXXKUra
Ha 0.3°C ot HauanmbHbIX 55°C c mpatimMepamu MiSeq:
COIintF 5°tcgtcggcagegtcagatgtgtataagagacagGGWAC
WGGWTGAACWGTWTAYCCYCC u dgHCO2198 5°gtc
tegtgggeteggagatgtgtataagagacagTAIACYTCIGGRTGIC
CRAARAAYCA (Leray et al., 2013). Bce aMIUTMKOHBI U3
NHIIeBAPUTEJIbBHOTO TpaKTa OObeIUHAIU U HCIO0JIb30-
BaJIy I IIOATOTOBKHU NMPOOHI K CeKBEHUPOBAHUIO.

BubnuoTeky u3 OUMINEHHOTO IIyJa aMILIMKO-
HOB CKOHCTPYMpOBaJ{d C HCIOJIb30BaHHeM Habopa
Nextera XT (Illumina, XefiBopa, Kamudopuus, CIIA),
HyKJICOTHAHBIE II0CJIEJOBATEJIbHOCTU OIpefesisuli C
nomoIneio Illumina NextSeq. PeructpanrioHHBIE HOMep
MOJIYYEHHBIX JAaHHBIX B MeXIOyHapojHoii 6aze NCBI:
PRIJNA1086215.
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Bce ucxonHble JaHHBIE TPUMMUPOBAJIN II0 Kayde-
cTBYy B mporpamme Trimmomatic V 0.39 (Bolger et al.,
2014) c omiusaMu: cpefjHee kauecTBo npouteHus 20,
MUHHMaJibHasa AjrHa npouTteHusa 140. C60pKy mcxof-
HBIX IPOYTEHU B KOHTUTH, COOTBETCTBYIOIIME ITOJIHO-
pa3MepHBIM IIpoAyKTaM amIIi@uKauy, IpoBOAUIIN B
nporpamme metaSPAdes (Nurk et al., 2017) pnauHamu
k-mer 21, 33, 55, 77, 99 u 121. BuiGpaHHbIE AJIUHBI
k-mer mo3BoJsnIM IPUBECTH arperamuio B eUHbIE KOH-
THUTU TOJIBKO IIPOYTEHUH, crelu(UYHbIX IepBOHaYaIb-
HBIM ¢parmeHTam cox1 cmecu JHK passinyHbIX BUAOB
MeTareHoOMHOro obpasua.

B xauectBe pedepeHCHOI 0a3bl AaHHBIX AJIA
TaKCOHOMMYECKOI0 aHa/iu3a MUCHOJIb30BaJd  IOJI-
HBIIT Habop mocJjiefoBaTesbHOCTEN MapKepa coxl u3
International Barcode of Life Database (iBOL) (https://
ibol.org/). TlocnemoBarenpHOCTH JHK cOOpKM aMILIU-
KOHOB COIIOCTaBJIANIU ¢ pedepeHCHOU 06a30i JaHHBIX
¢ nomoimpio npuiioxeHus local BLASTn (Altschul et
al., 1990). PesynptaThl BLAST aHaim3a npeoOGpa3oBbI-
BaJIM B TaOJWIly NpefcTaBjIeHHOCTHA TakcoHOB B JIHK
COAEepKMMOI'0 NHUIIEeBOro TpakTa xo3AuHa. [lepBu4HYyI0
00paboTKy IOJIyYeHHbIX HYKJIEOTHMAHBIX IIOCJIeIOBa-
TeJIbHOCTeH mpefcTraBuresell cemelictBa Eimeriidae u
COOTBETCTBYIOIINX [NaHHBIX, MpeJcTaBjIeHHBIX B Oase
NCBI (Ta6suna 1), npoBoguyin B penaktope BioEdit,
BBIpaBHMUBAJIM C MoOMoIIpi0 mporpaMmel ClustalW.
[TocnegoBaTenbHOCTh  3aperucrpupoBaHa B NCBI
No PP552829. ®duimoreHeTHU4ecKUil aHaIM3, BKJIOYAsA
BHIOOp MoJesiell AJis OLeEHKU 3BOJIIOLLOHHON IUBEp-
TreHIU1 U PeKOHCTPYKLUM 3BOJIIONMOHHON HCTOPHH,
MpOBOAWJIM € HCHOJIb30BaHMeM IporpamMmel MEGA7
(Kumar et al., 2016). DBOJIOIMOHHYK JUBEpPreH-
I[MI0 MeXJy TpynmnaMy IocjefoBaTeIbHOCTel OlleHU-
BaJIi METOJOM MaKCHMAaJIbHOIO IpaBAoNoAo0Hs IO
monenn Tamypoli-Hesa (TN DNA evolutionary model)
(Tamura and Nei, 1993). ®uUIOreHETUYECKYI0 PEKOH-
CTPYKIMIO 5BOJIIOIMOHHOM KCTOpPHUY, OCHOBAHHOH Ha
aMHHOKMCJIOTHBIX II0CJIeJOBaTeJIbHOCTAX, IPOBOAWIN
MeTOAOM MaKCHMaJIbHOr'O IIpaBonoAo0usA o Moaesn
JIu-Tackyasa ¢ raMMa KoppeKnuel pa3jindnil B CKOpo-
CTAX HAKOIUIEHWA 3aMeH B pasjnuHbX caiitax (LG +
G protein evolutionary model) (Nei and Kumar, 2000;
Le and Gascuel, 2008). TecTupoBaHue AOCTOBEPHOCTU
TOIOJIOrMU GUIOreHeTU4eCKUX AepeBbeB IIPOBOJNUIOCH
HenapaMeTtpudeckuM 6yctepoM (1000 periuk).

3. Pe3yAabTathbl M 06Ccy)xpeHue

B pesysbTaTe aHann3a JaHHBIX MeTareHOMHOI'O
cexkBeHrnpoBanua JIHK copepxxumMoro mnuiieBapUTeb-
HBIX TPAKTOB MMPOKOJIOOKU I'ofjieBckoro O6bUIN JeTek-
THPOBAaHHI [TOCIe0BaTeJIbHOCTY IIpeACTaBUTes el CeM.
Eimeriidae ¢ OTHOCHTEJIBHOU TNpeACTaBIEHHOCTHIO
<0,01%. [Tony4yeHHbIe NOCIEAOBATEJIbHOCTU IPHUHAM-
Jiexxasiyi e AMHCTBeHHOMY rallJIOTUITy, JOCTOBEPHO OTJIH-
qaloueMycsa OT BCceX U3BECTHBIX N10CJIeJ0BaTeIbHOCTeN
reHa coxl xoxkuuaui, Bkmovasa G. bayae u Eimeriidae
13 OOBIKHOBEHHOI BEpPXOBKH, W NMPOAEMOHCTPHUPOBAB-
meMy HauOoJIBIIVIO cTelleHb romoJioruu (86,71%) c
HYKJIEOTUOHBIMU TocJlefjoBaTenbHocTAMU  Cyclospora
cayetanensis Ortega, Gilman & Sterling, 1994.
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Kokuuauu pbei6 CpaBHUTEJIBHO MaJIOU3ydeHbl
U HYKJIEOTHHble NaHHble 1JI1 HUX KpaliHe CKYIHBHI.
Kpome mnocienoBaTtenpHocTeil reHa coxl mtJHK u3
OOBIKHOBEHHOI BEPXOBKHU, IOJIyUeHHBIX HaMU paHee
B aHaJIOTUYHOM »JKcnepuMeHTe ([leHukuHa u Ap.,
2023Db), B 6a3e NCBI mpeacTaBjeHB TOJIBKO ABE MOCJIe-
JIOBaTeJIbHOCTU TpefcTtaButeneil cem. Eimeriidae
u3 peib: G. bayae u3 xea4HOro mMy3eipA M. americana
(Matsche et al.,, 2019) u mocJieoBaTEeJILHOCTh U3
kpoBu O. macclurei. OgHako ToCJeH:AsA, 3asgBJIEHHAA
kak Coccidia sp. (NCBI: OR822199.1), B AeHCTBUTETb-
HOCTH MpUHAMJIEXUT MpefCcTaBUTEsI0 KJIaJbl HOBOI
IIMPOKO PacHpoOCTpPaHEHHOU TpPYINIbl MMapa3svuToOB PbIO
tuna Apicomplexa, cectpurckoi oTpsaxgy Corallicolida
U Ha3BaHHas aBTopamu «ichthyocolids» (Bonacolta et
al., 2024). Ucxoaa U3 BHIIIECKA3aHHOI0, 3TU JAaHHEIE B
¢usioreHeTHYeCKOM aHaJi3e He paccMarpuBaiu. [Ipu
nocTpoeHnu GUIOreHeTUYeCKOro JpeBa UCI0JIb30BaHbI
JaHHble TpefcTaBuTesiel ceM. Eimeriidae mo3BoHOY-
HBIX )KUBOTHBIX, B KauecTBe ayT-I'PYIIIHI MIpe/icTaBJeHa
nocjegoBaTesibHOCTh TeHa cox]l mtIHK Toxoplasma
gondii (Nicolle & Manceaux, 1908) (Ta6suua 1, Puc. 1).

Crnenyer OTMETUTh, YTO IS BCEX HMEIOIIUXCA
B HACTOsIlee BpeMsA IMOCJENOBATEJIbBHOCTEH CeM.
Eimeriidae u3 pp16, 6JMXalIIMMU TOMOJIOTAMU SIBJIS-
I0TCA TOCJIeJOBAaTEJIbHOCTH Tapa3suTOB U3 TeIUIO-
KPOBHBIX KMBOTHBIX M NOTHI: G. bayae romosorayHa
Choleoeimeria taggarti (Amery-Gale et al., 2018) Kruth,
Michel, Amery-Gale & Barta, 2020 (79,33%, NCBI:
MK813349) u3 ’KeJITOHOTOM CyMYaTOU MBIIH Antechinus
flavipes flavipes Waterhouse, 1838. IlpencraBuTesn
ceM. Eimeriidae 3 0ObIKHOBEHHOI BepXOBKHM Haubosiee
O6nu3ku Kk Eimeria praecox (Johnson, 1938) (82,95%,
NCBI: KX094945) 13 6aHKUBCKOH JXKYHIJIEBOM KypHULIbI
Gallus gallus (Linnaeus, 1758); Isospora serini (Aragao,
1933) (84,62%, NCBI: ON584773) u Isospora serinuse
(Yang, Brice, Elliot & Ryan 2015) (82,37%; NCBI:
KX276860) u3 kaHapCcKOro KaHapeeyHOro BbIOpKa
Serinus canaria (Linnaeus, 1758). AHau3 3BOJIIOLIOH-
HOU AWBEpPreHIMU MeXOy TI'pynnaMy HyKJIEOTUIHBIX
MOCJIeJOBAaTEJIBHOCTEN BBIABUJI OJIM30CTh MpPEACTaBU-
teseli Eimeriidae mu3 mumpokosiobku T'oyieBCKOTO K
napasuTaM CyMuaThIX XXUBOTHbIX (Tabmuna 2).

Ta6suna 1. Homepa HyKJIEOTUAHBIX ITOCTIe/loBaTeIbHOCTElN reHa cox] u3 6a3sl gaHnubex NCBI, vcnosib30BaHHBIE B aHAJIU3e.

Xo03suH

NoNe NCBI; Bup

Mammalia:
Placentalia

MN260359; MN260361; MN260362; MN260363; MN260364; MN316534; MN316535; Cyclospora
cayetanensis Ortega, Gilman & Sterling, 1994

KP025693; Eimeria flavescens Marotel & Guilhon, 1941
KT203398; Eimeria mephitidis Andrews 1928
JQ993698; Eimeria piriformis Kotlan & Pospesch, 1934
HM771687; KX495130; OL770312; Eimeria zuernii (Rivolta, 1878) Martin, 1909
MNO077082; Toxoplasma gondii (Nicolle & Manceaux, 1908)

Mammalia:
Marsupialia

MK202809; Eimeria gaimardi Barker, O’Callaghan, and Beveridge, 1988
MK202808; Eimeria mundayi Barker, O’Callaghan, and Beveridge, 1988
MK202807; Eimeria potoroi Barker, O’Callaghan, and Beveridge, 1988
JN192136; Eimeria trichosuri O’Callaghan & O’Donoghue, 2001
MK202806; Eimeria woyliei Northover et al., 2019

Reptilia

KF859856; Caryospora bigenetica Wacha and Christiensen, 1982
KR108297; MW720599; Isospora amphiboluri Cannon, 1967
MW?720599; Isospora lunulatae Yang, Brice, Berto & Zahedid, 2021

Aves

EF158855; Eimeria acervulina Tyzzer, 1929
MH?758793; Eimeria anseris (Kotlan, 1932)
HM771675; Eimeria brunetti Levine, 1942
JQ659301; KX094945; Eimeria praecox Johnson, 1930
MF497440; Eimeria tenella (Railliet & Lucet, 1891) Fantham, 1909
KC346355; Isospora gryphoni Olson, Gissing, Barta & Middleton, 1998
KT224377; Isospora manorinae Yang, Brice, Jian & Ryan 2016
NC_065382; Isospora picoflavae Rejman, Hak-Kovacs & Barta, 2021
ON584773; Isospora serini (Aragao, 1933)
KX276860; Isospora serinuse Yang, Brice, Elliot & Ryan 2015

Amphibia

KT184381; Lankesterella minima (Chaussat, 1850) Noller, 1912

Actinopteri

PP590353; PP590354; PP590355; PP590356; Eimeriidae
MH792860; Goussia bayae Matsche, Adams & Blazer, 2019
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ITpoBenenHbIll aHaIN3 QUIIOreHeTHYeCKUX OTHO-
IIeHN Ha OCHOBaHUU HYKJICOTUAHBIX I10CJIeJOBATeJIb-
Hoctel cox1 mT/[HK okazasics MasouH(pOpMaTHUBHBIM:
JpeBO OKa3aJIoCh Hepa3pelleHHBIM C HU3KUMHU IOJ-
nepxkamu. OiHaKo npeacraButesu ceM. Eimeriidae u3
pbi6 copmupoBanu 6azasbHblEe BeTBU. B mosyueHHON
dusoreHeTN4YeCKONl PEKOHCTPYKIMHW Ha OCHOBaHUU
TPaHCJIMPOBAaHHBIX aMMHOKHCJIOTHBIX I10CJIeJOBaTesIb-
Hocrerl (Puc. 1) mpencraButenu ceM. Eimeriidae w3
PBIO JOCTOBEPHO pacloJjiaraloTcs B OCHOBaHUU ApeBa.
Takum oOpas3omM, paHee cOpMyJIMPOBaHHAA TUNOTE3a
0 TOM, YTO UMEHHO KOKLIMAWMU phI0 Aajiyd Havyajio BceM
W3BECTHBIM JINHUAM KOKIUAUN y APYTUX I03BOHOYHBIX
xuBoTHHIX (Rosenthal et al., 2016; Xavier et al., 2018;
Matsche et al., 2019; denukuHa u ap., 2023b), Hamwa
CBOE KOCBEHHOe MOATBepXAeHe.

Panee ObUIO BBICKa3aHO INPeAINOJIOXEHUe, YTO
¢pparmeHT reHa coxl vMeeT AOCTATOYHBIN (puyioreHe-
TUYeCKU! MOTeHNHasl, 4yToObl NOMOYb B pa3pelleHuun
OYeBHUAHBIX Napaduiuii BHyTpu Kokuuaui (Ogedengbe
et al., 2011). ITosy4yeHHBIE Pe3yJIbTATH HE MO3BOJIAIOT
OAHO3HAYHO MOATBEPAUTH 3Ty THUIIOTE3Y, MOCKOJIBKY
IoKa AaHHBIX O IocjiefoBaTesibHOCTAX cox]l MTJHK
npecraButesieil pogos Eimeria, Calyptospora u Goussia
U3 peI0 ABHO HedocTaroyHo. [Io TOH e IpUYHHe
IpexJaeBpeMeHHO yTBepXJaTh, K KaKOMy pOAY OTHO-
cATCA JeTeKTUPOBAaHHBII HaMM IpeJCTaBUTEJIb CEM.
Eimeriidae.

MerareHoMHBle uccaefoBaHuA (MeTabapKo-
JAUpOBaHUe) 3yYKapuOT MOPCKUX M Ha3eMHBIX 5KOCHU-
cTeM NPOAEeMOHCTPHPOBAIN BBICOKOE pa3HooOpasue u
JOMHWHHpOBaHMe mpefcTaBuTesieil Apicomplexa (Mahé
et al., 2017; Lentendu et al., 2018), KoTOpbIe ABJIAOTCA
napasuraMy 0eclO3BOHOYHBIX 1 ITO3BOHOYHBIX XHBOT-
HBIX, U HMMEIOT CJIOXHble XKM3HEeHHble LUKJIBI, 3Ha4u-
TeJIbHO pasJjinyaromyecs Mexay rpynnamu (Votypka et
al., 2016; Rueckert et al., 2019). CemeiicTBo Eimeriidae
— HauboJsiee pa3sHOOOpa3HBIII TaKCOH MPOCTENIINX,
OCHOBHOHM O0OCOOEHHOCTBIO IIpe/icTaBUTeJiell KOTOPOTo
ABJIAeTcs oOpa3oBaHHEe SKOJIOTMYECKH YCTONYMBBIX
OOLIMCT, KOTOPBIE BBIAEJIAITCA ¢ (peKaauAMU X03AUHa.
Obmasa mop@dosiorusa OOLMCT, a TakKXe KOJIMYeCTBO
CIOPOIIMCT U CIIOPO30MTOB IMHMPOKO HCIOJIb3YIOTCA
JU1s onpefiesieHHs OTAeJIbHBIX poAoB. OHaKoO, pe3yJib-
TaTel NOCJeAHUX (QuUJIOreHeTHYeCKUX HCCIleJOBaHUN
IJIOXO KOPPEeJIMPYIOT C TeKyllell TakcoHomueil. OHU
TakXke IIOKasajy, 4TO HECKOJIbKO UarHOCTUYeCKHUX
MIPM3HAKOB, CYMTABIIMXCA 10 CUX [OP YHUKAaJIbHBIMU,
Ha caMOM J[iejie MNpPHUCYTCTBYIOT y IIpeAcTaBUTesel

61 Eimeria brunetti O
Eimeria zuernii
Eimeria mephitidis
Eimeria tenella
Eimeria praecox
32| | Eimeria anseris
Eimeria acervulina 0O
Cyciospora cayetanensis
Eimeria flavescens | ]
Eimeria piriformis ]
Isospora picoflavae O
Isospora serinuse O
Isospora serini O
Isospora manorinae
Isospora gryphoni
Isospora amphiboluri
isospora lunujatae O
Lankestereila minima B
Caryospora bigenetica O
— Eimeria mundayi 1B

Eimeria gaimardi B
{ Eimeria potoroi B
Eimeria trichosuri B
Eimeria woyliei B

Eimeriidae (Abyssocoftus godlewskii) B

—==sm Eimeriidae (Lewcaspius delineatus) B
Goussia bayae B
Toxoplasma gondif

Mammalia: Placentalia

30 o

]
]

Mammalia: Marsupialia

Reptilia
=]

Aves

52
Amphibia

61 o

]
O

Actinopteri
7

47

70

97

0.10
Puc.1. ®uioreHeTuyeckoe [ApeBO IpefcTaBUTeJIeH
cemerictBa Eimeriidae, mocTpoeHHOe MeTOOOM MaKCHUMaJib-
HOro NpapAonofo6usa Ha OCHOBaHUM TPaHCJINPOBAaHHbBIX aMU-
HOKHCJIOTHBIX [TOCIefoBaTeIbHOCTElN pparMeHTOB reHa cox]
mt/IHK. B kauectBe ayT-rpynmnsl — T. gondii

HECKOJIbKUX TeHeTHdYecku aajekux poaoB (Votypka et
al., 2016). B HacTosIlee BpeMs M3BECTHO, YTO y pas-
JINYHBIX BHUIOB MOPCKHUX U TPECHOBOJHBIX PHIO HAnbo-
Jiee pacIpoCTpaHeHHbl MpeAcTaBUTENN ponoB Eimeria,
Goussia u Calyptospora (Xavier et al., 2018).

PaHee y pbi6 13 03. Baiikay GBLJTO0 OTMEYEHO AT
BunoB koknuaui (Ulyneman u 3auka, 1964; 3auka,
1965; Ilponuna, 1990), U3 KOTOPHIX TOJIBKO OOUH Y
npeacTaBuTesieil cemerictBa Cottidae:

1. Goussia carpelli (Leger et Stankovitch, 1921)
(Syn.: Eimeria carpelli (Leger et Stankovitch, 1921); E.
cyprini (Plehn, 1924); Goussia carpelli sensu (Dykova et
Lom, 1983). [Tapa3uT j10KaJM30BaH B CTeHKaX KUIIey-
HUKA U XEeJTYHOTO My3bIpsA OOJIBLIETOJIOBON IIHPOKO-
JIoOku Batrachocottus baicalensis (Dybowski, 1874),
MmecYaHoU IUPOKOJIOOKU Leocottus kesslerii (Dybowski,
1874), mMPOKOPHUION MMUPOKOJIOOKM Abyssocottus
(Cyphocottus) eurystomus (Taliev, 1955) u cubupckoro
peuHoro roJyibsgHa Phoxinus rivularis (Pallas, 1773).

Ta6suna 2. OneHka BOJIIONMOHHON JUBEPreHINA MeXIy TPYIInaMu moceqoBarebHocTel. CTaHgapTHBIE MOrPEIHOCTH

IIOKa3aHbl HaJA AaroHaJibo

1 2 3 4 5 6 7

1. Eimeriidae (Abyssocottus godlewskii) 0,029 0,062 0,019 0,020 0,022 0,076
2. Eimeriidae (Leucaspius delineatus) 0,119 0,047 0,026 0,024 0,021 0,069
3. Goussia bayae 0,385 0,271 0,053 0,049 0,050 0,065
4. Mammalia: Marsupialia 0,061 0,105 0,315 0,010 0,012 0,077
5. Reptilia+ Amphibia 0,070 0,102 0,293 0,020 0,004 0,068
6. Mammalia: Placentalia + Aves 0,087 0,089 0,303 0,034 0,010 0,069
7. Toxoplasma gondii 0,486 0,450 0,423 0,487 0,433 0,443
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2. Goussia leucisci (Schulman et Zaika, 1964)
Lom, Desser, Dykova, 1989 (Syn.: Eimeria leucisci
(Schulman et Zaika, 1964); E. freemani (Molnar
et Fernando, 1974); Goussia freemani (Molnar et
Fernando, 1974)). ITapa3uT JIOKaJIM30BaH B MOYKAX U B
CTEHKaX XeJIYHOTo Iy3bIps cubupckoro enblia Leuciscus
baicalensis (Dybowski, 1874).

3. Eimeria esoci Schulman et Zaika, 1964.
ITapa3uT JIOKaJN30BaH B CTEHKAX KUIIEYHUKA U XKeJTd-
HOTO0 IIy3bIps1 0OBIKHOBEHHOI ITyKu Esox lucius Linnaeus,
1758.

4. Eimeria percae (Riviere, 1914) (Syn.:
Coccidium percae Riviere, 1914; Eimeria percae
Reichenow, 1921; E. rivieri Yakimoff, 1929). ITapa3ur
JIOKQJIM30BaH B CTEHKAX KUIIEYHUKA U II0YKaX OOBIKHO-
BeHHOTO0 OKyH:A Perca fluviatilis (Linnaeus, 1758).

5. Eimeria sp. [1apa3uT JIOKaJIM30BaH B CTEHKAX
KHUIlleyHrKa Gaiikasibckoro oMy Coregonus migratorius
(Georgi, 1775).

Y npencraButeneil cemeiictBa Cottidae: mpu-
OpeXHBIX BUIOB OOJIBIIET0JIOBOI MIMPOKOJIOOKU U Tec-
YaHOU MINPOKOJIOOKHU, a TaKXe y rJIyDOKOBOLHOIO BUa
— IIMPOKOPBUION MIMPOKOJIOOKW paHee ObLUT OTMeYeH
oauH Buf — G. carpelli.

Jlns mapasuTHueckux npocTedmux Apicomplexa,
HCITIOJIb3YIOMHX OpaJibHO-GbeKaIbHbIH IyTh Iepeadu U
pacnpocTpaHeHus, 6oJiblIoe 3HAaYeHHE HMeeT YCTOH-
YUBOCTb OOIMCT K JeHCTBUI0 (PAKTOPOB OKpYXalo-
mei cpennl (Clopton et al., 2016). 3Tu ocoGeHHOCTU
[TO3BOJIAIOT JIeTeKTHPOBATh UX B Pa3jIMYHBIX oOpasnax
OKpYyXamllell cpefpl, BKJIIOYas I[aJ€OHTOJIOrHMYecKUe
(Rueckert et al., 2011; C6té and Le Bailly, 2018; Le
Bailly et al., 2019; Singer et al., 2020; Beltrame et al.,
2022). OomnucTsl, B TOM YMCJIE U [Ipe/iCTaBUTeIeN POJIOB
Eimeria u Goussia, MOTyT IPUCyTCTBOBaTh BO BHEIIHEM
cpenie, B TOM 4MCJie U B JIOHHBIX ocagkax (Sinski and
Behnke, 2004). ¥ KOKI[MANE BOIHBIX XHUBOTHBIX MOJIO-
Jible OOIMCTHI OOBIYHO BBIAEJIAIOTCS ¢ deKaauaMU Hec-
[IOPYJIMPOBAHHEIMU U HeNMHGEKINOHHBIMU, TaK Kak
UX pa3BUTHe IpeKpallaeTcs JIUIIb BO BHENIHEN cpefe,
rAe MPOUCXOOUT 0Opa3oBaHUe CIIOPOIUCT CO CIOPO-
soutamu (Votypka et al., 2016). B XU3HEHHOM IHKJIE
KOKIMAUH PO 3aperucTprupoBaHo ABa TUIIA [lepeIayu:
mpsAMOHN ¢ (deKaJbHBIM 3arpsi3HEHHEM U HeNpsMOH,
KOTOPBIH BKJII0UaeT B cebs 6eClI03BOHOYHBIX )XMBOTHBIX
(Steinhagen and Korting, 1988; Davis and Ball, 1993).
COOTBETCTBEHHO, MOXHO HpPeAnojoxuts, uro JJHK
npeacrasutesia ceM. Eimeriidae ¢ paBHO# moJieit Bepo-
SITHOCTU MOIJIa IOCTYNUTD B NMUIIeBAPUTEIIBHBIN TPaKT
MIUPOKOJIOOKU ['0/1JIeBCKOTO ByMSA HYTAMH: IPAMBIM
13 BHENIHeH cpeJibl 1/WIN HEIPSIMBIM U3 ee KOPMOBBIX
0OBEKTOB.

ITocnenoBaTeIbHOCTH Ipe/icTaBUTesIeH
Eimeriidae cocraBmamu <0,01% oT Bcex AgaHHBIX
MeTareHOMHOro cekBeHupoBaHusa J[HK conmepxxumoro
MUIIeBapUTesIbHBIX TPaKTOB peI6. OJHAKO, B HACTOS-
Illee BpeMs MBI He MOXeM yTBEpXAaTh, SBJIAETCA JIU
JIeTeKTUPOBAHHBI HaMU MapasyuT creuuGUYHbIM I
mpokoo6ku I'ogmeBckoro. G. carpelli, 3aperucTpupo-
BaHHas y npefctaBurtesel cemelictBa Cottidae, cuura-
ercA cnenuUUHBIM apasuToM kKapna Cyprinus carpio
Linnaeus, 1758 (Molnar et al., 2005), a y Apyrux BUioB
pBEIO M3 chucKa ee X03seB UMEKTCA CBOU OT[eJIbHBIe
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BuAsl kokuuauii (CoxosoB u Momty, 2014). B cBsa3u ¢
3THUM, HEOOXOIUMO KOMILIEKCHOE MOP()OJIOrYecKoe 1
MOJIEKYJIIPHO-TEHETUYECKOE M3YYEHHE ITHUX Mapasu-
TOB, OCOOEHHO HIMPOKO pachpocTpaHeHHOU G. carpelli
13 Pa3JINYHBIX CUCTEMATHYECKUX TPYTI PHIO.

4. 3aKknloueHue

BriepBrle B pe3ysibTaTe aHaau3a AaHHBIX MeTare-
HOMHOro cekBeHupoBaHusa JJHK copepxkumoro mnuiie-
BapUTeJIbHBIX TPaKTOB IIMPOKOJIOOKU I'0fijieBCKOro
OBUIM JeTeKTHPOBaHbI [10CJIe0BaTeJIbHOCTY IpefcTa-
BuTtesieil ceM. Eimeriidae ¢ oTHOCHTEJIBHOI MpeCTaB-
JeHHOCcTbI0 < 0,01%. I[lonyuyeHHBIe mMOCIEeAOBaTE/Ib-
HOCTH I[pUHAAJIeXaJX eAVWHCTBEHHOMY TIaIlIOTHIY,
JIOCTOBEPHO OTJIMYalolleMycsd OT BCeX paHee H3BecCT-
HBIX. B oTiiMume oT aHanu3a HyKJIEOTHAHBIX IOCJe-
noBatenbHocTell coxl wMTAHK, ¢uioreHeruueckas
PEKOHCTPYKIIMA Ha OCHOBAaHUM TPaHCJIMPOBAaHHBIX
aMHHOKHCJIOTHBIX IIOCJIeJOBATeJIbHOCTEN AOCTOBEPHO
[IpoJIeMOHCTpHUpoOBaja 6a3ajbHOe paCIOJIOXeHUe BeT-
Bell mpencraButesier ceM. Eimeriidae u3 pei6. Bompoc
O PpOAOBOM IPUHAMJIEKHOCTH [AeTeKTUPOBAHHOIO
opraHmsMa oOCTaeTcAi OTKPBITHIM K3-3a HeJOoCTaToy-
HOI'0 KOJINYeCTBAa HYKJICOTUAHBIX AAHHBIX NpeJCTaBU-
tesiell pomoB Eimeria, Calyptospora u Goussia 13 phi0.
[TosiydeHHBIEe pe3ysbTaThl CBUAETEIbCTBYIOT O HEOOXO-
JAVMOCTH IIPOBe/leHNs lieJieHallpaBJIeHHBIX KOMILJIeKC-
HBIX (BKJIIOYas MOJIEKyJIApHO-reHeThuYeckue) 1ucciieo-
BaHUM (payHbI NapasuTUYECKUX IPOCTENIINX PHIO.
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Intragroup variability of growth in perch,
Perca fluviatilis L., 1758 (Percidae) in
waterbodies in the watershed of the
Middle Ishim

Krainyuk V.N.*

North Branch of the Fisheries Research and Production Center, LLP, Potanin str., 15/1, Astana, 101000, Kazakhstan

ABSTRACT. As a result of the research carried out in 2016-2021 on the lakes of the Shchuchinsk-
Borovoe resort area and on the Ishim River, material was obtained on the intragroup variability in the
growth of perch. The absence of sexual variability was noted, which is explained by the relative sta-
bility and positive influence of environmental factors. The revealed generational variability of growth
showed both a noticeable decrease in its rates in Lake Shchuchie and a significant increase in Lakes
Borovoe, Katarkol and Tekekol. These processes of linear growth dynamics are caused by the interaction
of hydrological and trophic factors. In all samples, a division of the general population into two clus-
ters (incremental morphs) with different growth characteristics was observed. They correspond to the
traditionally identified “coastal” and “pelagic” morphs of perch from the largest bodies of water (e.g.
the former Aral Sea), but their differences are revealed statistically and not visually. Perch populations
differ in the proportion of these clusters, which largely determines the average length per generation
in general samples. Based on the characteristics of the back calculation of linear growth for clusters, all
samples can be divided into two types, which in miniature resemble species-specific evolutionary r- and
K-strategies (but not identical to it).

Keywords: perch, growth, variability, generations, clustering, environmental factors
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1. Introduction heterogeneity can also pose challenges for organisms.

Some conditions can be extreme and require organisms

Environmental conditions play a critical role in
determining the development, behaviour and evolution
of biological systems. Of course, this environment is not
always homogeneous, and differences in factors such
as temperature, food availability and light, among oth-
ers, can lead to heterogeneous conditions and hetero-
geneous effects on organisms. These mechanisms can
have a significant impact on the dynamics of perfor-
mance, response norms and evolutionary processes in
biological systems (Swartz, 1969; Mayr, 1970; Gilpin,
1987; Campeas et al., 2009; Shinohara et al., 2022; da
Silva Lima et al., 2022).

From an evolutionary perspective, environmen-
tal heterogeneity can serve as a catalyst for the devel-
opment of new adaptations and traits. Organisms that
can adapt to different environments have a greater
chance of surviving and passing on their genetic char-
acteristics to offspring.

However, it should be noted that environmental

*Corresponding author.
E-mail address: krainyuk@fishrpc.kz (V.N. Krainyuk)

Received: August 05, 2024; Accepted: September 10, 2024;
Avadilable online: October 31, 2024

1219

to exert significant effort to survive. This can lead to
stress, deterioration and reduced reproductive capacity
(de Vries, 1971; Fry, 1971; Nikolsky, 1974; Richards
et al.,, 2009). The adaptation of organisms to differ-
ent conditions and the diversity of populations help to
reduce risks and maintain the viability of species.

One of the most important adaptive mechanisms
is the growth of an organism, defined as a change in
its weight and linear dimensions over time (Mina and
Klevezal, 1976; Jobling, 2002). The nature and rate of
growth are adaptive functions. The body reacts to envi-
ronmental changes and responds at the level of met-
abolic reactions. At the same time, most researchers
agree that growth is one of the most variable proper-
ties of the body (Mina and Klevezal, 1976; Dgebuadze,
2001; Kuznetsova, 2003).

This article is devoted to assessing intragroup
variability in the growth of perch Perca fluviatilis

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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Linnaeus, 1758, which is one of the most abundant spe-
cies among the ichthyofauna of the waterbodies of the
watershed of the Ishim River.

The dynamics of various growth indicators
within populations in groups of different gender and
generation were assessed. An attempt was made to
determine the belonging of individuals to various eco-
logical morphs, distinguished by growth rates, and to
assess the differences between these groups.

2. Materials and methods

The data were collected during 2016-2021
from the Shchuchinsk-Borovoe lakes group (Lakes
Bolshoe Chebachie (2016-2021); Borovoe (2016-2018);
Shchuchie (2016-2019); and Tekekol (2016-2021), in
Akmola oblast, Kazakhstan) and on the River Ishim
(2018-2020) in the vicinity of Astrakhanka village
(Akmola oblast, Kazakhstan) (Fig. 1). The morphomet-
ric parameters of the waterbodies were assessed using
standard methods (Kitaev, 2007).

An operculum was used (Le Cren, 1947) when
measuring along the fish’s vertical ray (Krainyuk et
al., 2020) to determine age and back-calculate length.
The back calculation of length was carried out using
the simple Dahl-Lea proportions method, according to
R.I.C.C. Francis (1990). A total of 1159 specimens were
examined.

To determine the variables of the von Bertalanffy
equation (hereinafter referred to as VBGE), the Ford-
Walford equation indices a and [} were previously cal-
culated based on the formula (Milovanov, 2019):

L,,=a+ [3Li
where L, is the length of the individual in the initial
year of life and L, , is the length of the fish in the next
year of life.

This equation is solved by the least squares
method.

The asymptotic length of VBGE is determined by
the formula:

L. =a/(1B)

2\

Fig.1. Map of location of investigated waterbodies

pas (

The growth constant VBGE is found by the
formula:

k = Inf

The initial age at which the length would be 0 is
found for each age and then averaged:

t,=1+ ((InL/L_)/k)

Based on the indicators obtained, the Pauly-
Munro growth-efficiency index is determined (growth
performance index) (Pauly and Munro, 1984):

O =lIgk +2-1gL_

The “growth potential realization coefficient”
(Krainyuk, 2023) was calculated through the ratio of
the arithmetic mean of the last calculated value (I__ ) to
the asymptotic length VBGE:

R=1_/L_-100%

This coefficient (R) allows us to correlate the
elongation of the theoretical size-age series and back
calculated length. This indicator is close to that used
(Kleanthidis and Stergiou, 2006), but in this case the
calculated maximum length is used, not the observed
one.

To identify incremental (Latin: incrementum —
speed, tempo) morphs, the k-means clustering method
was used. It was accepted that the data sets are a pri-
ori divided into two clusters, which corresponds to
the presence of coastal and pelagic forms in perch
(Shatunovsky and Ruban, 2013).

Clusters were identified from back-calculated
growth data sets with separate endpoints for ranges of
1-4, 1-5, 1-6 years of life. The final cluster number of
a particular individual was assigned based on the last,
most extensive, aggregate in which it participated. The
level of cluster mismatch was calculated when com-
paring pairwise adjacent sets. The maximum thresh-
old percentage of mismatches should not exceed 15%,
otherwise these data should be treated with caution.
Individuals under four full years of age were excluded
from the analysis.

Statistical processing of the material was carried
out according to standard methods (Plokhinsky, 1970;
Zhivotovsky, 1991) using MS Excel 2003 (Korosov and
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Gorbach, 2007) and IBM SSPS Statistics v. 22 (Biihl and
Zofel, 2005). The significance level was accepted as sig-
nificant at a =< 0.001 for all types of variability (sex,
generation, cluster).

3. Resulits

Of the six reservoirs studied, five are lakes and
one is a river section (Table 1). The lakes vary in area
(up to 1000 ha and more) and the average depth of
three lakes is up to 3 m, two (Shchuchie and Bolshoe
Chebachie) being deeper (at over 7 m). However, they
also have differences that have a significant impact on
the biota of the waterbodies. The floor of Lake Bolshoe
Chebachie has a certain share of shallow waters and is
subject to significant interannual fluctuations in water
content, unlike Lake Shchuchie with its pit type.

The hydrochemical regime of the bodies of water
is quite different: fresh, with mineralization up to
0.5 g/dm?; brackish, with mineralizationup to 1.0 g/dm5;
and brackish, with mineralization above 1 g/dm3. The
water of the lakes is of the hydrocarbonate class; while
in the river it is of the chloride class, mainly of the
sodium group, and in two cases (Lakes Borovoe and
Shchuchie - they are also less mineralized) calcium.

Sexual variability in the linear growth of perch in
the studied waters is not evident (Table 2). The existing
trends towards differences were not even at the level
of a < 0.01. A similar situation was also noted in pre-
vious articles (Krainyuk et al., 2020; Krainyuk, 2022).

Differences in growth between generations
within the same waterbody were clearly expressed in
only eight cases (a = 0.001). To this, we can add four
more cases where the reliability of differentiation was

Table 1. Description of water bodies

close to a = [0.001; 0.01]. For aggregates from the
Lake Bolshoe Chebachie and River Ishim, no significant
differences in growth between generations were noted
at all.

Figures 2-5 show the growth dynamics curves by
generation. The linear regression trend vector (contin-
uous line) is for illustrative purposes only.

In Lake Shchuchie (Fig. 2), different generations
show differentiation of growth in the mid-age period
(5-7 years). At the same time, the trends in the dynam-
ics of growth indicators are clearly negative, although
at five years of age, younger generations show some
improvement in performance.

The other three samples are characterized by
increasing growth rates at certain stages. Thus, perch
from Lake Tekekol (Fig. 3) demonstrate a significant
increase in the average calculated indicators at two and
three years over 11 generations. Naturally, the increase
in indicators was not straightforward: significant devi-
ations were also noted.

The increase in growth rates in individuals from
Lake Katarkol (Fig. 4) during the 2nd and 3rd years of
life was almost linear, and only the last two generations
of all those studied had some deviations. Another age
at which the differences were significant (nine years)
showed high fluctuations with a general increase in
average scores.

A significant increase in the average calculated
linear dimensions of perch from Lake Borovoe was
observed in the range of four years — from two to five
years of life over 10 generations (Fig. 5).

All studied groups of perch show a stable, reliable
division into clusters (incremental morphs) in the range
from the first year of life to generations 5-8 (Table 3).

Water body: Lake Lake Lake Lake |Lake Bolshoe| river
Katarkol | Borovoe | Shchuchie | Tekekol | Chebachie Ishim
Full square, ha 462 1000 1490 115 1860 -
Open water square, ha 443 1000 1490 109 1833 -
Length, km 3.4 4.5 6.5 1.5 7.4 -
Widht, km 2.0 3.6 3.5 1.1 5.0 -
Perimeter, km 9.7 14.6 18.8 5.3 43.0
Average depth, m 2.9 3.0 10.0 2.8 7.9 2.0
Maximal depth, m 5.7 5.3 22.0 6.1 30.0 7.0
Degree of coastline development 0.13 0.13 0.14 0.14 0.28 -
Salinity, mg/dm? 970 247 493 852 1109 1331
Na* +K*, mg/dm? 155 13 55 124 169 245
Ca?*, mg/dm? 40 40 50 30 58 120
Mg2*, mg/dm? 66 7 16 68 80 43
Cl, mg/dm? 92 11 35 60 156 344
SO,*, mg/dm?® 134 23 67 134 280 255
HCO,, mg/dm? 415 146 232 366 305 317
pH 8.63 8.17 7.87 8.60 8.59 7.93
General hardness, mEq/dm? 7.4 2.6 3.8 7.1 9.5 9.5
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Table 2. Growth sex variability at perch from investigated water bodies

Water body Sex Back calculated length, cm Number
1| 2| 3| 4|5|6| 7|89 |10]|]11]12]13]14
Lake Katarkol| female | 5.6 | 8.9 |11.9|14.3|16.5|18.5|20.6 | 22.6 | 24.4 | 26.7| 28.7| 31.1 | 32.2| - 139
male | 5.6 | 89 |11.7]|14,2|16,4|18,6 | 20,6 [ 22,6 [ 24,5 | 27,2] 29,2| 30,0 | 31,6 | - 107
ANOVA,F| 0 | 05]09]09]|01]02] o o o [12]05] - - -
Lake Borovoe| female | 5.7 | 9.3 [12.0|14.2|16.1|17.8|19.9]|22.0|24.3|26.4|28.6|30.0[325|341| 88
male [ 59| 95 |12.2]|14.4|16.2|181]| - - - - - - - - 48
ANOVA,F| 1.4 | 14 | 10| 12|01 [ 02| - - - - - - - -
Lake female | 5.6 [ 8.9 [11.8|14.5]|16.6|18.4|20.5[22.0[23.6[259]| - - - - 57
Shchuchie male | 50| 89 [11.8]14.2]|16.3|17.9|19.6]20.8]| - - - - - - 47
ANOVA,Fl 02| 01| 0 | 16| 4557|7430 - - - - - -
Lake Tekekol | female | 5.9 | 9.0 | 11.4|13.6[16.0[18.1[20.0]21.7|23.3]| 24.8| - - - - 88
male | 5.8 | 8.8 |11.3]|13.5[15.9(17.9[19.7| 21.2| 22.8]| 23.8| - - - - 62
ANOVA,F| 11 | 15| 04| 12| 06| 03] 19]|59]|34]| 77| - - - -
Lake Bolshoe| female | 6.0 | 9.1 [11.9[14.5|16.5|18.6]|20.7| 22.6 | 24.3| 25.9| 27.3 [ 28.3 [ 30.5| 31.7| 189
Chebachie | 1o [ 6.1 | 9.3 [12.0]145]16.7]188]20.7| 22.4]| 241 258|269 - | - | - | 182
ANOVA,F| 11| 41|15 01| 15|30|01]19]|20]| 0 [o07] - - -
River Ishim | female | 5.9 | 9.9 [13.0|155|17.6|19.7| 21.6| 23.0| 25.1| 26.3| - - - - 106
male | 5.8 | 9.8 |12.8|15.2(17.3|19.1|22.5]|23.6|253]| - - - - - 46
ANOVA,F| 02| o | 12| 32|15 18| 21]|09]|02]| - - - - -

At the older ages, the differences between the
morphs are smoothed out, mainly due to the statistical
effect of their small number in the sample. It is worth
noting a fairly strict division into morphs, shown by the
low level of discrepancy in belonging to them between
the adjacent set of generations — from 0 to 10.7%.

The ratio of clusters in the total sample is most
often approximately equal (Table 3), with the excep-
tion of Lake Borovoe, where fast-growing ones pre-
dominate, and Lake Shchuchie, where individuals with
slower linear growth dominate. This ratio has a fairly
strong influence on the performance of the sample as
a whole.

The indicators of the von Bertalanffy equation
should be considered as special attributes of the popu-
lation (sample) to some extent reflecting the averaged
integral indicators of the interaction of the metabolism
of individuals, environmental factors and more com-
plex ecological and other processes.

The asymptotic length from the von Bertalanffy
equation (Table 4) is quite illogical in a number of
cases (if we still assume some kind of limit of this vari-
able). However, it is worth remembering that they rep-
resent a specific attribute of the population and are not
necessarily an achievable value. This is understandable
when calculating the growth potential realization rate
R, which varies between 39.2-78.7%. It is also worth
noting the twofold increase in L_ for cluster 2, com-
pared to cluster 1, in the sample of perches from Lake
Borovoe. An almost 1.5-fold excess is also typical for
the sample from Lake Katarkol. In other populations,
the difference is not so significant. The catabolic coef-
ficient k behaves in exactly the opposite way. In gen-
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Fig.2. Variability of average back calculated length at
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Fig.3. Variability of average back calculated length at
perch from Lake Tekekol
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Table 3. Back calculated length of individuals from distinguishing clusters

Water Cluster Back calculated length, cm* Clusters
BTl 1| 23] als]e]| 78] o [10]11]12]13]14] rate
Lake 1 57 | 9.3 [12.4 150 17.0[19.2]|21.2| 23.0 [ 249|271 | 289 - - - 1:1
Katarkol 2 53 | 82 [11.0[13.6]15.9(18.0[ 200222240265 29.0(30.7]31.9]| -
ANOVA, F| 15.5 |110.7|191.7|211.9(153.7| 97.2 [ 54.2 [ 18.8 | 7.6 | 1.8 | 0 - - -
Lake 1 6.0 | 9.8 |12.7|14.8|16.5|18.2 | 205|224 243|261 - - - - | 107
OO 2 53 | 84 [11.1]13.6]|156|17.5|19.7|21.9 | 24.3 [ 26.5 | 28.6 | 30.0 | 32.5 | 34.1
ANOVA, F| 23.3 |100.5|157.5| 77.6 [ 36.8 [ 10.0| 24 | 0.7 | 0 | 43| - - - -
Lake 1 6.1 |10.0|12.8]15.1[17.1|18.8|20.5]|221]23.7]|259]| - - - - | 118
Shchuchie 2 54 | 83 [11.3]139]16.117.9| 201216231 - - - - -
ANOVA, F| 19.6 | 90.7 | 94.8 | 65.5[ 63.9| 25.9| 1.5 | 1.4 | 0.3 | - - - - -
Lake 1 6.4 | 9.4 |11.8]14.1[16.4| 184 20.1|21.4| 232|246 260|271 - - 1:1
Usheshel 2 53 | 83 |107|13.0]|15.4]|17.6 [ 19.6|21.3| 22,9 243 - - - -
ANOVA, F| 67.8 | 68.3 [ 60.7 [ 86.6 [ 38.1| 12.7| 53 | 02 | 2.0 | 0.4 [ - - - -
Lake 1 6.3 | 9.8 [12.7|152]17.2] 19.2]| 21.0| 22.7| 24.4| 25.9| 27.1 | 28.3| 30.5| 31.7| 1:1
Cﬁzllj:c‘;ﬁe 2 57 | 87 [ 113|138 16.0] 182 20.4] 223 240|258 - | - | - | -
ANOVA, F| 46.0 |162.0(382.0(463.7[231.7|113.0| 39.2| 95 | 40| o - - - -
River 1 6.4 | 10.7| 136|159 18.1] 19.9]| 21.9| 23.3| 25.3| 26.3| - - - - | 111
. 2 53| 9.0 |121[149|17.0]|19.1 | 21.0| 22.8| 24.4| - - - - -
ANOVA, F| 50.4 [137.5 97.5 [ 52.4| 35.1| 15.1| 19.1| 2.9 | 13.9 - - - - -

* — significant differences between clusters are highlighted in bold (a < 0.001)

eral, only the sample from Lake Shchuchie stands out 260 . 25,5
somewhat from the overall picture of the relationship 51 27
between VBGE constants.

The Poly-Munro growth efficiency coefficient @’
for most populations is at an average level. It is slightly
increased only for Lakes Katarkol and Borovoe.
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4. Discussion
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Intra-group gI'OWth Variability is undoubtedly 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
of interest in terms of studying the mechanisms of the S . ol Y
dynamics of linear and weight indicators during the life Fig.4. Variability of average back calculated length at
cycle, as well as for assessing the influence and strength perch from Lake Katarkol

of factors influencing this process. This has very prac-
tical applications, including predicting the quantitative
characteristics of commercial stocks.

Within-group variation in size can be considered
at several levels. Differences are noted between gener-
ations, ages, sexes or ecological forms. Their manifes-
tation should be related to the heterogeneity and vari-
ability of the habitat of a group of organisms.

Sex differences in growth rates in some cases 60
may be related to the uniqueness of reproductive
strategies of species and/or ethological characteristics
(Henderson et al., 2003; Marshall et al., 2009; Pompei
et al., 2012; Sandip et al., 2012). According to G.V.
Nikolsky (1965), sexual variability in growth may be

Back calculated length, cm

due to negative enVironmental Conditions' B 2006 2007 2008 2009 2010 2011 w012 2013 2014 2015
The data obtained by our research once again Senration yearof i

showed that perch populations in the region do not =2 ——3wan ——dvean =3 e

have sexual variability in growth. At present, there are Fig.5. Variability of average back calculated length at

no prerequisites for the formation of such dimorphism. perch from Lake Borovoe
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Table 4. Bertalanffy equation indices for general samples and clusters

Water body Clusters L_ k t, @’ R n
Lake Katarkol total sample: 58.0 0.058 -0.74 2.29 55.0 246
1 49.0 0.076 -0.57 2.26 59.0 95

2 69.3 0.045 -0.79 2.33 46.1 94
Lake Borovoe total sample: 75.9 0.040 -0.94 2.36 44.9 136
1 42.3 0.089 -0.66 2.20 61.7 65

2 86.9 0.033 -0.87 2.40 39.2 48
Lake Shchuchie total sample: 45.1 0.079 -0.64 2.21 57.4 104
1 38.0 0.106 -0.55 2.19 68.1 36

2 37.4 0.101 -0.56 2.15 61.8 64
Lake Tekekol total sample: 40.9 0.085 -0.84 2.15 66.3 150
1 39.2 0.090 -0.99 2.14 69.1 54

2 41.9 0.081 -0.67 2.16 58.0 52
Lake Bolshoe Chebachie total sample: 49.8 0.067 -0.93 2.22 63.6 371
1 45.1 0.081 -0.76 2.22 70.3 172
2 50.5 0.066 -0.80 2.23 51.1 174
River Ishim total sample: 35.6 0.128 -0.38 2.21 73.9 152

1 33.4 0.147 -0.40 2.21 78.7 60

2 35.4 0.126 -0.27 2.20 69.0 63

This may indirectly indicate a relatively positive char-
acteristic of their habitat. However, this does not mean
that, under certain conditions, sexual dimorphism in
growth rates will not appear somewhere in the future.

Generational variability represents the dynamics
of growth processes over time. Every year one gener-
ation replaces another. For convenience, we associate
them with years of life. This is quite logical, given the
cyclical nature of phenological phases.

Differences in the growth of generations are
based on different mechanisms of differentiation of
generations, which are based on their numbers and
the degree of trophic competition, and in some cases,
direct predation. A high population size of one of the
age classes leads to a decrease in growth rates within
it (Post and McQueen, 1994; Boisclare and Rasmussen,
1996; Hjelm et al., 2000; Holmgren and Appelberg,
2001; Bobyrev, 2013; Rask et al., 2014; Roloson et al.,
2016) due to tension in trophic competition. This also
cannot but affect adjacent age classes that are similar
in type of nutrition.

By comparing the growth of alternating gener-
ations, one can see certain trends in their variability
and associate them with certain operating factors. The
increase in linear sizes of perches from Lakes Tekekol,
Katarkol and Borovoe should be associated with an
increase in water content in the second half of the first
decade of this century.

An increase in the level of the waterbodies leads
to an increase in feeding areas. New areas are being
flooded, in which, due to their shallow water, there is
an increased development of the food supply, i.e. zoo-
plankton and zoobenthos. It is worth noting that it is
younger generations that increase growth rates, mainly
consuming invertebrates.
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The situation is different in the case of Lake
Shchuchie. The level is also rising here, and there are
also flooded shallows. But, the main part of the lake
bed is a natural pit with significant depth. Also, at the
bottom of the reservoir there is a thick layer of sapro-
pel. Accordingly, there are not so many realistic possi-
bilities for the food supply to be increased.

At the same time, a decrease is already observed
in facultatively piscivorous generations. Accordingly,
its causes apparently lie in the food supply, and are not
determined by the hydrological parameters of the water
body. The food supply of these generations is largely
composed of juveniles of their own species and species
similar in ecological preferences in all water bodies of
the region (Krainyuk and Assylbekova, 2013), which
has a certain impact on their growth.

Intrapopulation differentiation based on growth
rates in fish has been known a long time (Nikolsky,
1965). For perch, the slow-growing form is usually
designated as “coastal” and the fast-growing form as
“pelagic” (Berg, 1949). A similar division is found not
only in the European perch, but also in its Mountain-
Asian variant, the Balkhash perch Perca schrenkii
Kessler, 1874 (Mitrofanov et al., 1989). “Pelagic” and
“coastal” morphs have significant differences in life
expectancy, fertility and other indicators (Shatunovsky
and Ruban, 2013).

The basic factor in the appearance of differences
and the formation of these morphs is nutrition, the
influence of which can be masked by a number of other
reasons (ethological, environmental, etc.) and can
manifest itself differently depending on any influence
of external or internal nature (Berg, 1949; Nikolsky,
1965; Mitrofanov et al., 1989; Fontaine et al., 1997;
Craig, 2000; Dgebuadze, 2001; Svanback and Eklov,
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2002; Krainyuk and Assylbekova, 2013; Kestemont et
al., 2015; Nakayama et al., 2017).

The presence of such incremental morphs indi-
cates the existence of heterogeneity of the habitat and
the distribution into new ecological niches within each
generation anew. The larger the waterbody, the more
contrasting the habitat and, as a consequence, the like-
lihood of the genesis of these forms and the degree of
their differences is more likely and strong. For perch,
for example, these morphs were once noted in the Aral
Sea (Nikolsky, 1940), for Balkhash perch - earlier in
Lake Balkhash (Mitrofanov et al., 1989) and is still in
the delta of the Yli River delta (Tsoy and Assylbekova,
2012). In smaller water bodies, their differentiation
is difficult, including due to the high level of homing
(Shaikin, 1989). However, here too one can observe
a picture of intra-group division in these reservoirs
(Svanbick and Eklov, 2002; Krainyuk, 2022), although
not so pronounced.

Perch is a carnivorous species. Initially, in the
larval and juvenile stages, it is characterized as a zoo-
planktivore (Glushakova, 1981; Skrzypczak et al.,
1998; Kratochvil et al., 2008). The inclusion of zooben-
thos in the diet occurs starting from the summer of the
first year of life or later periods in the life of the perch
(Tyutenkov, 1956; Glushakova, 1981; Lappalainen et
al., 2001; Amundsen et al., 2003; Adamek et al., 2004;
Krainyuk and Assylbekova, 2013). The onset of preda-
tion usually occurs at a body length of 10 to 25 cm,
depending on feeding conditions. (McCormack, 1970;
Collete et al., 1977; Mitrofanov et al., 1989; Amundsen
et al., 2003; Ceccuzzi et al., 2011).

Within one generation, the transition to age-ap-
propriate food items occurs unevenly, which ensures
differentiation of the group according to growth rates.
In addition, within a single population there is a divi-
sion according to biotopic preferences (Bobyrev, 2013),
largely related to the type of nutrition and foraging
behavior in age (size) groups. Trophic factors and tro-
phic behavior are quite logically the main ones when
dividing a group into incremental morphs. They further
determine the choice of habitat stations along a chain
of other environmental factors.

When analyzing back-calculated growth, two
types of population can also be distinguished. The first
type includes cases of a longer age series and a higher
growth rate in older generations in cluster 2 (Lakes
Katarkol and Borovoe). They also have higher L_ and
@’ exponents of the von Bertalanffy equation. They
begin their life cycle from a “lower start”, but by 7-8
years their linear dimensions are higher than those of
other types of populations.

The second type consists of groups in which one
cluster throughout its life has a higher growth rate
and its life cycle is longer (Lake Shchuchie, Bolshoe
Chebachie, Tekekol and the Ishim River). In the first
years, their growth rate is better than that of popula-
tions of the first type but already at the end of their life
cycle, their growth rate decreases.

These divisions to some extent resemble the r-
and K-strategies in miniature of an extra-taxonomic
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group with a scanty number (compared to taxonomic
units), acting on scanty time periods, but not identical
to it. We noted something similar, but at the popula-
tion level, for the tench Tinca tinca (Linnaeus, 1758)
from the reservoirs of the Irtysh-Karaganda canal (now
named after K. Satpayev) (Krainyuk et al., 2021).

5. Conclusion

As noted by Yu.Yu. Dgebuadze (2001), not much
attention is paid to intrapopulation growth variability
and its analytical apparatus is quite insufficient. At the
same time, if you use a number of conventional statis-
tical techniques, you can reach quite interesting con-
clusions regarding ecological and microevolutionary
processes.

The absence of sexual variability in height in
the studied samples is quite logical, since there are no
prerequisites for its appearance in the form of extreme
changes in the environment. The presence of differ-
ences between generations is determined by a combi-
nation of hydrological and trophic factors.

The emergence of ecological forms that differ in
growth rates occurs from the heterogeneity of environ-
mental factors and the distribution of food resources,
as well as age-related (size) behavioral reactions.
However, specific reaction norms can vary within fairly
wide limits. There is no single pattern in the formation
of these incremental morphs, as can be seen from the
two types of populations indicated.

Differences in relatively small waterbodies will
not be so striking, but when using statistical-analysis
methods they show high reliability of the differences.
Most likely, this phenomenon is typical only for species
where some environmental factors contribute to the
gradient of the intrapopulation structure.

In general, studies aimed at studying intrapopu-
lation differentiation in growth rates make it possible
to assess the state of populations and determine mecha-
nisms for their management, taking into account diver-
sity within groups.

Acknowledgements

This research has is funded by the Ministry of
Agriculture of the Republic of Kazakhstan (Grant No.
BR23591095)

The author is grateful to Head of the Center
for Resource Research of the Volga-Caspian Branch
of the Federal State Budgetary Institution “VNIRO”
(“CaspNIRKh”) PhD V.V. Barabanov for reviewing
manuscript and valuable comments.

The author also thanks editor and anonymous
reviewer for their comments, which improved quality
of the article.

Conflict of Interest

The authors declare no conflicts of interest.



Krainyuk V.N. / Limnology and Freshwater Biology 2024 (5): 1219-1227

References

Adémek Z., Musil J., Sukop L. 2004. Diet composition and
selectivity in O+ perch (Perca fluviatilis L.) and its competi-
tion with adult fish and carp (Cyprinus carpio L.) stock in pond
culture. Agriculturae Conspectus Scientificus 69: 21-27.

Amundsen P.-A., Bghn T., Popova O.A. et al. 2003.
Ontogenetic niche shifts and resource partitioning in a sub-
arctic piscivore fish guild. Hydrobiologia 497: 109-119. DOI:
10.1023/A:1025465705717

Berg L.S. 1949. Fresh water fish of the USSR and neigh-
boring countries. Vol. 3. Moscow, Leningrad: Academy of
Science of USSR. (in Russian)

Bobyrev A.E. 2013. On the problem of ecological groups
formation in European Perch Perca fluviatilis populations.
Journal of Ichthyol 53: 713-719.

Boisclare D., Rasmussen J.B. 1996. Empirical analysis of
the influence of environmental variables associated with lake
eutrophication of perch growth, consumption, and activity
rates. Annales Zoologici Fennici 33: 507-515.

Biihl A., Zofel P. 2005. SSPS: The craft of information
processing. Sankt-Peterburg: DiaSoftUP. (in Russian)

Campeas A., Brun-Bellut J., Baras E. et al. 2009. Growth
heterogeneity in rearing sea bass (Dicentrarchus labrax): test
of hypothesis with an iterative energetic model. Animal 3:
1299-1307. DOI: 10.1017/51751731109004595

Ceccuzzi P., Terova G., Brambilla F. et al. 2011. Growth,
diet, and reproduction of Eurasian perch Perca fluviatilis L. in
Lake Varese, northwestern Italy. Fisheries Science 77: 533-
545. DOI: 10.1007/s12562-011-0353-8

Collete B.B., Ali M.A., Hokanson K.E.F. et al. 1977.
Biology of the Percids. Journal of the Fisheries Research
Board of Canada 34: 1890-1899.

Craig J.F. 2000. Percids fishes. Systematics, Ecology and
Exploitation. Oxford: Blackwell Science Ltd.

da Silva Lima C.S., Maciel E.B., Clark F.J.K. et al. 2022.
Does environmental heterogeneity explain [ diversity of
estuarine fish assemblages? Example from a tropical estuary
under the influence of a semiarid climate, Brazil. PLoS ONE
17: e0273765. DOI: 10.1371/journal.pone.0273765

de Vries A.L. 1971. Freezing Resistance in Fishes. In:
Hoar W. S., Randall D. J. (Eds.) Fish physiology. Volume 6:
Environmental Relations and Behavior. New York: Academic
Press.

Dgebuadze Yu.Yu. 2001. Ecological aspects of fish growth
variability. Moscow: Nauka. (in Russian)

Fontaine P., Gardeur J.N., Kestemont P. et al. 1997.
Influence of feeding level on growth, intraspecific weight
variability and sexual growth dimorphism of Eurasian perch
Perca fluviatilis L. reared in a recirculation system. Aquaculture
157:1-9. DOI: 10.1016/S0044-8486(97)00092-6

Francis R.I.C.C. 1990. Back-calculation of fish length: a
critical review. Journal of Fish Biology 36: 883-902.

Fry F.E.J. 1971. The effect of environmental factors on
the physiology of fish. In: Hoar W.S., Randall D.J. (Eds.) Fish
physiology. Vol. 6: Environmental Relations and Behavior.
New York, pp. 1-98

Gilpin M.E. 1987. Spatial structure and population
vulnerability. In: Soulé M. (Ed.) Viable populations for
conservation, Cambridge. pp. 125-140. DOI: 10.1017/
CB09780511623400.008

Glushakova V.I. 1981. On the nutrition of juveniles of the
main commercial fish species of the Bukhtarma Reservoir at
the early stages of development. In: Biological foundations
of fisheries in the republics of Middle Asia and Kazakhstan.
Frunze, pp. 252-254. (in Russian)

Henderson B.A., Collins N., Morgan G.E. et al. 2003.
Sexual size dimorphism of walleye (Stizostedion vitreum vit-
reum). Canadian Journal of Fisheries and Aquatic Sciences 60:
1345-1352. DOI: 10.1139/f03-115

1226

Hjelm J., Persson L., Christensen B. 2000. Growth, mor-
phological variation and ontogenetic niche shifts in perch
(Perca fluviatilis) in relation to resource availability. Oecologia
122: 190-199. DOI: 10.1007/PL0O0008846

Holmgren K., Appelberg M. 2001. Effects of environmen-
tal factors on size-related growth efficiency of perch, Perca
fluviatilis. Ecology of Freshwater Fish 10: 247-256. DOL:
10.1034/j.1600-0633.2001.100407.x

Jobling M. 2002. Environmental factors and rates of
development and growth. In: Hart P.J.B., Reynolds J. D. (Eds.)
Handbook of fish biology and fisheries/ Volume 1. Malden,
Oxford, Carlton, pp. 97-122. DOI: 10.1002/9780470693803.
ch5

Kestemont P., Dabrowski K., Summerfelt R.C. 2015.
Biology and Culture of Percid Fishes: Principles and Practices.
—New York, London: Springer.

Kitaev S.P. 2007. Basics of limnology for hydrobiologists
and ichthyologists. Petrozavodsk: Karelian Scientific Center
of Russian Academy of Science. (in Russian)

Kleanthidis P.K., Stergiou K.I. 2006. Growth parame-
ters and length-length relationships of Greek freshwater. In:
Palomares, M.L.D., Stergiou, K.I., Pauly, D. (eds.), Fishes in
Databases and Ecosystems. Fisheries Centre Research Reports
14: 69-77.

Korosov A.V., Gorbach V.V. 2007. Computer process-
ing of biological data. Petrozavodsk: Petrozavodsk State
University. (in Russian)

Krainyuk V.N., Assylbekova S.Zh., Shutkarayev A.V.
2020. Linear growth of perch Perca fluviatilis L., 1758
(Percidae) in Nura and Sarysu rivers. Vestnik of Astrakhan
State Technical University. Series: Fishing Industry 3: 83-95.
DOI: 10.24143/2073-5529-2020-3-83-95 (in Russian)

Krainyuk V.N., Assylbekova S.Zh., Shutkarayev A.V.
2021. The growth of tench Tinca tinca (L., 1758) (Cyprinidae)
from K. Satpayev’s channel reservoirs. Vestnik of Astrakhan
State Technical University. Series: Fishing Industry 4: 46-56.
DOI: 10.24143/2073-5529-2021-4-46-56

Krainyuk V.N., Assylbekova S.Zh. 2013. Trophic rela-
tion and nutritional state of perch Perca fluviatilis L., 1758
(Percidae) from K. Satpaev’s channel reservoirs. Vestnik of
Astrakhan State Technical University. Series: Fishing Industry
2: 75-84. (in Russian)

Krainyuk V.N. 2022. Intrapopulation differentiation of
growth of perch Perca fluviatilis (Percidae) in the lakes of
the Korgalzhyn Nature Reserve. In: Compilation of materi-
als from the international scientific and practical conference
“Development of the fishing industry: Current problems and
ways to solve them”. Ust-Kamenogorsk, pp. 246-254. (in
Russian)

Krainyuk V.N. 2023. Some patterns of growth of the rudd
Scardinius erythrophthalmus (L., 1758) (Cyprinidae) in the
eastern part of the species’ area of habitat. In: Compilation of
materials from the international scientific and practical con-
ference “Fisheries scientific research: Experience, problems
and prospects”. Balkhash, pp. 165-171. (in Russian)

Kratochvil M., Peterka J., Kubec¢ka J. et al. 2008. Diet
of larvae and juvenile perch, Perca fluviatilis performing diel
vertical migrations in a deep reservoir. Folia Zoologica 57:
313-323.

Kuznetsova E.N. 2003. Fish growth and life cycle strat-
egies. Dr. Sc. Dissertation. VNIRO. Moscow, Russia. (in
Russian)

Lappalainen A., Rask M., Koponen H. et al. 2001.
Relative abundance, diet and growth of perch (Perca fluviati-
lis) and roach (Rutilus rutilus) at Tvaerminne, northern Baltic
Sea, in 1975 and 1997: Responses to eutrophication? Boreal
Environmental Research 6: 107-118.

Le Cren E.D. 1947. The determination of the age and
growth of the perch (Perca fluviatilis) from the opercular
bone. Journal of Animal Ecology 16: 188-204.



https://www.doi.org/10.1023/A:1025465705717
https://www.doi.org/10.1017/S1751731109004595
https://www.doi.org/10.1007/s12562-011-0353-8
https://www.doi.org/10.1371/journal.pone.0273765
https://www.doi.org/10.1016/S0044-8486(97)00092-6
https://www.doi.org/10.1017/CBO9780511623400.008
https://www.doi.org/10.1017/CBO9780511623400.008
https://www.doi.org/10.1139/f03-115
https://www.doi.org/10.1007/PL00008846
https://www.doi.org/10.1034/j.1600-0633.2001.100407.x
https://www.doi.org/10.1002/9780470693803.ch5
https://www.doi.org/10.1002/9780470693803.ch5
https://www.doi.org/10.24143/2073-5529-2020-3-83-95
https://www.doi.org/10.24143/2073-5529-2021-4-46-56

Krainyuk V.N. / Limnology and Freshwater Biology 2024 (5): 1219-1227

Marshall M.D., Maceina M.J., Holley M.P. 2009. Age and
growth variability between sexes of three Catfish species in
Lake Wilson, Alabama. North American Journal of Fisheries
Management 29: 1283-1286. DOI: 10.1577/M08-258.1

Mayr E. 1970. Population, species and evolution.
Cambridge, Massachusetts: Belknap Press of Harvard
University Press.

McCormack J.C. 1970. Observations on the Food of Perch
(Perca fluviatilis L.) in Windermere. Journal of Animal Ecology
39: 255-267.

Milovanov A.I. 2019. Industrial ichthyology. Kerch:
Kerch State Marine Technological University. (in Russian)

Mina M.V., Klevezal G.A. 1976. Animals’ growth.
Moscow: Nauka. (in Russian)

Mitrofanov V.P., Dukravetz G.M., Sidorova A.F. 1989.
Fishes of Kazakhstan. Volume 4. Alma-Ata: Nauka. (in
Russian)

Nakayama S., Rapp T., Arlinghaus R. 2017. Fast-
slow life history is correlated with individual differences
in movements and prey selection in an aquatic predator
in the wild. Journal of Animal Ecology 86: 192-201. DOI:
10.1111/1365-2656.12603

Nikolsky G.V. 1940. Fishes of Aral See. Moscow: Moscow
Society of Natural Scientists. (in Russian)

Nikolsky G.V. 1965. Theory of fish population. Moscow:
Nauka. (in Russian)

Nikolsky G.V. 1974. Fishes’ ecology. Moscow: High
school. (in Russian)

Pauly D., Munro J.L. 1984. Once more on the comparison
of growth in fish and invertebrates. Fishbyte 2: 21.

Plokhinsky N.A. 1970. Biometry. Moscow: Moscow State
University.

Pompei L., Franchi E., Giannetto D. et al. 2012. Growth
and reproductive properties of Tench, Tinca tinca Linnaeus,
1758 in Trasimeno Lake (Umbria, Italy). Knowledge and
Management of Aquatic Ecosystem 406: 1-7. DOIL: 10.1051/
kmae/2012024

Post J.R., McQueen D.J. 1994. Variability in first-year
growth of yellow perch (Perca flavescens): predictions from
a simple model, observations, and an experiment. Canadian
Journal of Fisheries and Aquatic Sciences 51: 2501-2512.

Rask M., Sairanen S., Vesala S. et al. 2014. Population
dynamics and growth of perch in a small, humic lake over
a 20-year period - importance of abiotic and biotic factors.
Boreal Environmental Research. Supplement A 19: 112-123.

1227

Richards J.G., Farrell A.P., Brauner C.J. 2009. Hypoxia.
Fish physiology. Volume 27. Amsterdam: Academic Press.

Roloson S.D., Gould R.L., Barton D.R. et al. 2016. Factors
influencing growth variability in three Northern Alberta
populations of Yellow Perch (Perca flavescens). Journal of
Fisheries science 10: 43-52.

Sandip B., Toshiharu I., Takeshi M. et al. 2012. Differences
between male and female growth and sexual maturation in
tilapia (Oreochromis mossambicus). Kathmandu University
Journal of Science, Engineering and Technology 8: 57-65.

Shaikin A.V. 1989. Identification of intrapopulation
groups in fish using body color analysis. Zhurnal Obshchei
biologii (Journal of General Biology) 50: 491-503. (in Russian)

Shatunovsky M.I., Ruban G.I. 2013. Intraspecies variation
of reproductive strategies in perch (Perca fluviatilis). Biology
Bulletin 40: 70-77. DOI: 10.1134/51062359013010135

Shinohara N., Hongo Y., Momoko I. et al. 2022. Similar
fish species composition despite larger environmental hetero-
geneity during severe hypoxia in coastal ecosystem. Ecology
and Evolution 12: e8884. DOI: 10.1002/ece3.8884

Skrzypczak A., Mamcarz A., Kujawa R.et.al. 1998. Feeding
habits of larval Eurasian perch, Perca fluviatilis (Percidae)
Italian Journal of Zoology. Supplement 1 65: 243-245. DOL:
10.1080/11250009809386825

Svanbick R., Ekloév P. 2002. Effects of habitat and
food resources on morphology and ontogenetic growth tra-
jectories in perch. Oecologia 131: 61-70. DOI: 10.1007/
s00442-001-0861-9

Swartz S.S. 1969. Evolutionary ecology of animals.
Sverdlovsk: Academy of Science of USSR. (in Russian)

Tsoy V.N., Assylbekova S.Zh. 2012. Linear growth of
Balkhash perch Perca schrenki Kessler in the water of Balkhash-
Ili basin. Vestnik of Astrakhan State Technical University.
Series: fishing Industry 2: 89-92. (in Russian)

Tyutenkov S.K. 1956. Nutrition and feeding relationships
of fish in the lake Kurgaldzhin. In: Compilation of articles on
ichthyology and hydrobiology. Issue 1. Alma-Ata, pp. 155-
171. (in Russian)

Zhivotovsky L.A. 1991. Population biometry. Moscow:
Nauka. (in Russian)



https://www.doi.org/10.1577/M08
https://www.doi.org/10.1111/1365-2656.12603
https://www.doi.org/10.1051/kmae/2012024
https://www.doi.org/10.1051/kmae/2012024
https://www.doi.org/10.1134/S1062359013010135
https://www.doi.org/10.1002/ece3.8884
https://www.doi.org/10.1080/11250009809386825
https://www.doi.org/10.1007/s00442-001-0861-9
https://www.doi.org/10.1007/s00442-001-0861-9

Limnology and Freshwater Biology 2024 (5): 1228-1242 DOI:10.31951/2658-3518-2024-A-5-1228

Original Article

Long-term dyn_amlcs of spectral water LIMNOLOGY
transparency in the surface layer of Lake FRESHWATER
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ABSTRACT. The article presents the long-term experimental data on spectral water transparency in the
surface layer of Lake Teletskoye (21 sampling stations) obtained in summer of 2017-2022. During the
study period, values of the light attenuation index calculated at the natural logarithmic base at four
wavelengths (430, 450, 550 and 670 nm) ranged within 0.2—4.0 m™!. The index of light absorption by
yellow substance varied from 0.1 to 3.2 m™. Relative transparency measured with the use of a white
Secchi disk made up 0.8-11.7 m at its average of 6.3 m. Over a 6-year study period, the content of chlo-
rophyll-a in the surface layer was 0.1-4.1 mg/m? that corresponded to the oligotrophic type of lakes.
The concentration of yellow substance in the lake, optically determined through measuring light absorp-
tion by yellow substance at a wavelength of A =450 nm, ranged from 0.9 to 15.0 g/m?>. Calculations
of the spectral contribution of the main optically active components of lake water to light attenuation
in the surface layer of Lake Teletskoye in various sampling sites indicated that yellow substance and
suspension had the greatest optical effect on the total attenuation. It is shown that the optic structure of
the study reservoir (dynamics of major primary hydro-optical properties) depends on spatial-temporal
variability of concentrations of different optically active components influenced by the in-water pro-
cesses closely related with those occurred in the lake catchment.

Keywords: spectral transparency of water, light attenuation index, index of light absorption by yellow substance,
physical model, yellow substance, chlorophyll-a, suspension, pure water, Lake Teletskoye
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1. Introduction errors (20% or more) and limitations in application

during a winter under-ice period. Being universal and

Water transparency was long thought to be more precise, electronic spectrophotometric methods

just a qualitative visually defined characteristics. and devices (spectrophotometers, turbidimeters, trans-
Traditionally, relative transparency _of vgrious nature'ﬂ parency meters, etc.) can measure spectral water trans-
waters .(oceans, seas, I'akes, reservoirs, rivers, etc.) is parency at any depth day and night with the provision
determined by a semi-instrumental method, i.e. maxi- of its data records.
mum visibility depth of a standard Secchi disk (SD) in According to (Erlov, 1980; Kopelevich and
the water column until its complete disappearance from Shifrin, 1981; Shifrin, 1983; Kopelevich, 1983;
view (measured in meters). Close to waters of oceans Mankovsky et al., 2009; Dera, 1992; Mobley, 1994;
and seas, water transparency of Lake Baikal is one of Mankovsky, 2011; Levin, 2014), spectral transparency
the highest among freshwater water bodies due to few of water (measured in reverse meters) refers to the pri-
dissolved and suspended substances. For instance, SD in mary (or internal, intrinsic) hydro-optical features. It is
Baikal water is visible to a depth of 40 m (Sherstyankin, a physical quantity characterizing optical properties of
1993), while in Lake Teletskoye — up to 15.5 m (Selegey natural waters. Spectral water transparency defines the
et al., 2001). This method, widely used by hydrobiol- conditions for light propagation in water and contains
ogists because of its simplicity and practicality, is still the information about suspended organic-mineral par-
considered subjective. It has significant measurement ticles and organic matter dissolved there.
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The relevance of our study is dictated by the need
to expand and improve the understanding of spectral
transparency of Lake Teletskoye waters greatly depend-
ing on its periodically varying main optically active
components, i.e. yellow substance (YS), suspension (S),
chlorophyll (Chl) and pure water (PW). Currently, spe-
cial attention is worldwide paid to studying the spectral
contribution of each optically active components of nat-
ural waters to the total light attenuation and dynamics
of their concentrations in time and space.

The purpose of our study is to experimentally
estimate the longstanding variations in spectral water
transparency in the 5-7 cm surface layer of Lake
Teletskoye in summer of 2017-2022 and the influence
of its main optically active components on the total
light attenuation.

2. Material and methods

Object of study

Lake Teletskoye (coordinates: 51°21’46”
51°48’36”N, 87°14’40” — 87°50’54”E) is a deep-water
reservoir of tectonic origin located at an altitude of
434 m asl in the northeastern part of the Altai Mountains
(south of Western Siberia). Its water area is 227.3 km?,
drainage basin area — 20400 km?, length — 77.8 km,
average width — 2.9 km, maximum depth — 323.0 m,
and volume — 41.1 km? (Selegey and Selegey, 1978).
The lake consists of two parts, i.e. the 50 km southern
elongated along the meridian and the northern latitudi-
nal one of 28 km long. As compared to the deep-water
(pelagic) zone, the shallow (littoral) part of the lake is
distinguished by a considerable hydrodynamic impact
caused by intensive wind-wave processes (maximum
wave height up to 2.5 m) and significant (up to 6 m)
annual fluctuations in water levels. The lake’s coast-
line is weakly rugged. There are few bays here, but the
largest are Kamginsky and Kyginsky with an area of

6.5 km? and 3.1 km?, respectively. Kamginsky Bay is
the shallowest and well-protected from waves. In terms
of thermal regime and soil type, it is the most favor-
able among all bays of Lake Teletskoye. By its hydro-
chemical regime, the lake is a weakly mineralized, oxy-
gen-rich mountain water body with low temperatures
and a little content of organic and biogenic substances
in the water (Selegey et al., 2001).

In recent years, the anthropogenic load on the
lake (especially in its northern part) has increased
due to intensive development of tourism in the Altai
Mountains. Ecosystems of cold-water oligotrophic
lakes are the most vulnerable to external impacts. Poor
development of aquatic organisms in such reservoirs is
responsible for the low potential of biological self-pu-
rification of coming from the catchment suspended,
dissolved and slightly soluble substances able to affect
water quality and intensity of intra-reservoir processes
significantly.

Research methods

Studies of the main hydro-optical character-
istics (indicators of light attenuation by water, light
absorption by yellow substance and relative transpar-
ency measured using a white Secchi disk) in the water
area of Lake Teletskoye were carried out by IWEP SB
RAS in summer of 2017-2022 (July 7-11, 2017; June
19-23, 2018; July 1-5, 2019; June 24-29, 2020; July
29-August 1, 2021; August 1-5, 2022).

Every year, 21 samples were taken from the
surface layer of Lake Teletskoye using a bathometer
installed a board of a research vessel (Fig. 1). During
the 6-year period of the lake study, a total of 126 water
samplings were implemented and 1008 separate mea-
surements of spectral water transparency (transmis-
sion factor) at four wavelengths (430, 450, 550 and
670 nm) on the stationary single-beam spectrophotom-
eter PE-5400UF before and after sample filtration were
examined in the laboratory.
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Sites Toponymic name
002 riv. Chulyshman (pelagial)
008 sett. Bele (pelagial)

014 riv. Chulyush (pclagial)
019 cape Syraktu (pelagial)
021 riv. Kokshi (pelagial)
023 cape Vakty (pelagial)
025 riv. Adamysh (pelagial)
028 riv. Taldu-kool (pelagial)
031 riv. B. Korbu (pelagial)
033 m. Otyk-Tash (pelagial)
036 riv. Kamga (pclagial)
037 riv. Kamga (pelagial)
038 riv. Kamga (littoral)

040 sett. Yailyu (pelagial)
045 cape Azhu (pelagial)

101 v. Kyga (pelagial)

103 nv. Kyga (littoral)

106 sett. Artybash (pelagial)
111 riv. Chulyshman (littoral)
112 riv. Samysh (pclagial)
113 Kamenny Bay (pelagial)

Fig.1. Sampling sites in the water area of Lake Teletskoye
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The spectral light attenuation index c(A,) was cal-
culated using the formula derived from the Bouguer’s
1

law
¢(2) :(%)m(m)} ™

where L is the length of a measuring glass cuvette of
50 mm long, T()L):I(}L)/IO (ﬂ,) — the spectral
transparency of water in relative units; I(A), I,(A) —
the intensity of transmitted and incident light on the
cuvette, respectively, A — the wavelength of light.
The indicator of light absorption by yellow substance
a,(A) was determined after measuring spectral trans-
parency of the water purified from suspension by fil-
tration through «Vladipor» membranes of MFAS-OS- 1
type with a pore diameter of 0.22 pum. The maximum
absolute error in measuring c(A) and a (A) within the
studied spectral range made up 0.1 m

The spectral dependence of light absorption by

YS was approximated by the exponential law

a,(A)~e"", @

where p — the coefficient of spectral variability, char-

acterizing the qualitative composition of dissolved

organic matter (DOM). Following (Mankovsky, 2015),

we measured a, [(450) (at A=450 nm) and estimated

the content of YS in water samples by the formula
Cyé (450)/a5p s (450). 3)

Here, C is "the concentration of YS, in g/m?3,
a, (450) is the specific indicator of light absorption
by YS (m?/g). Taking into account the approach pro-
posed in (Mankovsky, 2015), we calculated Cs using
the value a_  (450) from (Nyquist, 1979).

In a(idltlon to compare our data on spectral
water transparency with the results of similar optical
studies previously performed in aquatic ecosystems by
other researchers, we measured relative transparency
by SD.

The concentrations of chlorophyll C,, were
determined by a standard spectrophotometric method
according to (GOST, 2003).

The relative spectral contribution of major opti-
cally active components of lake water (S,YS, Chl-a and
PW) to c(\) in the surface layer of the studied reser-
voir was calculated using the modified semi-empirical
light attenuation model (Akulova, 2015) first proposed
by O.V. Kopelevich (Kopelevich, 1983) and having the
form

c(A)=ag, (2)+a,(2)+b,, (A)+b(1)+a,,, @

where a, (}) and ays(?\.) are indicators of spectral
absorption by Chl-a and YS, respectively, b (A) -

spectral molecular scattering by PW, b (A) — spectral
scattering by S, a, (A) — spectral absorption by PW. As
can be seen from this expression, spectral attenuation
of light is described by a three-parameter model. Since
the parameter a () is identified experimentally, the
spectral index for PW scattering b (A) can be derived

from the formula
a,,(1)]. ®

[aChl )+ bmo/ (2’)
The trophic status was assessed using the

Carlson Trophic State Index (Carlson, 1977) and the
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international trophic classification of water bodies
(Environment Canada, 2004). We also applied the spec-
tral index of light attenuation c(}). The oligotrophic
type of reservoirs corresponds to a range of values c())
from O to 2 m™!, mesotrophic — from 2 to 3 m!, eutro-
phic — from 3 to 23 m, and hypereuthrophic — from 23
m~! or more (Sutorikhin et al., 2017).

3. Results and discussion

Summer field works (2017-2022) in Lake
Teletskoye allowed to estimate the primary hydro-op-
tical characteristics, i.e. indicators of light attenuation
c(1), light absorption by yellow substance a (A), rel-
ative transparency according to SD at heterogeneous
spatial distribution. Values of c(}) at four wavelengths
(\=430, 450, 550 and 670 nm) in water samples taken
in the surface layer of the reservoir varied from 0.2
to 4.0 m™'. In summer of 2017 and 2021, this indica-
tor changed slightly (1.0-1.6 m™). Reduced spectral
transparency was noted in 2022 (0.2 m™). At the con-
fluence of rivers Chulyshman, Chulyush and Kyga,
including Cape Syraktu, c(A) exceeded 3.0 m™. Its peak
was registered in the littoral zone of the Kyga River
in 2018-2020. This is due to intensive removal of sus-
pension (mainly mineral) by river waters and shoreline
destruction. Here, in shallow waters, induced by wind-
and-waves currents lifted bottom sediments and mixed
them throughout the water column. In the pelagic
zone, from Cape Vakty (site 023) to Cape Azhu (site
045), including Kamenny Bay (site 113), c¢(A) did not
exceed 2.1 m™. This is in good agreement with YS con-
tent (close to its average in summer).

Over a 6-year period of optical investigations,
indicators of light absorption by yellow substance a (1)
at wavelengths A= 430, 450, 550 and 670 nm in the
surface layer showed minor fluctuations (0.1-3.2 m™)
Maximum values (above 2.0 m™') were recorded in
2018-2020 on rivers Chulyshman, Chulyush and
Kyga, including Cape Syraktu. As an example, Fig. 2
and 3 represent the dynamics of ¢(430) and ays(450),
respectively.

During the study period, SD-measured relative
transparency widely ranged as 0.8-11.7 m with its
average of 6.3 m. Transparency of 11.0 m was observed
in 2019 in the pelagic zone of the Adamysh and Taldu-
kool (sites 025 and 028, respectively). The highest SD
value (11.7 m) was marked at the village of Yailyu in
2018.

It is known from (Mankovsky et al., 1996;
Kukushkin, 2011; Voskresenskaya et al., 2011,
Korchemkina and Latushkin, 2016; Churilova et al.,
2018; 2022; Matyushenko et al., 2001; Betancur-Turizo
et al., 2018; Shi et al., 2017; Slade and Boss, 2015;
Korosov et al., 2017; Wozniak and Stramski, 2004;
Reinart et al., 2004) that spectral transparency of water
largely depends on the content of suspension (organic,
mineral). Therefore, to explain inter-annual variations
of c(A), the data on chlorophyll-a concentrations C,-a
are required.

In the course of our 6-year study, the content of
Chl-a the main photosynthetic pigment of phytoplankton
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Fig.2. Long-term dynamics of light attenuation at a wavelength of A =430 nm in different sites of Lake Teletskoye

algae, varied as 0.1-4.1 mg/m?® (average: 2.1 mg/m?),
thereby corresponding to the oligotrophic type of
lakes (Fig. 4). Its maximum was recorded in 2021 in
all sampling sites of the lake (1.1-4.1 mg/m?), while
its minimum - in 2019 (0.1-1.8 mg/m?3).). In general,
the lake is characterized by poor development of algae
phytoplankton because of low concentrations of nutri-
ents and instability of the water column most of the
year. In Lake Teletskoye waters, the specialists of the
Chemical Analytical Center of IWEP SB RAS headed
by Dr. Sc. Papina detected a low content (0.7-1.9 mg/
dm?® that is typical for oligotrophic lakes) of biogenic
elements of the nitrogen group dominated by nitrate
ions as a mineral nitrogen form. The concentrations of
phosphate ions in the lake were insignificant (within
micrograms), while silicon was one or two orders of
magnitude higher than the content of other biogenic
elements and averaged 2.2-2.9 mg/dm3.

3,6
3.4

In 2017-2022, concentrations of yellow sub-
stance C  in the surface layer of the lake varied greatly,
i.e. from 0.9 to 15.0 g/m? (average: 8.0 g/m?) (Fig. 5).
For the last two years of our investigations, it decreased
(0.9-7.1 g/m®) and reached the indicators of 2017
(2.9-5.1 g/m?).

Calculations of the spectral contribution of opti-
cally active components of the lake water in the surface
layer of Lake Teletskoye in various sampling sites are
evidence of the greatest optical influence of YS and S
on the total attenuation.

In 2017, the maximum contribution (89.2%) to
light attenuation by YS at A =430 nm was noted in the
littoral zone of the river Kamga (site 038). At a wave-
length of 550 nm, this indicator varied from 60.0% to
83.3% in sites 111 and 038 of the Chulyshman River
littoral. Suspension made its maximum contribution
(17.1%) at A=430 nm in site 103 of the Kyga River.
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Fig.3. Long-term dynamics of light absorption by YS at a wavelength of A =450 nm in different sites of Lake Teletskoye
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Fig.4. Long-term dynamics of chlorophyll-a concentrations in different sites of Lake Teletskoye

It increased to 28.1% at A.=550 nm in site 111. The
contribution of PW was insignificant at A=430 nm
in all sampling stations (less than 0.4%). However, it
drastically increased in the long-wave region (up to
18.8%) at A =550 nm. The contribution of chlorophyll
at A=430 nm was 0.6% — 11.3% (sites 037 and 036
of the pelagic zone of the Kamga River), whereas at
A=550 nm - from 0.1% (site 037) to 2.6% (site 002 —
the pelagic zone of the Chulyshman River).

In 2018, the largest contribution of YS to c(A)
at A=430 nm occurred in the pelagic zone of rivers
Kamga (site 036) and Chulyshman (site 002), i.e. 94.1
and 90.9%, respectively. At a wavelength of 550 nm, its
contribution varied from 40.0% (site 025 — the pelagic
zone of the Adamysh River) to 91.3% (site 103 - the
littoral of the Kyga River). Suspension made the max-
imum contribution (33.4%) at A=430 nm in site 119
of the pelagic zone of Cape Syraktu, which increased to
47.8% in site 025 of the pelagic zone of the Adamysh
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River at A=550 nm. Contribution of PW was inessen-
tial (0.4%) at A =430 nm. However, it greatly increased
up to 14.1% in the long-wave region at A =550 nm.
The contribution of Chl-a at A =430 nm ranged as 1.8%
(site 021 - the pelagic zone of the Kokshi River) and
4.8% (site 040 — the pelagic zone of Yailyu village), at
A=550 nm — from 0.3% to 1.2% (sites (021 and 040 of
the pelagic zone of Yailyu village).

In 2019, the largest contribution of YS at
A=430 nm was noted in the pelagic zone of rivers
Chulyush, Kyga and Kokshi (87.1, 85.7 and 85.1%,
respectively). At a wavelength of 550 nm, the contri-
bution of YS changed from 50.0% (the pelagic zone
of the B. Korbu River and Kamenny Bay, respectively)
to 95.4% (the pelagic zone of the Chulyush River).
Suspension made its maximum contribution (31.5%)
to light attenuation at A=430 nm in site 025 of the
pelagic part of the Adamysh River, increasing to
41.9% at A =550 nm in site 113 of the pelagic zone of
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Fig.5. Long-term dynamics of YS concentrations in different sites of Lake Teletskoye
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Kamenny Bay. The contribution of PW to light attenua-
tion was insignificant (up to 14.1%) at A =430 nm (less
than 0.4%), but at A=550 nm it increased sharply in
the green region of the spectrum. The contribution of
chlorophyll at A =430 nm ranged from 0.6 to 8.5% and
at A=550 nm - from 0.1% to 1.8%.

In 2020, the largest contribution of YS at
A=430 nm was recorded in the pelagic part of rivers
Kamga and Chulyshman (94.1 and 93.5%, respectively).
At a wavelength of 550 nm, YS contribution varied
from 40.0% (the pelagial area of the Adamysh River) to
91.3% (the littoral of the Kyga River). Suspension made
its maximum contribution (32.1%) at A =430 nm in site
019 (the pelagic zone of Cape Syraktu), which increased
to 46.4% (site 014 - the pelagic part of Chulyush River)
at A=550 nm. At A =430 nm, PW demonstrated minor
contribution in all sites (less than 0.1%), but it abruptly
increased in the green region of the spectrum (up to
14.1%). The contribution of chlorophyll at A =430 nm
ranged from 0.5 to 6.0%, while at A=550 nm - from
0.1% to 1.4%.

In 2021, the largest contribution of YS at
A=430 nm was detected in the pelagic and littoral
parts of the Kamga River (85.8 and 75.0%, respec-
tively). At a wavelength of 550 nm, the contribution
of YS varied from 29.6% (the pelagic part of Kamenny
Bay) to 67.0% (the pelagic part of the Kamga River).
Suspension made the greatest contribution (21.4%) at
A=430 nm in site 103 (the littoral of the Kyga River)
and was growing up to 43.8% at A =550 nm in site 113
of the pelagic part of Kamenny Bay. The contribution
of chlorophyll at A =430 nm ranged as 6.8-27.3% and
at A=550 nm - from 1.4% to 7.8%. PW made an insig-
nificant contribution to light attenuation at A =430 nm
(less than 0.1%), but sharply increased up to 18.8% in
the green region of the spectrum at A =550 nm.

In 2022, the largest contribution of YS at
A=430 nm was noted in the pelagic part of rivers
Kamga and Saimysh (90.0%). At a wavelength of
550 nm, this indicator varied from 33.3% (the pelagic
part of the Kamga River) to 88.8% (the pelagic part
of Yailyu village). Suspension showed its maximum
contribution (40.3%) at A=430 nm in site 014 of the
pelagic zone of the Chulyush River) and increased to
46.1% at A.=550 nm in site 002 of the pelagic part of
the Chulyshman River. A share of PW was negligible
(less than 0.1%) at A =430 nm, but abruptly increased
up to 28.2% at A=550 nm. The contribution of chlo-
rophyll at A =430 nm ranged from 3.2 to 29.3% and at
A =550 nm - from 0.8% to 10.5%. The least indicators
(about 0.1%) of molecular light scattering by PW were
observed in the study spectral range.

Thus, YS and S turned out to be the most sig-
nificant optically active components affecting the total
light attenuation in Lake Teletskoye waters.

The analyzed literature data confirm our pioneer
calculations of spectral contributions of the main opti-
cally active components of Lake Teletskoye waters to the
spectral index of light attenuation c(}) (2017-2022).

The trophic status of the lake is determined by
limnoclimate, a type of a catchment area and its alti-
tude. Prolonged periods of mixing of water masses and
short periods of stratification, oxygenated water supply
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by mountain streams, low water temperature through-
out almost the whole year — all this contributes to oxy-
gen saturation of the entire water column. Note that at
the bottom saturation may be even higher than at the
surface.

Our findings suggest that the trophic status of
Lake Teletskoye can be characterized mainly as oligo-
trophic with the elements of mesotrophy in sites of the
large rivers’ confluence.

From general and specific indicators (i.e. tropho-
saprobity, mineralization and hardness of water, the
hydrogen index and the presence of harmful substances
(GOST, 1977), including quantitative characteristics
of aquatic organisms (abundance, biomass and spe-
cies number) it follows that waters of Lake Teletskoye
belong to the class of “clean waters”, as well as “very
clean” and “quite clean” according to the unified eco-
logical classification of the surface waters of the land
(Oksiyuk et al., 1993).

4. Conclusions

During Lake Teletskoye investigations (2017-
2022), we collected new field data on spatiotemporal
variability of light attenuation, light absorption by YS,
SD-measured relative transparency, Chl and YS con-
centrations for various sampling sites. The modified
semi-empirical model was applied to describe the spec-
tral contribution of the main optically active compo-
nents of natural waters to light attenuation with due
regard for light absorption by terrigenous and biogenic
particles. Summer studies of Lake Teletskoye demon-
strated insignificant changes in the long-term dynamics
of hydro-optical characteristics thus indicating good
oligotrophic ecosystem conservation and high water
quality of Lake Teletskoye under growing economic
loads on the reservoir and its drainage basin. The
obtained results suggest that hydro-optical character-
istics can be widely used in studying large lakes, reser-
voirs and rivers to monitor the heterogeneity of water
pollution level, qualitative assessment of the content of
suspended and dissolved substances and, consequently,
the ecological state of different-type waters.
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MHOroneTHAA AMHAMMKa CeKTPaAbHOM
NPoO3payHOCTH BOAbI B NOBEPXHOCTHOM
cnoe o3epa Teneukoe B A€eTHUM NEPHOA

Axynosa O.B.*", Bykateiii B.1.

HHcmumym @o0HbLX u 9KoJT0cudeckux npobstem, Cubupckoeo omoesieHua Poccutickoti akademuu Hayk, yo1. MostodéxcHas, 0. 1,
Bapnays, 656038, Poccua

AHHOTAILIHA. B paboTe npefcTaBjieHbl pe3yJIbTaThl MHOTOJIETHUX SKCIEPHUMEHTAJIBHBIX JAHHBIX 10
CIEKTPaJIbHOM IIPO3PavyHOCTH BOJHI B IOBEPXHOCTHOM cJjioe Testenkoro o3epa (21 Touka or6opa npoob),
IIOJTyYeHHEbIe JieToM B nepruoa 2017-2022 rr. 3HaueHus nokasareJis ocjaadsieHus CBeTa, paCCYUTaHBI IPU
HaTypaJIbHOM OCHOBaHUMU JioraprudMa Ha 4eThpéx JirHax BoJiH (430, 450, 550 u 670 HM) 3a uccieny-
€MBbIl TIEPHO] HaXOAUJIUCh B TOCTaTOYHO y3KOM Auamna3oHe ot 0,2 fo 4,0 M, mokasaTeJis MOTJIOMEeHHs
cBeTa XENTHM BeriecTBoM — oT 0,1 10 3,2 ML, BeITMUMHB OTHOCUTEILHOI TPO3PAaYHOCTH, U3MEPEHHOM
¢ moMomp 6enoro aucka Cekky, HaXOAUINUCh B mpefesnax 0,8-11,7 M co cpeaHuM 3HaueHUeM 6,3 M.
CopepxaHue XJIOpouLIa-a B TOBEPXHOCTHOM CJIOE BOJI0EMa M3MEHSJIOCHh 3a 6-JIETHUM Mepuo B Aua-
nmazoHe 0,1-4,1 Mr/m°, 4TO COOTBETCTBYET OJIUTOTPOGHOMY TUILY 03€p. KOHIIEHTpaIus XEITOTrO Bellle-
CTBa B 03epe, onpeAessseMas ONTUYEeCKMM METOAOM II0 NU3MEPEHHOMY [OKa3aTeJIo MOTJIOMEHNs CBeTa
XKEITBIM BEMIECTBOM Ha JJIMHE BOJIHHI A. =450 HM, BappupoBaia B mpefeiax 0,9-15,0 r/m°. B pesyJib-
TaTe Pacy€TOB CIEKTPaIbHOIO BKJIa/la OCHOBHBIX ONTHYECKN aKTHMBHBIX KOMIOHEHTOB O3EPHOI BOAHI B
CIeKTpaJIbHBIN [TOKa3aTesb 0cjIabjieHusA cBeTa AJid IOBEPXHOCTHOrO cJjios Tesienkoro osepa B pasjiny-
HBIX TOYKaxX 0TO0pa Mpoob MOJIy4eHo, YTO HanuboJiblliee ONTUYECKOE BINAHNE HA CyMMapHoOe ocjabieHne
OKa3bIBAIOT XKEJITOE BEIIeCTBO U B3BeCh. [I0ka3aHo, 4To ONTHUYeCKasA CTPYKTypa UCCIIeAyeMOro BOOOEMA —
JAWHaMMKa OCHOBHBIX MEPBUYHBIX M'MAPOONTUYECKNX XapaKTEPHUCTUK 3aBUCUT OT U3MEHUYMBOCTU KOH-
[[eHTpalKi pa3IMYHbIX ONTHYECKH aKTHBHBIX KOMIIOHEHTOB KaK BO BpeMeHH, TaK 1 B IPOCTPAHCTBe N0
BJINSIHUEM BHYTPHBOJOEMHEIX IIPOLIECCOB, IPOTEKAIONINX B TECHOM CBA3M C BOLOCOOPOM 03epa.

Kitioueavie citoga: cniekTpasibHasi IPO3pavHOCTh BOJIBI, TTOKa3aTes b OCIabIeHusA CBeTa, oKa3aTelb MOTJIOeHUs
CBeTa XEJITHIM BeleCTBOM, pusnueckas MOJIeJib, KEJITOe BEIeCTBO, XJI0pOodHLI-a, B3BECh,
qucTas Boja, Tejenkoe 03epo

Jna nutupoBaHua: Axysnosa O.B., Bykatsiii B.MI. MHorosjeTHAA AWHAMUKa CIEKTPaJIbHOI IPO3PAayHOCTH BOJBI B IOBEpX-
HOCTHOM cJioe o3epa Tesernkoe B JeTHUil nepuof // Limnology and Freshwater Biology. 2024. - No 5. - C. 1228-1242.
DOI: 10.31951/2658-3518-2024-A-5-1228

1. BeepeHue okeaHOB U Mopeid. Tak, B GaliKaJIbCKON Bofe OeJIbIi

quck Cexku BufeH no riaybunsr 40 m (IllepcTsHKUH,
1993), a wMakcuMajbHas [PO3pAayHOCTh BOJBI B
TesenkoMm o3epe — 15,5 m (Cesntereit u ap., 2001). Otot
METO/I, INPOKO NPUMEHSEMBIN CpeIu YIEHBIX-TUPO-

Jloiroe BpeMsA HMpO3pavyHOCTh BOAHI ObLIa JIUIIb
KauyeCTBEHHOUN XapaKTepHUCTUKOM, HaOJoJeHns 3a
KOTOPOH IPOBOJWJINCH JIIIb BU3yaJibHO. TpaJuliiOHHO

OTHOCUTEJIBHYI0 TMPO3PavyHOCTh MPUPOIHBIX BOJ pas-
HOro Tuna (OKeaHOB, MOP€H, 03€p, BOAOXPAHWJIHII, PeK
U Ip.) OIpeJIe/IAI0T MOJIyUHCTPYMEHTAJIBHBIM METOI0M
— M0 IIpeJieJIbHOM TJIyOMHe BUANMOCTU 6esloro CTaH-
naptHoro aucka CeKKu B BOAHOH TOJIIE, O MOJIHOTO
ero WMCYe3HOBEeHUs M3 BUAY (M3MepsieTcsi B MeTpax).
Hanpumep, mpo3pavyHoCTh BOJBI 03epa baiikay sBjis-
eTCsl OJJHOUW M3 CaMBIX BBICOKMX CPeIu IPECHOBOIHBIX
BOJIOEMOB, TaK KaK COJIEPXUT MaJi0 PACTBOPEHHBIX U
B3BEIIEHHBIX BEHIeCTB U OJIM3KA K MPO3PAavyHOCTHU BOJ
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610JIOrOB B CUJIy CBOEH IIPOCTOTHI U NPaKTUYHOCTH,
BCE-TaKMU CUYMTAeTCs CyObeKTUBHBIM U o6OJjiafiaeT 3Ha-
YUTEeJIbHON IOrpelHOCThI0 u3Mepenuit (20% u 6osiee)
U CyIIeCTBEHHBIM OTpaHWYE€HNEM €ro MCIOJIb30BaHUA
B 3UMHUX MOJJIENHBIX yCJIOBUAX. A BOT HCIIOJIb30Ba-
HMe dJIEKTPOHHBIX CIIEKTPOGOTOMETPHUUECKUX METO0B
U 1npubopoB (cnekTpooToMeTpoB, TypOUAUMETPOB,
[IPO3pavyHOMEPOB U Ap.), KOTOpHle MO3BOJIAIOT OIpe-
JIeJINTh CIEeKTPaIbHYI0 IIPO3pavyHOCTh BOABI Ha JII0OOM
rJlyOuHe Kak JHEM, TaK Y HOYbIO, a Pe3yJibTaThl 3alu-
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caTh Ha CaMOMUIIYMINX Npubopax, ABJIAIOTCA MPAKTU-
YyecKU YHUBepCaJIbHbIMU, a IJIaBHOe — O00Jiee TOUHBIMU.

Kak wusBectHo (EpsioB, 1980; KomeneBuu u
OIudppun, 1981; Mudbpun, 1983; Konenesuu, 1983;
ManbKOBCKHH U Jp., 2009; Dera, 1992; Mobley, 1994;
ManbkoBckuii, 2011; JleBuH, 2014), cnekrpasibHas
MpO3PavHOCThb BOHI (M3MepsieTcsA B 00paTHHIX MeTpax),
OTHOCUTCA K IEPBUYHBIM (UM BHYTPEHHUM, COOCTBEH-
HBIM) TUAPOONTUYECKUM XapaKTepUCTUKaM, KOTOpas
npejcTaBisfeT coOol (QU3NYECKYI0 BeJIMYUHY, Xapak-
Tepu3ywlas ONTHYecKre CBOWCTBA NMPUPOAHBIX BOJ.
CnekTpaJsibHass IpO3pavHOCTh BOJbI OINpe/esiseT yCJIo-
BUs pacIpoCcTpaHeHHUs cBeTa B BOJe, a TaKxe cofep-
KUT MHGOPMAIMIO O B3BellleHHBIX OpraHO-MUHEpaJib-
HBIX YaCTUIIaX U PaCTBOPEHHOM B BOJle OPraHUYeCKOM
BellecTBe.

AxTyanmpHOCTh HCCJIENOBaHUA MPOAUKTOBAHA
HeoOXOAUMOCTBI0 PACHIUPATh U YIIyOJIATh IpeJCcTaB-
JIEHUs O CIeKTPaJIbHOM Mpo3pavyHoCTU Boibl Teselikoro
03epa, MOCKOJIbKY OHa CyI[eCTBEHHO 3aBUCHUT OT Iepu-
OZINYECKUX N3MEHEHUN €€ OCHOBHBIX OIITUYECKU aKTUB-
HBIX KOMIIOHEHTOB — XEJITOTO BelecTBa, B3BeCU, XJIO-
poduiia u uyucroil Boasl. Kpome Toro, B Hacrosiiee
BpeMs BO BCEM MUpe yhesseTca ocoboe BHUMAaHUeE
KCCJIe[IOBAHUI0 CIEKTPAJIbBHOTO BKJIaZa OINTUYECKU
aKTUBHBIX KOMIIOHEHTOB NPHPOLHON BOABI (KaxJoMn
10 OTHEeJIbHOCTH) B CyMMapHoOe ocJjiabJjieHue cBeTa, a
Takxe AUHAMUKe WX KOHIIEHTpaIiu Kak BO BpeMeHU,
Tak M B IPOCTPAHCTBeE.

Llenibio paboOTHl ABJIAIOTCA SKCIEpHUMeHTaJIbHbIe
WCCJIEIOBAHUA IO OlleHKe MHOroJIeTHEH W3MeHUYUBO-
CTU CIIeKTpPaJbHON IPO3PAavyHOCTU BOABI B ITOBEPXHOC-
THOM cJioe (TommumHO¥ 5-7 cm) Tenernkoro osepa B
netHuii nepuop 2017-2022 rr. ¥ BIUSHUIO OCHOBHBIX
ONTHYECKU aKTUBHBIX KOMIIOHEHTOB O3EPHOI BOJIBI Ha
cyMMapHoe ocJjiabjieHue CBeTa.

2. MaTepuanbl U MEeTOADI

0O6bekm uccT1e008aHuA

Tesenikoe o3epo (koopAuHaTHL: Mexay 51°21746”
u 51°48’36” c.m., mexay 87°14’40” u 87°50’54” B.A.)
— r;TyOOKOBOAHBIM BOJJOEM TEKTOHUYECKOI'O IPOUCXOXK-
JeHUs, pacloJIoXKeHHbIN Ha BbicoTe 434 M HaJl ypOB-
HEM MOpsI B CeBEpPO-BOCTOYHOU 4acTu I'opHOro Anras
(tor 3amagHoii Cubupu). OCHOBHBIE XapaKTePHUCTUKU
BOJIOEMA CJIeAYIOIIME: TUIOMAaab 3epKana — 227,3 KMm2,
IomaAp BogocbopHoro 6acceiina — 20400 km?, ayirHa
- 77,8 kM, cpenHsAA mupuHa — 2,9 KM, MakKCHUMaJb-
HasA riyowHa — 323,0 M, 066éM — 41,1 km® (Cesereii
u Cenereii, 1978). O3epo cOCTOUT U3 ABYX HacTeill —
I0KHOHM, BHITAHYTOI MO MepuauaHy, IJMHOU OoJiee
50 kM, U ceBepHOH, nMeIell MKUPOTHOE HampasJie-
HUe, qiuHoN 28 kM. [To cpaBHeHUIO ¢ TJIyOOKOBOJHOM
(nesaruayibHOI) 30HOI MeJIKOBOAHAsA (JIMTOpasbHAas)
30Ha o3epa UMeeT psA 0cobeHHOCTel, OJTHO U3 KOTO-
pbIX — 3HAuYUTEJIbHOE TUJPOJUHAMHUYeCcKOe BO3[el-
CTBUE, CBA3aHHOE C MHTEHCUBHBIMU BETPO-BOJTHOBBIMU
npoifeccaMu (MakcHUMaJibHasi BBICOTA BOJIHBL 110 2,5 M)
M CO 3HAUUTEJIbHBIMHU (0 6 M) exerogHbIMH KoJeba-
HUAMU YPOBHA BoAbl. M3pe3aHHOCTh OeperoBoii JJUHNUU
o3epa BbIpakeHa cjiabo, OYXT 1 3aJIMBOB MaJio, caMble
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oosipmre — KamruHckuil 1 KbITMHCKUI C IUIONIAbIO
6,5 kM2 1 3,1 KM?, COOTBETCTBEHHO. KaMIMHCKU 3aI1B
CaMbIli MEJIKOBOJIHBIN, 3alIUIeHHBN OT BOJHEHHU U
HauboJiee OJIaTONPUATHBIN 110 TEPMUYECKOMY PEXUMY
U XapaKTepy TIpDYHTOB U3 BCeX 3aJMBOB TeJienkoro
o3epa. [To ruApoxXUMHYECKOMY PeXHUMy 03epo — cJia-
OOMUHepaJIM30BaHHBIHE, Ooratelii KHUCJIOPOJOM TOp-
HBII BOJOEM C HU3KHMMM TeMIlepaTypaMmu, ¢ He3Hauu-
TeJbHBIM COJIEp)XaHHWEeM OpraHuYecKrUx U OHUOTeHHBIX
BellecTB B Bojle (Cesereil u fp., 2001). 3a mocnen-
HHe rofbl B CBA3U C aKTUBHBIM pPa3BUTHEM TypU3Ma B
T'opHoM AJsiTae, BO3pocja aHTPOIIOreHHas Harpyska Ha
03epo, 0OCOOEHHO B ero CeBepHOM YacTU. DKOCHCTEMBI
XOJIOAHOBOIHBIX OJUTOTPOQHBIX 03ép HauboJiee ys3-
BUMBI K BHeIlIHEMY Bo3felicTBui0. HeBbicOKUI1 ypOBeHb
pa3BuUTUA TUAPOOMOHTOB B MOAOOHBIX BOJI0EMAax ollpe-
JOeJisieT HU3KUU MOTEeHIMA OMOJIOrMuYecKOro caMooyu-
ImeHUs O MOCTYHAaIMX ¢ BojocOopa B3BelleHHBIX,
PacTBOPEHHBIX U €JIa00pPaCTBOPUMBIX B BOJE BellecTB,
KOTOpBIE MOTYT CYI[eCTBEHHO W3MEHUTh KauecTBO
BO/JIbl U NHTEHCUBHOCTh BHYTPUBOJOEMHBIX ITPOLIECCOB.

Memoobl ucciedosaHus

HccneioBaHUsI OCHOBHBIX TUAPOONTUYECKUX
XapaKTepUCTUK (IToKa3aTesis ocabJieHus cBeTa BOJIOM,
ToKas3aTeJiA IMOTJIOIeH! CBETA XEJTHIM BEIeCTBOM U
OTHOCUTEJIbHOI IPO3pavyHOCTH, U3MEPEHHOU C IOMO-
mpio Gesioro aucka Cekku) Mo akBaTopuu Tesienkoro
o3epa BHINOJIHWIM JieToM B nepuop 2017-2022 rr.,
OpraHU30BaHHBI VHCTUTYTOM BOJHBIX U 3KOJIOTU-
yeckux npob6sem CO PAH. [laThl skcrieAuIuil cieny-
rorque: 7-11 utona 2017 r., 19-23 uiona 2018 r., 1-5
ntosia 2019 r., 24-29 mtona 2020 r., 29 urwoaa -1 asry-
cra 2021 r., 1-5 aBrycrta 2022 1.

ExerogHo ¢ moBepxXHOCTHOro cjios Tesenkoro
o3epa OaToMeTpoM c OOpTa Hay4YHO-HCCJIeOBaTeIb-
ckoro cyfgHa oroupasnu no 21 npobe (Puc. 1), Bcero 3a
nepuo/ uccaefoBaHus orobpaau 126 BoaHbIX Mpob. B
nabopatopuu nposesd 1008 OTAeNbHBIX N3MepeHUil
CIleKTpaJbHON mnpo3pavyHocTu (koddduiueHTa Mpo-
MTyCKaHUsA) BOJBI Ha YeTHIPEX JyMHax BoJiH (430, 450,
550 u 670 HM) Ha cTalMOHapHOM crekTpodoToMeTpe
[15-5400Y® no u nociyie puabTpanuu npob 3a 6-yeT-
HUI IepUOoJ] UCCcJeJOBaHUsA 03epa.

CnekTpaJyibHBII TOKa3aTesb OcJabJieHUs CBeTa
c(\) paccuntanu o GpopMyJie, BHITEKAOIIEH U3 3aKOHA
Byrepa
c( ,1) = l .In L

L) \7(x)
rae L — [JinHa uM3MepUTEeJIbHON KIOBETH (KCIOJIb30-
BaJId CTEKJITHHBIE KIOBETH ¢ paboueii JuuHON 50 MM),

, (1)

T (l) =1 (ﬂ,) /1, (/l) — CIeKTpasbHas IPO3PavyHOCTh
BOJIbI B OTHOCUTEJIBHBIX euHuLax, I(A), I (A) — nHTeH-
CHBHOCTH IIpOIIeAIIero 1 Nagarwlero Ha KIoBeTy CBeTa,
COOTBETCTBEHHO, A — JIJINHA BOJIHHI cBeTa. [loka3aTesib
MIOTJION[EeHMs CBeTa KEJITHIM BeleCTBOM ays(x) ompefe-
JIVJIA TI0CJIe M3MEPEeHUsA CIeKTPaIbHON NPO3pavyHOCTU
BO/Ibl, OUMIIIEHHOU OT B3BeCU (PUIbTPOBaHNEM C UCIIOJIb-
30BaHHeM MeMmOpaH «Bmagunop» tuma M®AC-OC-1 c
auaMmerpoM nop 0,22 mxm. MakcumanpHasA abCcoOJIOT-
Has TOTPEIHOCTh u3MepeHuit c(}) u ays(?\,) U1 U3y-
JaeMOoro CIeKTpaIbHOro Auana3oHa cocrasuia 0,1 .
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® Touxu

2 4
1=

6 8
=

0
HH

Touxu Tononumuueckoe nazeamie
002 p. Uyaslmman (Ienaruaiib)
008 . bene (memarnais)

014 p. Uynronn (Tiearuais)
019 M. CpIpakTy (menaaruaiis)
021 p- Kok (enarnais)

023 M. BakTpl (menaruanin)

025 P. AfaMBInI (TIeIaruas)
028 p. Tany-koour (menaruais)
031 p. b. KopOy (mrenarnans)
033 M. Oteik-Tam (renaruas)
036 p. Kamra (memnaruans)

037 p. Kamra (menarnans)

038 p. Kamra (siuropans)

040 1. Slimro (Tenarnains)

045 M. AKXy (Tenaruans)

101 p. Kerra (menaruais)

103 p- Keira (;turopais)

106 ¢. ApThIOamnt (Tienaruanb)
111 p. UyasiMan (IMTOpAITh)
112 p. Cambl (11e1aruals)
113 Kamennerii 3a1B (riearuain)

Puc.1. Kaprocxema Touek ot6opa npob no akBatopuu Teselkoro osepa

CnexTpaJibHasi 3aBUCMOCTbD ITOKa3aTeJIs MOrJIo-
IIEHUS CBETA XXEJITHIM BEIIECTBOM aIMPOKCUMHUPYETCS
SKCIIOHEHIIUAJIBHBIM 3aKOHOM

a, (1)~ @
rae g — KodGPUIMEHT CIEKTPAJIbHOM W3MEHYHBO-
CTH, XapaKTepU3yIOI[HIl KaueCTBeHHBI COCTaB pac-
TBOpPEHHOTO opraHuveckoro BemecTBa (POB). Crenys
pabore (ManbkoBckuii, 2015), namepun ays(450) (pmu
A=450 HM) ompenean/ii KOHIEHTPAIUIO XEITOTO
BeliecTBa B mpobax BOAH IO popMyJie

C,=a, (450)/asplys (450). 3

3aech Cys— KOHILIEHTpaLusA XEJITOrO BellecTBa, B
r/me, asp'ys(450) — yOeJIbHBIN TIOKa3aTeJib MOTJIOMEeHNA
CBeTa JKEJITHIM BellecTBOM, B M%/T. C y4éToM mpexJio-
xeHHOro B (MaHbkoBckuil, 2015) noaxona paccuuTaHb
3HAYeHUA Cys C HCII0JIb30BaHMEM BeJIMYLHBI aws(450),
B3ATOM U3 paboThl (Nyquist, 1979).

C TeM, 4yTOOB WMETh BO3MOXHOCTh CPaBHUTH
MOJIyYeHHbIE HAMU TaHHBIE TI0 CTIIEKTPAJIbHOM IIpo3pad-
HOCTH BOZBI C pe3yJbTaTaMyd MOAOOHBIX ONTHYECKUX
UccJIe/IOBaHUM, BBIOJIHEHHBIX paHee IPYTUMU aBTO-
pamMu AJ1A BOJHBIX 3KOCHCTEM, IIPOBEJIU TaKXke U3Me-
peHUts OTHOCUTEJIbHOUN Mpo3pavyHocTU SD ¢ mOMOIIbI0
6esoro arcka CekkH.

JlOnmOJTHUTEJIBHO  ONpeNesINIi  KOHIIEHTPaIuu
xyopoduiina G, CTaHAAPTHBIM CIIEKTPOPOTOMETpUYE-
ckuM MetooM corjacHo (I'OCT, 2003).

OTHOCUTEJIbHBIN CIeKTpaJbHBIN BKJIAZ OCHOB-
HBIX ONITUYECKN aKTUBHBIX KOMIIOHEHTOB O36PHOM BOJIbI
(B3Becu, XKENTOTO BellecTBa, XJIOpoduLIa-a U YUCTOU
BOJIbI) B C(A) B TOBEPXHOCTHOM CJIOE HCCJIEyEMOTO
BOAOEMA pacCUMTaJIM C UCIOJIb30BaHMEM MOAUbUIU-
POBaAHHOU MOJIy3IMIIUPUYECKON MoJeIu ocjabJieHus
cBeta (AkysoBa, 2015), koTopas BHepBbie MpeJIOKeHa
0O.B. Konenepuuem (Komnesnesuu, 1983) u umeer Bujg

1237

c(A)=ag, (2)+a,(2)+b,, (A)+b,(1)+a,,, @
rae a,,(A) u a, CIIeKTpaJIbHbIe TOKa3aTesu
TIOTJIO[eHUA XJIOPODUIIIOM-a U KEJITHIM BeI[eCTBOM,
COOTBETCTBEHHO, bmol()\,) — CIIeKTpaJIbHBIM TOKa3aTeJib
MOJIEKYJIAPHOTO paccesHus YUCTOM BOOOH, b (A) -
CTEeKTPAJIBHBIN [I0Ka3aTesb PacCeAHHsA B3BeCho, d, (A)
— CHEeKTpaJIbHBIM IOKa3aTejb I[OTJIOMIEHUA YKCTOU
BoZoH. Kak BUHO U3 JaHHOTO BHIPAXXEHUS CHEKTPAIb-
Hoe ocjiabJieHre CBeTa ONMCAHO C IOMOIIBI0 TPéxmapa-
MeTpuYecKkoi Mozenu. Tak Kak B 3KCIIepUMeHTe oIlpe-
JIeJTAJIV TTapaMeTp ays(?\,), TO CIIEKTPAJIbHBIN MIOKA3aTeJTh
paccesaHus B3BeCh0 b (A) MOXHO HalTH 1o Gpopmyie
b (A)=c(2)-[ag, (A)+a, (1)+b,,(A)+a,,(2)]. &)
Tpoduueckuii cTaTyc OLEHUJIA C IPUMeHeHUeM
Tpodudeckoro uHaekca Kapscona TSI (Trophic State
Index) (Carlson, 1977) u MexayHapoaHO# Tpodude-
cko kytaccudukanuy Bogoémos (Environment Canada,
2004). Takxe HUCIOJIb30BATIN 3HAUEHUS CIIEKTPAIbHOTO
nokasatens ocjabieHusa csera c(A), re oJUroTpod-
HOMY THUILy BOOOEMOB OyJeT COOTBETCTBOBATh AUara-
30H 3HaveHuit c(A) ot 0 7o 2 M, Mme3oTpodHOMY — OT
2 o 3 M}, 3BTpodHOMY — OT 3 A0 23 M}, rUnepIBTPO-
dHOMY — OT 23 M™! U Gosiee (CyTopuxuH u 1ip., 2017).

3. Pe3yAabTathbl M 06Ccy)xpeHue

B pesyJsibTaTe NpoBeJEHHBIX JIETHUX dKCIIe AU
2017-2022 rr. no akBatopuu Teyerkoro ozepa ObLIU
[IOJIy4yeHbl 3Ha4yeHUs IEepBUYHBIX T'MAPOONTHYECKUX
XapaKTepHCTHK — IIoKa3aresieil ocyiabiieHus ceeta c(A),
IoKas3aresiell IOIJIOIEeHNsA CBeTa XXEJITBIM BelleCTBOM
ays(?\.), OTHOCUTEJIbHON Ipo3padyHoCTH M0 Oemomy
aucky Cexkku SD, MpOCTpaHCTBEHHOE paclpejiesieHne
KOTOPBIX OBLJIO HEOJHOPOJNHBIM. BenmuuuHb c(A) Ha
yeThIpEX AnmHax BoyH (A =430, 450, 550 u 670 HM)
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B mpobax BOABl, OTOOPAaHHBIX B MOBEPXHOCTHOM CJIO€
BOJOEMA, HAXOQUINCh B quamnasoHe oT 0,2 1o 4,0 M.
B 2017 r. u 2021 r. jgetHue 3HaueHUA c(A) U3MeHH-
nuch HesHauuTesbHO (1,0-1,6 M), [ToHMXeHHAs CIIEK-
TpaJibHasA NOpo3pavyHOCTh 3adukcupoBaHa B 2022 T.
(0,2 m™1). 3uauenua ceeime 3,0 M~! HaGJOmaNIuCh B
TOuKax BHajeHus pek YymsimMad, Yymom u Keira,
a Takxe Mbica CpIpaKTy, MakKCUMaJbHble BeJIYLHBI
3aperucTprUpoBaHbl B JIMUTOPAIbHOI 30He peku Keira B
2018-2020 rr. O3TO CBSA3aHO C MHTEHCHUBHBIM BBIHOCOM
B3BElIeHHOT'0 BelllecTBa (MPeuMMYIIeCTBEHHO MUHe-
pajbHOr0) peuyHBIMM BOJAMU U IpolleccaMy paspylie-
HUA GeperoBoil JIMHUM o3epa. 3[4ech Ha MeJIKOBOJIbe
BETPO-BOJIHOBBIE TeueHUs NOAHUMAIOT JOHHbBIE 0CaAKU
U MepeMelnBaiT UX 0 Bcell BOAHOH ToJile. B nena-
ryuajbHOM 30He, HauMHAasA ¢ Mbica BakTel (Touka 023) 1o
Mbica Axy (Touka 045), a Takke B KameHHOM 3aniBe
(Touka 113) 3HaveHus c(),) He npeBwmanwT 2,1 M. 3TO
XOPOIIO CcOoTJIacyeTcsA ¢ coAepKaHUeM XKEJITOro Bellle-
CTBa, KOTOPOe ObLIIO OJIM3KUM K ero cpefHeMy cOAep-
’)KaHUIO B JIETHUU NEPUOL.

3a 6-1eTHUI epuo/l ONTUYECKUX 1CCIleJOBaHUN
Ha O3epe aMIUIUTyAa KojebaHUI 3HaUYeHUIl IoKa3aTe-
JIef TOTJIOLeHMs CBeTa KEJITHIM BellleCTBOM ayS(X) Ha
JrHax BoytH A =430, 450, 550 1 670 HM B MOBEpXHOC-
THOM CJIOe U3MeHsJIach TakXe B HeOOJIBIINX Ipeiesax
or 0,1 mo 3,2 M™!, MakcuMaJibHble BeJIMYMHBI (6oJiee
2,0 1) 3adukcupoBansl B nepuoa 2018-2020 r. B
Toukax pek UyssimMaHn, Yystom u Keira, a Takxe Mbica
CelpakTy. B kauecTtBe npuMepa, Ha Puc. 2 u 3 npencras-
JleHa nuHaMuKa c(430) u ays(450), COOTBETCTBEHHO.

BemuuuHBL  OTHOCUTENBHONM  IPO3PAvyHOCTH,
U3MepeHHOHN ¢ nomombio Gesoro aucka Cekku SD 3a
uccaelyeMblii Nepuoj, HaXOAWINCh B IILMPOKOM Jua-
nasoHe 0,8-11,7 M co cpeaHuM 3HaueHUeM 6,3 M.
[Ipo3paunocts 11,0 m Habmoganacs B 2019 r. B nena-
ruasie pexk Apameim u Tangy-koos (B Toukax 025 u
028, cooTBeTcTBeHHO). MakcuMajbHasA BeJnMyuHa SD
(11,7 m) 3apeructpupoBaHa B nocéyke fitmo B 2018 r.
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HzBectHO (MaHBKOBCKUH U [Ip., 1996; KyKyIIKuH,
2011; BockpeceHckaa u nap., 2011; KopuyeMkuHa
u JlatymkuH, 2016; Churilova et al., 2018; 2022;
MartiomeHko u 1p., 2001; Betancur-Turizo et al., 2018;
Shi et al., 2017; Slade and Boss, 2015; Korosov et al.,
2017; Wozniak and Stramski, 2004; Reinart et al.,
2004), uyTo cnekTpaJibHas IPO3pPavHOCTh BOJBI CylIle-
CTBEHHO 3aBHCHUT OT COAEpPKaHWA B Hell B3BELIEHHOIO
BellecTBa (OpPraHMYecKOro, MHUHepPaJbHOIO), TO AJIA
00BbsACHEHNS MEXIOJOBBIX H3MEHEHHUIl XapaKTepHBIX
3HaueHui c(A.) HeOOGXOqUMO HCIIOJIb30BaTh CBEIEHUA O
KOHIleHTpauuu xjaopopuna-a (C,,-a).

ConepxaHue OCHOBHOIO (OTOCHMHTETHYECKOIo
MrMeHTa BojopocJiell GUTOIJIaHKTOHA — XJIOpOodUII-
Jla-a M3MEHAJIOCh 3a 6-JIeTHUH Ilepuofd B Ipelesax
0,1-4,1 mMr/m® co cpeJHUM U3 MOJTyYeHHBIX 3HAYEHUI
- 2,1 mr/m® (Puc. 4), 4TO COOTBETCTBYET OJIUTOTPO-
¢HOMY THMY 03€p. MakcumasibHble BesnuuHbl G, -a
3apeructpupoBadel B 2021 r. Ha Bcex TOYKax o3epa
(1,1-4,1 mr/m®), muHuMmanabHele — B 2019 r. (0,1-
1,8 mr/m®). B mesioMm pasButhe BOAOPOCJEN GUTO-
IIJIAHKTOHA O3epa HEeBBICOKOe, HA YTO BJIMAIOT HU3KHe
KOHIIeHTpaly OMOreHHbIX 3J1IeMEHTOB, a Takke HecTa-
OUJIBHOCTh BOJHOTO CTOJI0A Ha MPOTSHKEHUU O0OJIb-
mel yactu roga. CoTpyAHUKaMH XMMUKO-aHaJIUTHUYe-
ckoro nenrtpa MB3II CO PAH noa pykosogcteom T.C.
[TanuHOI yCTaHOBJIEHO, YTO coAepkaHue OHOreHHBIX
3JIeMEeHTOB TpYIIHl a3oTa B Bojax Tesenkoro osepa
HEBBICOKO U JOMUHUpYIomell GopMoii MUHepaJbHOIo
asoTa ABJIAIOTCA HUTPAT-WOHBI, COAepXaHHe KOTOPBIX
u3MeHsieTca B npefesiax 0,7-1,9 mr/am°, TUMUYHBIMU
ana onurotpodHeix 03€p. CopmepxaHue docdart-uo-
HOB B 03epe He3HauYUTeJIbHO U HaXOAUTCA Ha YpOBHe
MHKpOrpaMMOB, KpeMHHA — Ha OAWH—[Ba TNOpsAJKa
IIPEBOCXOAUT COAEepKaHe OCTaJIbHBIX OMOTeHHBIX dJie-
MEHTOB U COCTAaBJISET B cpeHeM 2,2-2,9 mr/am>.

Pe3yibpTaThl IO KOHI[EHTpalWM >KEJITOTO Bellle-
crBa C B MOBEPXHOCTHOM CJIOE O3epa 3a 6-JIeTHUI
nepuop (2017-2022 rr.) BappUpoOBaJii B MINPOKOM JUa-
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Puc.2. MHOroJIeTHAA AUHAMUKa MoKa3aTeJiA ocabJieHus cBeTa Ha JIJIMHE BOJIHBI A =430 HM B pa3/IMYHBIX TOYKax TeJIeKoro

o3epa
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Puc.3. MHorosieTHAA AHAMUKa [OKa3aTeJis NOIJIOeHUs CBeTa KEJITHIM BeIIeCTBOM Ha AJIMHE BOJIHBI A=450 um B pasjiny-

HBIX TOuKax TesenKoro o3epa

nasone 0,9-15,0 r/m® co cpeaHuM 3HaveHuem 8,0 r/m3
(Puc. 5). 3a mocJieqHMe JiBa rofa UCCJIeJOBAaHUN 3HaUe-
HUA Cys camsuiuch (0,9-7,1 r/m3) no BemnuuH 2017 1.
(2,9-5,1 r/m3).

B pesysibTaTe pacuéToB CIIEKTPAJIBHOIO BKJIAAa
OINTUYECKU AaKTUBHBIX KOMIIOHEHTOB O3EDHOI BOIBI B
CIIEKTPaJIbHBIA TOKa3aTejab ociabieHus cBeta c())
JJ1A TIOBEPXHOCTHOTO cJioA o3epa Teselkoe B pasymy-
HBIX TOYKax oTOopa Ipob NoJydeHo, YTO HanboJibllee
OITUYECKOe BJIUsAHME HAa CyMMapHoe ocJiabJieHue oKa-
3bIBAIOT XKEJITOE BEIECTBO U B3BEChH.

B 2017 r. makcMMaJIbHBIN BKJIaJ] B IOKa3aTeJIb
ocabjieHuss cBeTa BHOCHUT XéinToe BemecTBo (JKB).
HawnGospmuii Brkiiag XB npu A =430 HM NpUXOOUTCA
Ha Jsiuropasib p. Kamra (touka 038), rme oH cocra-
B 89,2%. Ha anuHe BoJiHBI 550 HM BKJIa[ XEJITOTO
BelllecTBa BapbupoBaj B Ipefesnax oT 60,0% (Touka
111 - nqurtopass p. Uyssimman) go 83,3% (touxa 038).

48

B3Bech (BB) maét MakcMMaJIbHBIN BKJIAJl B ITOKa3aTeIb
ocyabseHus mpu A=430 HM B Touke 103 (JiuTOpasb
p- Keira) u cocrasisier 17,1%. Bxuiag B3Becu Bo3pac-
TaeT A0 28,1% (touka 111) mpu A =550 HM. UucTas
Bojia (UB) BHOCUT HecylleCcTBEHHBIH BKJIa[ B ocJiabie-
HHe cBeTa npu A.=430 HM Ha BCEX TOYKaX U COCTaB-
asdetr He Oosiee 0,4%, HO pe3KO yBeIWYUBAETCA B
JJIMHHOBOJIHOBOH o6sactu: Ao 18,8% mpu A =550 HM.
Bkiag xiopodriuia (XJI) npu A =430 HM HaXOOAWICS B
nuanasose ot 0,6% (touka 037 — nesnaruass p. Kamra)
no 11,3% (touka 036 — menaruans p. Kawmra), npu
A =550 uM - ot 0,1% (Touka 037) mo 2,6% (Touka 002
— mejiaruasib p. UyJsIsllIMaH).

B 2018 r. HauGosimui Bkiaag KB mpu A =430 HM
MpUXOAUTCA Ha mejaruaib pek Kamra (touka 036) u
Yyneimman (Touka 002), rne oH cocraeiseTr 94,1 u
90,9%, cooTtBeTcTBeHHO. [Ipu myuHe BOJHB 550 HM
BKJIQJ] XKEJITOTO BeIlleCTBA BapbUpYyeT B IpeJejiaX OT
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Puc.4. MHoroJieTHAA AUHAMUKa KOHHeHTpaHI/Iﬁ XJ'IOpO(I)I/IJ'IJ'Ia-a B pa3JIMYHBIX TOYKaX Teneuxoro o3epa
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Puc.5. MHoroJieTHAA AUHaAMUKa KOHIEHTpalunuunu JKEJITOTO BelllecTBa B Pa3JIMYHBIX TOYKaAX Teneuxoro o3€epa

40,0% (touka 025 — nenaruass p. Agamsi) 0 91,3%
(Touka 103 — nuropans p. Keira). B3sech faét Makcu-
MaJIbHBIM BKJIaA B c(A) mpu A=430 HM B Touke 119
(nenmaruanp M. Ceipakty) u cocrasisfeT 33,4%. Bxuag
B3BecHu Bo3pacraert Jio 47,8% (Touka 025, nenaruass p.
Apameimn) npu A =550 HM. YncTtas Bojia BHOCUT HeCy-
IIECTBEHHBIN BKJIaA B c(A) mpu A =430 HM U coOCTaB-
nsetr He 6osiee 0,4%, HO STOT BKJIAJ] PE3KO YBEJIUYU-
BaeTcs B AJIMHHOBOJIHOBOU obGiactu — 1o 14,1% mnpu
A=550 am. Bxiag XJI npu A=430 HM HaxOJuJiCS B
nuamnasose ot 1,8% (Touka 021 — nesyaruass p. Kokin)
no 4,8% (touka 040 — mnenaruasnp . fAimo), npu
A =550 uMm - ot 0,3% (Touka 021) mo 1,2% (Touka 040
— meJjiarvasib n. fnmo).

B 2019 r. nHauGonpmuii Bkiag KB mpu
A=430 HM TpUXOOWUTCA Ha Mejaruajb pek Yystorl,
Ksira u Kok, rje oH cocrasiset 87,1, 85,7 u 85,1%,
cooTrBeTcTBeHHO. Ha nymHe BosiHBI 550 HM BKJIaf
KEJITOro BellecTBa BapbupyeT B npefenax ot 50,0%
(nemaruans p. B. Kopby u pation KameHHoro 3asuBa,
COOTBeTCTBEHHO) 10 95,4% (menaruans p. Yystiom).
B3Bech JaéT MaKCUMAaJIbHBIE BKJIA[ B IIOKa3aTesb OCJja-
Gs1eHus cBeta npu A =430 HM B Touke 025 (meyraruajb
p- Amameiin) u cocrasyser 31,5%. Bxiiag BB Bo3pac-
Taetr 0o 41,9% (touka 113 - menarmanp KameHHOro
3ayiiBa) nipu A. =550 HM. YrcTas Boga BHOCUT HeCylIIe-
CTBEHHBIN BKJIaJ] B ocJabiieHue cBeta npu A =430 HM u
cocTtasseT He 6osiee 0,4%, HO pe3KO yBeJIMUMBaeTcA B
3e1€HON obJtacTu cnekTpa — 10 14,1% mpu A =550 HM.
Brutag xsopodusuta npu A =430 HM HaXOQUJICA B IUa-
nasoHe ot 0,6 Ao 8,5%, npu A.=550 uM — ot 0,1% Ao
1,8%.

B 2020 r. nHauGonpmuii Bkiag KB mpu
A=430 HM MNpUXOAWTCA HA TMeEJIATUATBHYI0 YacTh
pek Kamra mn Uysbimmad, rge oH cocrasiseT 94,1 u
93,5%, coorBeTcTBeHHO. Ha asimHe BosHH 550 HM
Bruiaf) JKB Bapeupyet B npenenax ot 40,0% (menaru-
ajpHasA 4vacTh p. Apamsim) no 91,3% (smuropasnbHas
yacth p. Keira). B3Bech Jaét mMakcUMaJIbHBIN BKJIAJ B
c(\) npu A=430 M B Touke 019 (neyarvajabHas 4acTb
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M. Ceipakty) u cocrasiysier 32,1%. Bxyiag BB Bospac-
TaeT 10 46,4% (touka 014 - menarwajbHas YacTh
p. Yystomn) npu A. =550 HM. UncTas Boga BHOCUT HeCY-
IECTBEHHBIN BKJIAJ B ocjiabyieHue cBeta mpu A=430
HM Ha BCeX TOYKax M cocrapjisieT He 6ojee 0,1%, HO
Pe3Ko yBeJIMYMBaeTCs B 3eJIEHOI 006J1aCcTU cieKTpa — 0
14,1%. Bknag ximopodusuia npu A =430 HM HaXOJUJICS
B quamasone ot 0,5 10 6,0%, npu A.=550 uM — oT 0,1%
1o 1,4%.

B 2021 r. wnHaubGompmuit Bkiag KB mpu
A=430 HM NOpUXOOUTCSA HA TMeJarvuajibHyl0 U JIUTO-
pasnbHylo yactu peku Kawmra, rge oH cocrasiser 85,8
u 75,0%, coorBercTtBeHHO. [Ipu aimHe BoaHEL 550 HM
BkJ1ag KB Bapbupyet B mpefienax ot 29,6% (nenaru-
asibHas yacth KamenHoro 3anuBa) go 67,0% (memaru-
anpHasA yacth p. Kamra). B3Bech Jaét MakcuMaJsibHBIN
BkJan B c¢(A) npu A=430 uMm B Touke 103 (JiuTopasih-
Has yacTb p. Keira) u cocrasiisier 21,4%. Bknang BB Bos-
pacraet 5o 43,8% (Touka 113 — mesyiaruajbHasi 4acTh
KamenHoro 3anmBa) mpu A=550 HM. Bkiam xyiopo-
duna mpu A =430 HM HaxoguJIicA B JUama3oHe oT 6,8
1o 27,3%, npu A.=550 HM - oT 1,4% 1o 7,8%. Uuctas
BOZlJa BHOCHUT HeCyIecTBEHHBIN BKJIaJ B ocJiabyieHue
cBeta npu A=430 HM U cocTaBjseT He GoJiee 0,1%,
HO pe3KO0 YBeJINUUBAETCsA B 3eJIEHOI 00JIacTU CrieKTpa
(mpu . =550 uM) — fo 18,8%.

2022 r. Hanbosbmwmil Bkiaag XXB mpu A =430 HM
IPUXOJUTCS Ha IejlarkajibHyl0 4YacTb pek Kamra u
Catimeii, rie oH coctapsiet 90,0%. [Ipu aviHe BOJIHBL
550 uMm Bkiag KB Bapeupyer B npepenax oT 33,3%
(nemaruanpHass vacte p. Kamra) mo 88,8% (menaru-
asibHaA 4dacTh n. Aimo). B3Bech HaéT MaKCHMaJIbHBIA
BKJIA]T B TIOKa3aTeJib 0cJabseHus cBeTa mpu A =430 HM
B Touke 014 (nmenaruasibHas 4acThb p. UyJIomn:) v cocTaBs-
nset 40,3%. Bkiiag BB Bo3pacraet 1o 46,1% (Touka 002
— meJjlarvajbHas 4acth p. UyJibimMad) npu A =550 HM.
Yucras Boga BHOCUT HeCyIleCTBeHHBIN BKJIaJ B ocJia-
GneHue cBeta pu A =430 HM U cOCTaBJIAeT He Gosee
0,1%, HO pe3ko yBeauuuBaeTcs mpu A.=550 HM — 10
28,2%. Briag xnopodwia mpu A=430 HM Haxo-



Akynosa O.b., Bykambili B.U. / Limnology and Freshwater Biology 2024 (5)

0 1228-1242

auics B quanasose ot 3,2 go 29,3%, mpu A =550 HM
- ot 0,8% mo 10,5%. MoJiekyisapHOe paccesHUe CBeTa
YHCTOH BOJIOU B HCCJIEAYEMOM CIIeKTpaJbHOM HUHTep-
BaJie He BHOCUT OIyTHMBII BKJIaJl U COCTaBJIsIeT OKOJIO
0,1%.

Takum obpazom, A1 Bof Temelkoro ozepa XéJ-
TOe BeIeCTBO M B3BeCh OKasajuch HauboJjiee 3HAUU-
MBIMH OINTHYECKN aKTHUBHBIMM KOMIIOHEHTaMU, BJIMs-
I0lI1ie Ha CyMMAapHBIN NoKa3aTeJib ocjiabJieHus cBeTa.

HyXHO OTMeTUTh, YTO PACUETHI IO CIEKTpab-
HBIM BKJIaJlaM OCHOBHBIX OINTHYECKM AKTHUBHBIX KOM-
TIOHEHTOB O3EPHOI BOJbI B CIIEKTPAJIbHBIN ITOKa3aTesb
ocyiabieHus ceta c(A,) s TeselKkoro o3epa 3a ucciie-
ayemsbiii nepuon (2017-2022 rr.) OBUIM BHIIOJHEHBI
BIEPBbIE, 5TO MOJATBEPXAAeT U aHAJIU3 JIMTepaTypPHBIX
JAHHBIX.

Tpoduueckuii craryc Tesernkoro osepa ormpe-
AesisieTcs JIMMHOKJIMMATOM, XapaKTepoM BoJioc6op-
Horo 6acceliHa U OJIO)KeHNEeM ero HaJl ypOBHEM MOps.
[IpogomkuTesibHBIE IEPUOBI TTIepeMelInBaHNsA BOAHBIX
Macc U KOpPOTKHe IepuoAsl cTpaTUdUKaIUU, MOCTY-
IJIEHWe C TOPHBIMM PeYHBIMM IPUTOKaMHU HacCHIIeH-
HOHM KHCJIOPOAOM BOMBl, HU3Kas TemIepaTypa BOJbI
Ha MpOTsPKeHUU MNpaKTUYecKu BCero roga, BCE 3TO
CIIoCcOOCTBYeT HaCHI[eHUI0 KHCJIOPOJIOM BCell BOAHOM
TOJIIY, TIPU 3TOM Yy JHA OHO OBIBAaeT Jjaxe BHIIIe, YeM
y IIOBEPXHOCTH.

B pesynbprate wuccieqoBaHuil Tpodudeckuit
cratyc Temelkoro ozepa MOXHO OXapaKTepu30BaTh,
B OCHOBHOM, KakK OJUroTpodHBII € 3JeMeHTaMUu
Me30TpodUM Ha ydyacTKaxX BIaJeHUs KPYIHBIX PeK.

[To coBokymHOcTH OOmUX U cHenudUIecKux
rnokasarejeii, a UMeHHO, TpodocanpoOHOCTU, MUHe-
panu3anuy M KECTKOCTHU BOABL, BOAOPOJHOrO IOKa-
3aTesd U Hanuuuioo BpefHbix BemectB (I'OCT, 1977),
10 KOJIMYeCTBEHHBIM XapaKTepHUCTHUKaM TI'HpOONOH-
TOB (YMCJIEHHOCTH, OMoMacce U YHCJIY BUIOB) BoJa
TeJstenikoro o3epa OTHOCUTCA K KJIacCy «UHCThIE BOMBI»,
a o yHUUIIMPOBAHHOU 3KOJI0TUYecKon Kiaccuduka-
UM MTOBEPXHOCTHHBIX Boj cymu (Okcuiok u Ap., 1993)
— elllé U K pa3psay «0ueHb UMCThIe» U «BIIOJIHE YHUCThIE».

4. 3aknioueHue

Takum obpas3oM, 3a @epuof HccIeAoBaHUsA
2017-2022 rr. Tenenkoro o3epa 6v711 cOOpaHBI HOBBIE
HaTypHBle [AaHHble 10 IPOCTPAHCTBEHHO-BpPeMEeHHOM
W3MEeHYMBOCTH CIIEeKTPaJIbHOrO IoKasaTtessd ocjabie-
HUA CBeTa, CIEKTPaJIbHOIO IOKa3aTesiA IOTJIOMIeHUA
cBeTa JXKEJITHIM BellecTBOM, OTHOCHUTEJIbHOIN Ipo3pad-
HocTH 1o OesioMy Aucky CeKKH, KOHI[eHTpaluH XJIO-
pOodUILIIOB U XKEITOro BellecTBa U1 Pa3IM4HBIX TOYEeK
oT6opa npob. [IpuMeHeHa MoaudUIIpOBaHHAA MOJTY-
SMIIMpHUYecKas MoJiesib AJi ONMCaHUA CIeKTPabHOTo
BKJIaJla OCHOBHBIX ONTUYECKH aKTHUBHBIX KOMIIOHEHTOB
IIPUPOAHON BOABI B CIIeKTpaJIbHBIM MOKa3aTesb OcJia-
6j1eHusa cBeTa, yuWTHIBaIOIlasA NOIJIOIIeHre cBeTa Tep-
pUreHHBIMU ¥ OMOreHHBIMU YacTuliaMu. MecsenoBanus
Tesnenkoro o3epa JieTOM NOKa3ajlyd OTCYTCTBUE 3HAYM-
TeJIbHBIX M3MEeHeHUI B MHOT'0JIeTHel JUHaMUKe THAPO-
ONTHUYECKUX XapaKTepUCTUK, YTO CBUJETEJIbCTBYET O
COXpaHEHUHU OJIMIOTPOMHOCTH SKOCHUCTEMBI M BBICO-
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KOr'o KauecTBa BOJbI TeJIeIKoro o3epa B YCJIOBUAX yBe-
JINYEHUS XO3ANCTBEHHOM eATEeJbHOCTH Ha BOLOEME
U ero BomocbopHoM GacceiiHe. J[aHHBIE Pe3yJIbTaThI
MIOJITBEPXKJA0T BO3MOXHOCTh HKCIIOJIb30BAaHUA THUPO-
ONTUYECKUX XapaKTEPUCTUK MPU MCCJIeJOBAHUM KPYII-
HBIX 03€p, BOOOXPAHWIHII U peK [JiA HabJoaeHus 3a
HEOQHOPOAHOCTHI0O YPOBHS 3arps3HeHUs] BOMbI, Kaye-
CTBEHHOUN OIIeHKU COfepXaHusA B3BelleHHhIX U pac-
TBOPEHHBIX BEIEeCTB U, CJIe0BATEJIbHO, OJI KOHTPOJISA
5KOJIOTMYECKOI'0 COCTOSTHUS BOJ] Pa3/IMYHOrO THIIA.
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ABSTRACT. The results of research of bottom biocenoses of the Zaonezhye area (Zaonezhsky Peninsula
in the northeastern part) of Lake Onego in 2023 are presented. Insignificant differences in the spatial
distribution of quantitative characteristics of macrozoobenthos were revealed. Quantitative indicators
such as abundance and biomass of macrozoobenthos ranged from 1.56-4,01 thousand ind/m? and 0.35-
3.19 g/m?, respectively. It is shown that the invasive species Gmelinoides fasciatus (Stebbing 1899)
(Crustacea: Amphipoda) has naturalized in the littoral. Amphipoda G. fasciatus plays a dominant role
in the abundance of the bottom community in Keften-Guba and in the vicinity of Padmozero village. It
was noted that the native species Gammarus lacustris Sars 1863 was not recorded anywhere. Quite rapid
dispersal of the Baikal species G. fasciatus on the littoral of the reservoir suggests that in the coming
years these amphipods may colonize the Lizhemskaya Guba (Bay) of the lake, where there are habitats
not subject to its invasion, according to the literature.
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1. Introduction

Intentional and unintentional introductions
of alien species have increased dramatically world-
wide over the past century. Although studies related
to human activities that facilitate species exchange
have increased substantially, we know little about the
rate of alien species accumulation in different regions
(Seebens et al., 2017). The process of invasion of alien
species into aquatic ecosystems of Northwest Russia has
recently been proceeding quite intensively (Kurashov
et al., 2018; Barbashova et al., 2021). Amphipods are
among the most active invasive species, dispersing in
modern conditions outside their natural habitats, which
leads to significant changes in the recipient ecosys-
tems (Jazdzewski and Konopacka, 2002; Arbaciauskas,
2002; Berezina, 2007; Grabowski et al., 2007).

The Baikal amphipod G. fasciatus has been regis-
tered in Lake Onego since 2001 (Berezina and Panov,
2003). High ecological plasticity of the crustaceans,
availability and feeding value for many fishes ben-
thophages allowed using them as objects for deliber-
ate introduction in reservoirs and lakes. In the 1960-
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1970s, aquatic invertebrates, including G. fasciatus,
were introduced to increase the fish food base (Ioffe,
1960; Bekman, 1962; Ioffe, 1968). The species has suc-
cessfully taken root in 28 water bodies of the country
(Zadoenko et al., 1985).

To date, materials have been published on the
distribution of G. fasciatus on the southwestern part
of the littoral of Lake Onego (Berezina and Panov,
2003), the northern part (Kukharev et al., 2008) and
the littoral of Megostrov and Sosnovets islands and the
eastern part of the reservoir (Sidorova and Belicheva,
2017). However, the role of the invasive species on the
littoral of the Zaonezhye area (Zaonezhsky Peninsula
in the northeastern part) of Lake Onego has not been
previously investigated. For the first time, we obtained
materials on the distribution of the species in the lit-
toral zone in Guba Svyatukha and in the vicinity of
Padmozero village.

The purpose of the study is to clarify the distri-
bution and role of the invasive amphipod G. fasciatus in
macrozoobenthos on the littoral of the Zaonezhye area
of Lake Onego.

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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2. Materials and methods

Lake Onego is located in the European North of
Russia and it is the second largest freshwater lake in
Europe (Filatov, 2010). Macrozoobenthos samples were
collected on the littoral of Zaonezhye synchronously at
all stations on the same day, July 2, 2023 (Fig. 1). The
monitoring station in Keften-Guba is represented by a
sandy quiet littoral with macrophyte thickets, mainly
common reed Phragmites australis (Cavanilles). The area
of overgrowth at the station was about 10 m? The bio-
tope of Svyatukha Bay is represented by a stony littoral
with thickets of common reed. The biotope of the litto-
ral near Padmozero village is sandy with common reed.

Samples were collected and processed in accor-
dance with freshwater benthos collection guidelines
(Vinberg and Lavrentieva, 1962). A tubular metal
Panov-Pavlov sampler with a 0.07 m2capture area and
0.65 m height was used for benthos sampling (Panov
and Pavlov, 1986). The cylinder was lowered to the
bottom and rotationally buried 5-7 cm into the ground
so that the upper edge of the cylinder was above the
water surface. The volume of water confined by the
cylinder was agitated and thoroughly fished with a net
for several minutes. The contents of the net were peri-
odically transferred to a container with water. Then
the rocks on the bottom and plants were examined.
Animals from the rocks were also transferred to the
sample. Collections were made at depths of up to 0.4
m from 3 points approximately 5 meters apart. A total
of 18 macrozoobenthos samples were collected at all

stations.

Macrozoobenthos organisms were identified
using a LOMO Mikmed-6 microscope (LOMO, Russia),
according to the identifier (Alekseev and Tsalolikhin,
2016). In the laboratory, the crude weight of G. fas-
ciatus individuals fixed in formalin was determined by
weighing after drying on filter paper with an accuracy
of 0.0001 g., using laboratory analytical scales VL-124V
(GOSMETR, Russia). Statistical processing of the data
was performed according to the methodological guide-

lines (Ivanter and Korosov, 2010).

Coroxa

Korgonora

3. Results and discussion

The results of the study showed that the mac-
rozoobenthos of the littoral zone is quite diverse and
it is represented by the main groups of benthic inver-
tebrates. Seven groups of different taxonomic rank
were identified. These groups widely distribute in the
littoral zone of Lake Onego as in most water bodies
of the North-West (Table 1). The most common and
abundant groups were Amphipoda (100% occurrence),
Chironomidae (100% occurrence), Oligochaeta (100%
occurrence) and Ceratopogonidae (100% occurrence).
Ephemeroptera (33% occurrence) and Hydracarina
(33% occurrence) were rarely observed. Bivalvia mol-
luscs were found in more than half of the samples (67%
occurrence).

The amphipod G.fasciatus was firstly observed
in Keften-Guba of Lake Onego in 2006-2009 (Savosin,
2010). The native amphipod Gammarus lacustris Sars
was not found by us in the studied habitats. The inva-
sive amphipod G. fasciatus in Lake Onego is currently
a mass species in the littoral of the lake on rocky and
thicket biocenoses. In the present only coastal areas
in Lizhemskaya Guba are not subject to its invasion
(Kukharev et al., 2008). In addition, according to our
results, only in one habitat around Cape Chazhnavolok
the native amphipod Gammarus lacustris Sars 1863
and G. fasciatus occurred simultaneously. In this ben-
thic biocenosis, the biomass of the native species is
38%, while G.fasciatus is 19% from the total biomasse
(Sidorova, in press).

According to Berezina (2004), when an invasive
alien species enters new conditions where there is no
natural limitation of its dispersal and where there are
no predators, parasites and competitors, an ideal situ-
ation for population (or biomass) growth is created. At
the first, it happens imperceptibly and slowly, and then
it becomes rapid, which can lead to a population explo-
sion. In the absence of constraints from environmental
conditions, such growth can continue for an indefinite
period of time. As a rule, limitation is occurred by one
or another environmental factor or factors occurs at
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Fig.1. Location map of macrozoobenthos sampling stations on the littoral of Lake Onego in 2023.
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Table 1. Taxonomic structure and average quantitative characteristics of macrozoobenthos communities on the littoral of

Lake Onego in 2023.

Station Numbers, thousand ind/m?
N total | Amph. | Olig. | Chir. Biv. |Hydrac.| Cerat. | Eph. n
Keften-Guba 3.27 1.76 1.10 0.25 0.08 0.01 0.01 0.04 6
Guba Svyatukha 1.56 0.04 1.09 0.38 - - 0.04 - 6
Padmozero village | 4.01 1.84 1.02 0.50 0.03 - 0.62 - 6
Biomass. g/m?
B total | Amph. | Olig. | Chir. Biv. |Hydrac.| Cerat. | Eph. n
Keften-Guba 1.34 0.82 0.36 0.03 0.08 0.03 0.01 0.01 6
Guba Svyatukha 0.35 0.02 0.27 0.04 - - 0.02 - 6
Padmozero village | 3.19 1.77 0.67 0.23 0.01 - 0.51 - 6
f, % 100 100 100 67 33 100 33

Note: n — number of samples; N total - total abundance, thousand ind/m? B total - total biomass, g/m? f - frequency of
occurrence, %; Amph — Amphipoda; Olig. — Oligochaeta; Chir.- Chironomidae L.; Biv.- Bivalvia; Hydrac. — Hydracarina; Cerat. —

Ceratopogonidae; Eph.- Ephemeroptera.

a certain stage in the build-up of a particular species’
abundance. This leads to a slowdown in the growth of
abundance (or biomass), which reaches an upper limit
and then remains at about the same level. This type
of population expansion into new habitats is typical of
most amphipod species. According to Ryabinkin and
Polyakova (2008), the characteristics of G. fasciatus are
a short life cycle, high fecundity and a high ecological
plasticity, which allowed the species to disperse rapidly
throughout the water body and to participate in the
ecosystem processes of material and energy transfor-
mation in Lake Onego.

According to our data, the abundance of mac-
rozoobenthos in Keften-Guba and around Padmozero
village was similar, at 3,27 and 4,01 ind/m? respec-
tively. In Guba Svyatukha the total benthos abundance
was 2 times lower. Total biomass of bottom organisms
was highest near ty of Padmozero village (3.19 g/m?),
mainly due to the contribution of Amphipoda.

In terms of abundance in Keften-Guba and
near Padmozero village, amphipods were dominates
in bottom cenosis (from 46 to 54% of the total abun-
dance) (Fig. 2). Oligochaetes accounted for a signifi-
cant proportion of abundance (25-34%). Other groups
accounted for less than 16% of total abundance.

In Guba Svyatukha, oligochaetes reliably domi-
nate (70% of total abundance), with other groups con-
tributing insignificantly.

In the littoral zone of all studied habitats, amphi-
pods are represented by only one species - the invasive
G. fasciatus. The native species G. lacustris, which pre-
viously inhabited the littoral zone of Lake Onego, was
not recorded anywhere.

In terms of biomass, G. fasciatus dominates in
Keften-Guba and Padmozero village 61 and 56 %,
respectively (Fig. 2). The rate of oligochaetes is also
significant (21-27% of the total biomass). The remain-
ing groups each contribute less than 16%. In Guba
Svyatukha, oligochaetes are the dominant species in
terms of biomass, representing 77% of the total bio-
mass, while amphipods account for only 5% of the total
biomass of bottom organisms.
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Our results prove that G. fasciatus is widely
distributed on the littoral in the Zaonezhye region.
Furthermore, materials from the year 2012 indicate
that baikalian amphipoda was recorded in the south-
ern part of the reservoir near Voznesenye village (Fig.
3). Observations in the year 2014 showed that G. fas-
ciatus was registered on the littoral of Sosnovets and
Megostrov islands, where the amphipod plays a key
role in terms of abundance. In addition, for the first
time, the amphipoda was found in the eastern part
of the lake (Cape Besov Nos, Andoma) (Sidorova and
Belicheva, 2017). Previously, G. fasciatus was identified
along the shoreline of Kizhi Island in 2012 (Baryshev
et al., 2016). We have shown that in the year 2014
the share of invasive species in benthic abundance
exceeded 50%. (Sidorova, in press).

In 2022, we conducted a detailed study of the
littoral in the northern part of the water body. For the
first time, an invasive species was registered in the
littoral zone of Orov-guba in Povenets Bay, where no
studies had been conducted before.

% *  Keften-Guba o
b7 B Amphipoda
a b O Oligochaeta
B Chironomidae
M@ Bivalvia
B Hydracarina
@ Ceratopogonidae

w_ % Guba Svyatukha M Ephiemeropterd

b

Padmozero village

b

Fig.2. The ratio of macrozoobenthos groups by abun-
dance (a) and biomass (b) at stations of Lake Onego in July
2023.
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We have shown that G. fasciatus plays a signif-
icant role in abundance of the benthic community in
almost all studied habitats of the reservoir. On the
littoral of Povenets Bay up to the locks of the White
Sea-Baltic Canal, the share of amphipods in the com-
munity abundance is more than 58%. To the north
along the course of the White Sea-Baltic Canal between
locks 2 and 3, the crustaceans were completely absent
(Sidorova, in press). Future attention should be given
to this phenomenon, namely, to the study of the pos-
sibility of the species to be included in the benthic
biocenoses to the north between the canal locks and
the littoral of Lakes Volozero, Matkozero, Telekino,
Vygozero, Palokorgskoye and Matkozhnenskoye water
bodies and the White Sea.

In addition, a detailed study of the littoral zone
of the Lizhemskaya and Unitskaya Bays of Lake Onego
is necessary in order to obtain up-to-date data on the
distribution of the invasive species G. fasciatus and the
habitat of the native species G. lacustris.

4. Conclusions

The 2023 surveys showed insignificant differ-
ences in the spatial distribution of quantitative charac-
teristics of macrozoobenthos, which are related to the
diversity of littoral habitats. Macrozoobenthos abun-
dance and biomass varied within the range of 1,56-4,01
ind/m?and 0.35-3.19 g/m>.

For the first time, the invasive species G. fas-
ciatus was registered in the northeastern part of the
reservoir on the littoral of Guba Svyatukha and in the
vicinity of Padmozero village, where no studies have
been conducted before. We have shown that G. fas-
ciatus plays a dominant role in terms of communities
abundance in two studied stations of the reservoir (in
Keften-Guba and Padmozero village). In addition, the
native species G. lacustris was not registered anywhere.
Thus, the results of our study prove that the invasive
species has successfully naturalized in the recipient
water body - Lake Onego. The range map for this spe-
cies has been refined to reflect its current distribution
in the northeastern part of Lake Onego. It is shown that
G. fasciatus is included in communities and becomes a
frequently occurring and dominant species. Quite rapid
dispersal of the Baikal species G. fasciatus on the litto-
ral of the reservoir suggests that in the coming years
these amphipods may colonize the Lizhemskaya Guba
of the lake, where there are habitats not subject to its
invasion, according to literature data (Kukharev et al.,
2008; Polyakova, 2008).
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Fig.3. Map of identification of the amphipod G. fasciatus
in Lake Onego. Star — data from 2023. Triangle — data from
2012 (Sidorova, in press). Square — data from 2014 (Sidorova
and Belicheva, 2017). Circle — data from 2022 (Sidorova, in
press).
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Ponb MHBa3MOHHOU amMm@punoAabl
Gmelinoides fasciatus (Crustacea:
Amphipoda) B Mmakpo3006eHTOCE AMTOpanH
paMoHa 3aoHe)XXbe OHe)XCKoro osepa

Cupoposa A.H.

Hrcmumym 8o0HbLx npobstem Cegepa Kapestbckoeo HayuHozo yeHmpa Poccutickoti akademuu Hayk, np. Anekcandpa Heackoeo, 50,
Ilempo3asodck, 185030, Poccus

AHHOTAILIHUS. TlpencraBieHbl pe3yJibTaThl KCCJIEOBAHUI AOHHBIX OMOLIEHO30B palioHa 3a0HeXbs
(3aoHexcKkul MOJIyOCTPOB B CEBEPO-BOCTOYHOM yacTr) OHexckoro o3epa B 2023 r. BrisABJIeHb He3HAUN-
TeJIbHBIE pa3jinyuA B IPOCTPAHCTBEHHOM pacipefesieHUN KOJINYeCTBEeHHBIX XapaKTepUCTHUK MaKpO300-
6eHTOCa. YHCIIEHHOCTh M OrIOMacca Makpo3000eHTOCa, BapbupoBasiu B mpefeiax 1,56—4,01 Thic. 5K3./m?
u 0,35-3,19 r/M?, cooTBeTCTBEHHO. [I0Ka3aHO, YTO MHBA3WOHHKIN BUI Gmelinoides fasciatus (Stebbing
1899) (Crustacea: Amphipoda) HaTypaiu3oBajici Ha JINTOPAJIM B JAaHHOM paioHe. AMdunona
G. fasciatus urpaeT HJOMHHHUPYIOUIYIO POJIb MO YMCJIEHHOCTU B JOHHOM cooOiecTBe B KedTeHb-rybe
U B parioHe f. [Tagmo3sepo. OTMeueHOo, yTO abGopureHHbi Bun Gammarus lacustris Sars 1863 Hurze He
ObUT 3aperucTpupoBaH. JJOBOJIBHO OBICTpOe paccesieHre 6aikayibckoro Buaa G. fasciatus Ha JUTOpaIN
BOJ0eMa AaeT OCHOBaHMe MpeJlojaraTh, YTo B OJrxaiiye roasl 3TU aMpUIoAbl MOTYT KOJIOHU3UPO-
BaTh JIkeMcKkylo Ir'y0y o3epa, Tie HaXO4ATCS MeCTOOOHMTaHUs He MOABEpXXeHHEIe, 0 JIMTepaTypPHBIM
JaHHBIM, €ero HallleCTBUIO.

Kiiouegvie citoga: makpo3oobeHtoc, Gmelinoides fasciatus, nutopasbHas 30Ha, OHEXCKOe 03€epo,
MHBA3MOHHBIN BUJ

Jluisa nutupoBanua: Cugoposa A.U. Posb naBasuonHoi ampunoast Gmelinoides fasciatus (Crustacea: Amphipoda) B makpo3o-
o6GeHTOCe JIuTOpasu parioHa 3aoHexse OHexckoro o3epa // Limnology and Freshwater Biology. 2024. - No 5. - C. 1243-1252.
DOI: 10.31951/2658-3518-2024-A-5-1243

1. Beepenne Barikaneckas ambunona G. fasciatus pervucrpu-

pyerca B OHexxckoMm o3epe ¢ 2001 roga (Bepe3uHa u
ITanoB, 2003). Beicokasi sKoJiornuecKas mjIacTUYHOCTh
PAuKOB, JOCTYIIHOCTb U KOpPMOBas 11eHHOCTh AJiA MHO-
rux pbid-6eHTO(dAaroB IMO3BOJIUIN MCIOJIB30BAaTh UX B
KayecTBe OOBEKTOB [JiA IpeAHaMepeHHON WHTPOAYK-
UM B BOOOXpaHWJIMIIAX U o3epax. B 1960-1970-x rr.
IIPOBOJIWJIN MHTPOAYKLIHIO BOJHBIX OECIIO3BOHOYHBIX, B
ToM uuciie u G. fasciatus, C LebI0 YBEJIMYEHUA KOPMO-
Boii 6a3sl peib (Modde, 1960; bekman, 1962; Nodde,
1968). Bu ycnemHo nprxuicsa B 28 BogoeMax CTpaHbl
(8amoenko u ap., 1985).

Ha panHBII MOMEHT omy0JIMKOBaHBL MaTepu-
aJibl O pacmpocTpaHeHuo G. fasciatus Ha 0ro-3amaf-
HOU yacTtu Jitopayu OHexckoro o3zepa (Bepe3suHa u
[Manos, 2003), ceBepHoii yactu (Kyxapes u ap., 2008)
1 JINTOpaJIu ocTpoBOB MerocTpoB, CoCHOBel] 1 BOCTOY-
HoI yactu Bojgoema (Sidorova and Belicheva, 2017).
OpHako, paHee He OBLJIO IPOBEIEHO MCCJIe JOBaHUI POJTU
HMHBa3MOHHOTO BHJAa Ha JINTOPAJIM palioHa 3a0HeXb:

3a mocJieJHUE CTO JIET BO BCEM MUpE Pe3KO BO3-
POCJIO YHCJIO CJTyYaeB IpeJHAMepPEHHOH U HelpeJHaMe-
PEHHON MHTPOYKINU YyXEePOJHBIX BHA0B. HecMmoTps
Ha TO, YTO CYIIEeCTBEHHO aKTUBU3UPOBAJIUCH HCCJIENO-
BaHU, TOCBSAIIEHHBIE eATEJBHOCTH YeJIOBEKa, KOTO-
phble CIoCcOOCTBYHOT OOMEHY BHAAaMHU, MBIl Majio 3Haem
0 TeMIlax JUHAMUKU HAKOIUIEHUS YyXEPOIOHBIX BUIOB
B pa3HbIX pernoHax (Seebens et al., 2017). IIpouecc
MIPOHUKHOBEHUA YyXXE€POJHBIX BHUAOB B BOJHBIE KO-
cucteMbl CeBepo-3anaza Poccuu B mocienHee Bpems
MpoTeKaeT JOBOJIbHO MHTeHcuBHO (KypamoB u ap.,
2018; Barbashova et al., 2021). AMbunoasl — OJHU U3
CaMbIX aKTUBHBIX BUJIOB-BCEJIEHIEB, PACCEJIAIONINXCSA B
COBpEMEHHBIX YCJIOBUAX 32 IpeJieJibl CBOUX eCTeCTBeH-
HBIX apeasioB, YTO MPUBOIUT K CYI[ECTBEHHBIM H3Me-
HEHUsM B dKocHucTeMax-penunueHTax (Jazdzewski and
Konopacka, 2002; Arbaciauskas, 2002; Berezina, 2007;
Grabowski et al., 2007).
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(BaoHexckull MOJIyOCTPOB B CEBEPO-BOCTOYHOM YaCTH)
Omnexckoro o3zepa. Briepsble, HaMuU NOJIy4eHB MaTepu-
aJibl 0 pacnpocTpaHeHUU BHAA B JIMTOPAJIBHON 30HE B
rybe CesiTyxa u B paiioHe 1. [Tagmo3sepo.

Llenpio wucciefoBaHUs ABJIAETCA YyTOYHEHHUeE
pacrnpocTpaHeHUsA U POJIM WMHBA3UOHHOHN aMUIObI
G. fasciatus B Makpo3oo6eHTOCe Ha JIUTOPaIN palioHa
3aoHexbs OHEXCKOro osepa.

2. MaTtepuanbl U MeTOAbI MCCAEAOBAHUA

OHexcKkoe 03epo  paclojioXeHO B  30He
EBpomnelickoro ceBepa Poccunm wu sABigeTca BTO-
PBIM IO BeJIMYMHE IIPecHOBOAHBIM 03epoM EBporbl
(dumnatos, 2010). Ha nutopanu 3aoHeXbsi CUHXPOHHO
Ha BcexX CTaHIUAX B OoAUH AeHb 2 uiojsa 2023 ropga
ObI O0TOOpaHBI MPOOB MakpozoobeHToca (Puc. 1).
MonuTtopuHrosas craHuus B Keprens-rybe npeacras-
JleHa IecYaHOM 3aTHIIHOM JINTOpPajblo C 3apocCiaMU
MakpoduTOB, IJIaBHEIM 00pa3oM, TPOCTHHKA OOBIK-
HOoBeHHOro Phragmites australis (Cavanilles). ITiomanp
3apacTtaHusA Ha CTAaHLUUU cocTaBuia okosio 10 m2 B
rybe CBATyxa KaMeHHUCTHIH GMOTOII € 3apOC/IAMU TPOCT-
HUKa 00BIKHOBeHHOro. Ha nuropanu OHexXcKoro osepa
B paiioHe n. [lagMmosepo 6uOTON mecyaHBINl Takke C
TPOCTHHUKOM OOBIKHOBEHHBIM.

OT60p 1 06paboTKy NPO6 OCYIIECTBIAIN B COOT-
BETCTBMU C PYKOBOACTBAMU IO cOOpPY MPeCHOBOJHOIO
6eHToca (BunbGepr u JlaBpeHTbeBa, 1984). [y orbopa
npo6 OeHTOCa KCMOJIb30BAJIM TPyOUaTHINI MeTajLIhye-
ckuii npoboorbopHuk I[laHoBa-IlaBsioBa ILIONIA/IBIO
saxsaTta 0,07 M2 u BeicoToii 0,65 M (ITaHoB u IlaBJiOB,
1986). LlunuHap omyckaju Ha JHO U BpamaTesIbHIMU
JBIKEHUAMMU 3arjy0Jiaiyd B TPYHT Ha 5 - 7 CM TaKuM
obpazoMm, 4TOOBI BEpXHUI Kpall UIMHApPA HaXOUJCA
HaJ NTOBEPXHOCTBI0O BOJbl. OrpaHNYeHHBIN NUJINHAPOM
00BEM BOJBl B3MyYMBA/IM, W TIIATEJIbHO, B TeuyeHHE
HECKOJIbKUX MHHYT, o0JiaBiauBaiu cadkoM. [Ipu atom
cofiepXuMoe cayka I[epHOJUYecKd IepeHOCHTIN B
€MKOCTb C BOAOU. 3aTeM ocMaTpUBaJIM KAMHU, Haxos-
myecsa Ha IHe U pacTeHus. JKUBOTHBIX ¢ KaMHel Takxe
nepeHocuyii B mpoby. CO6Opbl MPOBOAWIM Ha TJIyOuHE
0o 0,4 M u3 3 Touek, HaxXOOAWUXCA APYr OT Apyra Ha

Coroxa

Korgenora

paccTossHuU pUuMepHO 5 MeTpoB. Becero 65110 cobpaHo
Ha Tpex CTaHIuAX B cyMMe 18 mpob Makpo3oo6eHTOCa,
a MeHHO, Ha KaXJoH cTaH[uu 6 npoo.

HUpentudukanus OpraHu3MoB MaKpo30006eH-
TOCa MPOU3BOAMJIACH C MOMOIIBI0 MUKpockona JIOMO
Mukmen-6 (JIOMO, Poccus), B COOTBETCTBUM C OIpe-
nenuteneMm (Asnekcee u LlamonuxuH, 2016). B yma6o-
paTopuu ceIpyio Maccy GUKCHPOBAHHBIX B (popMariHe
ocobelt G. fasciatus ompenensyii MyTeM B3BEIIMBAaHUA
MocJie CYIIKY Ha GUIbTPOBaIbHON GyMare ¢ TOUHOCTBIO
0,0001 r., ucnosb3ysa JtabopaTopHble aHAJIUTHUYECKUe
Becol BJI-124B (TOCMETP, Poccus). CTtaTuCTUYECKYIO
06paboTKy [MaHHBIX BBINOJIHAJM COTJIACHO MeToAuYe-
ckuM ykaszaHusaMm (MBanrtep u Kopocos, 2010).

3. Pe3yAabTathbl M 06Ccy)xpeHue

PesysbraTel ucceJOBaHWA IIOKasajyd, dYTO
Makpo3000eHTOC JIMTOPaJbHON 30HBI O3epa JocTa-
TOYHO pa3HoOoOpaseH U MpefCcTaBjieH OCHOBHBIMU I'PYyII-
[laMH JJOHHBIX 06eclo3BOHOYHHIX. B cocTaBe ngeHTUOU-
I[pOBAHO 7 TPyHIl Pas3jN4YHOI0 TaKCOHOMHUYECKOIO
paHra, OCHOBY KOTOPBIX COCTaBJIAIOT I'PYIIIE], MIKPOKO
pacrnpocTpaHeHHBle KaK B JINTOPaJIbHON 30He o3epa B
1[eJIOM, TaK U B O0JIBIIMHCTBe BogoeMoB CeBepo-3anaaa
Poccuu (Ta6suna 1). Haubonee pacnpocTpaHeHHBIMU
M MHOTOYMCJIEHHBIMHU TpynnaMy B TedeHUe Iepuofa
uccaenoBaHus ABsuMch ambunoas (100% BcTtpeua-
eMocTH), JTUUUHKU xupoHomuz Chironomidae (100%
BCTpeYaeMOoCTH), MaJIoleTHHKOBEIe yepBu Oligochaeta
(100% BcTpeuaemMocTu) W JIMYMHKU aM@puOUOTHYe-
CKMX HaceKoMbIx — MopkeloB Ceratopogonidae (100%
BCcTpeuaeMocTH). Peko oOTMedeHB! JIMYMHKHU MOAe-
Hok Ephemeroptera (33% BcTpeuyaemMoCTH) U BOASHBIE
kiemy Hydracarina (33% BcTpewaemocTtu). B 6oJtee
IIOJIOBUHHBI NIIPO0 ObLIM OOHapyXeHBl [BYCTBOpYaThle
MoJutiocku Bivalvia (67% BcTpeuaemocTi).

[To nuTtepatypHBIM JaHHBIM, B KedTeHb-rybe
Onexckoro osepa B 2006-2009 rr. BOepBble OTMeueH
6okortaB G.fasciatus (CaBocuH, 2010). AGopUreHHBII
6okorutaB Gammarus lacustris Sars He 6bT HaMU OOHA-
pyXeH Ha H3yYeHHBIX MeCTOOOHTaHHAX. MacCOBBIM
BU/IOM Ha JINTOpaJIi 03epa Ha KaMEeHUCTHIX U 3apociie-
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Puc.1. Kapra pacmnosioxeHus cTaHIui oToopa npob Makpo3oobeHToca Ha jmTopain OHexckoro ozepa B 2023 1.
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Ta6suna 1. TakcoHOMUYECKas CTPYKTYpa U CPeHKE KOJIMYECTBEHHbIE XapaKTEPHUCTUKY COODIIECTB MaKpo3006eHTOCa Ha

nutopanu OHexckoro ozepa B 2023 r.

CraHnu:A YU CJI€HHOCTD, THIC.3K3./M>

N o6m. | Amph. Olig. Chir. Biv. Hydrac. | Cerat. Eph. n
KedTtens-ryba 3,27 1,76 1,10 0,25 0,08 0,01 0,01 0,04 6
I'y6a Cearyxa 1,56 0,04 1,09 0,38 - - 0,04 - 6
I. ITammosepo 4,01 1,84 1,02 0,50 0,03 - 0,62 - 6

Buomacca, r/m?

B o6m. | Amph. Olig. Chir. Biv. Hydrac. | Cerat. Eph. n
KedTtens-ryba 1,34 0,82 0,36 0,03 0,08 0,03 0,01 0,01 6
I'y6a CaTyxa 0,35 0,02 0,27 0,04 - - 0,02 - 6
A. ITagmosepo 3,19 1,77 0,67 0,23 0,01 - 0,51 - 6

f, % 100 100 100 67 33 100 33

IIpuMeuanue: n — yucsio npo6; N obiy. — yucaeHHOCTh 00Ias, ThiC.9K3./M% B 06m1. — 6uomacca obmas, r/m? f- yactora
BcTpeuaemoctd, %; Amph — Amphipoda; Olig. — Oligochaeta; Chir.- Chironomidae L.; Biv.- Bivalvia; Hydrac. — Hydracarina;

Cerat. — Ceratopogonidae; Eph.- Ephemeroptera.

BbIX OMOIleHO3aX B HacTosAllee BpeMs ABJIAeTCA NHBa3U-
OHHBIN OoKoIUIaB G. fasciatus B OHexxcKoM o3epe. JIUIb
npubpexHble ydyacTku B JlmkeMmckoll rybe He nmoasep-
keHbl ero HamectBuio (Kyxapes u ap., 2008). Kpome
TOro, [10 HalllUM pe3yJibTaTaM, JIMIIb B OAHOM MeCTOO-
O6uTaHUM B paiioHe Mbica YaxxHABOJIOK OJHOBPEMEHHO
obuTtaloT abopureHHbIN Bun Gammarus lacustris Sars
1863 u nHBa3moHHBIN BUI G. fasciatus. B joHHOM 610-
LleHo3e Ouomacca abopureHHoro Buza Bhiie (38%),
yeM JoJiA mo Guomacce BcesieHna G.fasciatus (19%)
(Cupmoposa, B nevyaTu).

[To manueiM H. A. Bepe3unoii (2004), npu nomna-
JaHuU BHJa BceJieHIla B HOBHIE [JIA Hero ycJIOBuUs, Tle
OTCYTCTBYyeT ecTeCTBeHHOe OrpaHHueHle ero paccejie-
HUA U HeT XUIITHUKOB, Tapa3uTOB U KOHKYPEeHIIUH, CO3-
JaeTcsA yaeasbHasA CUTyalyds AJA pocTa YMCJIEHHOCTU
(nnu 6uomaccer). CHavasia 5To MPOUCXOAUT HE3aMeTHO
U MeAJIeHHO, 3aTeM CTaHOBUTCA OBICTPHIM, YTO MOXET
[IPMBECTH K MTOIYJIALMOHHOMY B3pHIBY. [Ipu oTCyTCTBUU
OrpaHUYEeHUII CO CTOPOHBI YCJIOBUI Cpelibl TaKOM pocCT
MOXeT NPOAO0JIXaThCA HeorpaHUYeHHO foJsro. Kak npa-
BUJIO, B IIpHpOJe Ha ollpeJieJIeHHOM 3Talle HapaliuBa-
HUA YMCJIGHHOCTU BHUJOM BO3HMKAeT JIMMUTHPOBaHUeE
TeMHU WU UMHBIMU (aKToOpamMu cpefbl. OTO NPUBOAUT
K 3aMeJ/lJIEHUI0 POCTa YHCJIEHHOCTU (Wi OMOMacCh),
JOCTIXEHUI0 BepXHero Iipefiesia U AaJjibHelleMy OoJ-
JepXaHUI0 3TUX IoKaszaTesiel IPUMEpHO Ha OJHOM
ypoBHe. [ly1A GoJIbIIMHCTBA BUAOB aMUIIO] XapakKTe-
PeH MMeHHO TaKo BHJ HapallBaHWs YMCJIEHHOCTU B
HOBBIX MecToobuTaHuax. [To maHHEIM A.B. PaOuHKMHA
u T.H. ITonakoson (2008) oTjiuuuTesIbHBIE OCOOEHHO-
ctu G. fasciatus — KOPOTKUI )XKU3HEHHBIN [IUKJI, BBICOKAS
IIJIOJOBUTOCTD, IIUPOKAasA SKOJIOrnYecKas IJIaCTUYHOCTD
— MO3BOJIMJIA eMy OBICTPO pacceMThCA [0 BOAOEMY U
BKJIIOUUTHCA B SKOCHCTEMHBIE Ipoliecch TpaHcdopMa-
LMY BellecTBa U sHepruu OHEXCKOro o3epa.

[To namumMm pgaHHeiM, B KedreHnn-rybe u B paii-
oHe A. ITagMo3epo 4KCJIEHHOCTb MaKpo3000eHToca
OblJIa MIPUMEPHO OJAMHAKOBOM, U cocTaBuia 3,27-4,01
TBIC. 3K3./M?, COOTBETCTBEHHO. B ry6Ge CBsaTyxa obiias
YHCJIeHHOCTh OeHToca Oblia Huxe B 2 pasa. OOmas
6uoMacca JOHHBIX OpraHM3MoB Obljla MaKCHMMaJIbHOU B
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patioHe A. [Tagmo3sepo (3,19 r/m?2), B OCHOBHOM 3a CYET
BkJaga Amphipoda.

[lo uyucnenHoctu B Kedrens-rybe u y a.
[Tagmo3epo B AOHHBIX IleHO3ax IpeobJafjaioT rpymnmna
6okormtaBoB Amphipoda (ot 46 mo 54% oT oObIien unc-
nenHoctu) (Puc. 2). CyniecTBeHHY0 JI0JII0 IO YHCJIEH-
HOCTH COCTaBJIAIOT MaJOIeTUHKOBbIe yepBu (25-34%,
COOTBETCTBEHHO). J[pyrue rpymmsl COCTaBJIsIM MeHee
16% oT o06I111el1 YUCIEHHOCTH.

B ry6e CBATyxa [OCTOBEPHO JOMHHUPYIOT IO
ypcjeHHocTH oJsmmroxetTol (70% oT oOliell 4KcJIeHHO-
CTH), BKJIa[ IPOYUX I'PYII HE3HAUYUTEJIbHBIN.

[To 6uomacce B Kedrenn-rybe u B paiioHe [.
[Magmo3zepo momMuHupyet Oaiikanbckasg ampumnoga G.
fasciatus 61 % u 56%, coorBeTcTBeHHO (CM. Puc. 2).
Takxe 3HauuTesIbHasA J[0JI MaJIOMIETUHKOBBIX YepBei
(21-27% ot obueii 6momaccel). OcTajibHble TPYIIIBI
JaioT BkJIaa MeHee 16% kaxzgas. B rybe Cearyxa mo
6romMacce JOCTOBEPHO JOMUHUPYIOT OJIUToxeTsl (77%
OoT obmieii 6uomaccer), aMmGUNOABl 3[]eChb COCTAaBJIAIT
Jumb 5 % oT ob61ieli 6uoMacchl JOHHBIX OPraHU3MOB.

3% 1% 2% o

Kedreub-ryba
o

B Amphipoda

O Oligochaeta

B Chironomidae
M@ Bivalvia

B Hydracarina

@ Ceratopogonidae

O Ephemeroptera
%

ly6a CeaTtyxa
| .
A. Maamosepo
| ‘
Puc.2. CooTHOWIEHKE rpynn Makpo30oOeHToca [0 YKC-

JneHHocTu (a) u 6uomacce (6) Ha ctaHnMAx OHEXCKOro o3epa
B utojie 2023 r.




Cudoposa A.U. / Limnology and Freshwater Biology 2024 (5): 1243-1252

[TosiyueHHBle HaMy pe3yJIbTaThl JOKa3bIBAIoT,
yro G. fasciatus MUPOKO PaCIpPOCTPAHUIICA IIO JIUTO-
payii BoJoeMa B patioHe 3aoHeXxbsA. Kpome Toro, mare-
puaJisl 2012 rofa ykasslBaioT, 4To Oalikayibckas ampu-
moja oTMeueHa B I0XKHOU YacTU BojoeMa B palioHe II.
Bosuecenne (Puc. 3). Habmongenus 2014 roga moka-
3anm, uro G. fasciatus 3aperucTpupoBaH Ha JIMTOPAIU
octpoBoB CocHoBell U MerocTpoB, 34ech OOKOILIaB
urpaer KJI04eByl0 poJib 110 YucjieHHoCcTU. Takxke, BIep-
Bhle, aM(punoaa oOHapyxeHa B BOCTOYHOH 4acTH o3epa
(Mpic BecoB Hoc, AHmoma) (Sidorova and Belicheva,
2017). PaHee G. fasciatus 6bUT OTMEYEH HA JINTOPAHU
octpoBa Kwmwxu B 2012 r. (BapsimeB u gp., 2016).
Hawmu nokasano, uto B 2014 roay A0J11 UHBa3UOHHOTO
BHUJA B YMCJIeHHOCTH GeHToca cocTasJiigeT 6oJiee 50%
(Cupoposa, B neyaTu).

B 2022 romy HamMu 0OpoBeAeHO JAeTaJjibHOe
HccjiefloBaHye JIMTOpau B CeBEPHOI YacTu BOAOeMa.
BriepBrle, THBa3WOHHEIN BY/[ 3aperCTPUPOBAH B JIUTO-
payibHOU 30He OpoB-IryObl [loBeHeLkOro 3ajiuBa, rhe
paHee MccieJOBaHUA He IPOBOAUIINCH.

Hamu mokaszaHo, 4uto G. fasciatus urpaer cyiie-
CTBEHHYIO POJIb IIO YHUCJIEHHOCTH JOHHOTO coo0IlecTBa
MIpaKTUYecKd BO BCeX M3YYEeHHBIX MeCTOOOWTaHUAX
BogoeMa. Ha suropanu IToBeHenkoro 3aauBa Ao IIJTIO-
30B Beniomopo-Bantuiickoro kaHaaa fojA aM$pUIOAb!
B YHCJIEHHOCTU cooflllecTBa cocTasysgeT 6ojiee 58%.
CeBepHee mo xoay besomopo-bBanTuiickoro kaHasia
Mexay 2 1 3 IUII03aM{, PayKy IOJHOCTBI0 OTCYTCTBO-
Banu (CuaopoBa, B neyaTu). OTOMY ABJICHUIO CJIeAyeT
yAeJauTh BHUMaHue B OyayIieM, a UMeHHO, U3y4YeHUI0
BO3MOXXHOCTH BHJia BKJII0YAThCA B JIOHHbIE OHOIIEHO3HI
ceBepHee MeXx[y LUII03aMH KaHaja U JIMTOpaIu O3.
Bososepo, 03. MaTko3epo, 03. TesilekuHo, 03. Beirosepo,
[Tanokoprckoe Baxp. 1 MaTtkoxHeHCcKoe BAXp. U besoe
Mope.

Kpome Toro, Heo6xoAuMoO MdeTajbHOE H3yye-
HMe JINTOPaJIbHOM 30HBI JIrkeMcKol U YHUIIKOU Ty0
OHexcKoro oszepa [JiA LieJI MOJIy4eHUsA COBPeMeHHBIX
JaHHBIX O pacnpocTapaHeHHM HMHBa3HOHHOTo Buaa G.
fasciatus u obutaHus abopureHHoro Buaa G. lacustris.

4. BoiBOADI

HccnenoBanua 2023 r. nmokasajind He3HAUUTEIb-
Hble pa3jnuus B NPOCTPAHCTBEHHOM paclpeesieHuu
KOJIMYeCTBEHHBIX XapaKTepUCTUK MaKpo3006eHTOoca,
KOTOpBIE CBfA3aHBl C pa3HOOOpazueM JIMTOPaJbHBIX
MecTroobuTaHuil. YrcjaeHHOCTh U 6rioMacca MaKpo300-
6eHTOCa BappHUpoBasu B mpefenax 1,56—4,01 Teic. 3K3./
m?u 0,35-3,19 r/m2

BriepBeie, B ceBepO-BOCTOYHOI 4YacTHU BojioeMa
Ha JiuTopasu ryosl CBATyxa U B paiioHe 1. [Tagmosepo,
rfle paHee He MPOBOAWJIMCH MCCJIe[JOBaHUsA, 3aperu-
CTPUPOBaH MHBA3WOHHKIH BUJ G. fasciatus. Hamu moka-
3aHO, 4TO G. fasciatus urpaetr AOMHHUPYIOUIYI0 POJIb
10 YMCJIEHHOCTU B COOOIIecTBaxX Ha ABYX M3yUYeHHBIX
craHiusax BogoeMa (B Kedprenn-ryde u a. [Tagmoszepo).
Kpome Toro, abopureHHsiii Bup G. lacustris HUT[le He
0BT 3apeructpupoBaH. TakuMm o6pa3oM, pe3yJIbTaThl
HaIlero uccjaeoBaHusA JOKA3bIBAIOT, YTO MHBA3MOHHBIN
BHUJ] YCIIENIHO HaTypaJii30BaJicsi B BOJOeMe-pelUnu-
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Puc.3. Kapra o6HapyxeHusa ampunonst G. fasciatus B
OHexckoM o3epe. 3Be3fa — gaHHble 2023 r. TpeyrojbHUK —
nanHele 2012 r. (Cugoposa, B meuyatu). KBajgpar — naHHble
2014 r. (Sidorova and Belicheva, 2017). Kpyr — naussie 2022
r. (Cugoposa, B meyaTu).

eHTe — OHEeXCKOM o3epe. [J1A JaHHOTO BUA YTOYHEHA
KapTa apeajia, KOTOpas OTpaXaeT COBpeMeHHOe pac-
MpOCTpaHeHUEe B pairioHe 3a0Hexbs1 OHEXKCKOro o3epa.
[MokazaHo, uTo G. fasciatus BKIIIOYAETCA B COOOIIECTBA U
CTAHOBUTCSA YaCTO BCTPEYANIIUMCA U JJOMUHUPYIOIINM
BUZIoM. JIOBOJILHO OBICTPOE pacceieHre 6ANKaIbCKOTo
BuAa G. fasciatus Ha JTUTOpaJIA BOJOEMA JTA€T OCHOBA-
HUe TpeArnoJiaraTh, YTo B GJIVDKaMIIe Toabl 3TU aMpu-
OBl MOTYT KOJIOHU3UPOBaTh JIMkKeMcKyio ry0y o3epa,
re HaXoOATCSA MeCTOOOUTAHUs He MOJBepXeHHBIE, TI0
JINTEPaTypPHBIM JaHHBIM, ero HamecTBuio (KyxapeB u
Ip., 2008; ITonsakosa, 2008).

BaaropapHocTH
I/ICCJ'Ie,Z[OBaHI/Ie BBIIIOJIHEHO IIpU (I)I/IHaHCOBOfI

noAAepXKe TrocyJapcTBeHHOro 3agaHusa HHcTuTyTa
BoJiHBIX po6iieM CeBepa KapHI] PAH.

KoHpAUKT UHTEpecoB

ABTOpHBI 3aABJIAIOT 06 OTCYTCTBUM KOH(DIIMKTa
VHTEPECOB.
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ABSTRACT. The sunlight spectral composition, penetrating to different depths in the upper water layer,
on the one hand, depends on the optically active components contained in the water, on the other hand,
it is important for the functioning of phytoplankton, and therefore plays an important role in the func-
tioning of the aquatic ecosystem in general. When studying the spectral composition of light at different
depths, a new instrument was used, made on a modern elemental basis. Analysis of the obtained spectra
of the vertical attenuation coefficient made it possible to identify regional features of the penetration of

natural sunlight characteristic of Lake Teletskoye
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1. Introduction

Sunlight penetrating into the water column is
weakened by absorption and scattering by optically
active substances (phytoplankton pigments, dissolved
organic matter, suspended particles of various origins).
The spectral variability of the optical properties of
these components determines the resulting spectrum of
underwater irradiance at different depths. The vertical
distribution of irradiance is important for the phyto-
plankton functioning and, therefore, for the aquatic
ecosystem as a whole. Estimation of the vertical distri-
bution of underwater irradiance and the vertical atten-
uation coefficient of irradiance is required to model the
photosynthesis processes of a specific reservoir. This is
especially important for bounded water bodies, such as
lakes, which are sensitive to both climate change and
anthropogenic influence (Akulova et al., 2017; Aslamov
et al., 2020; Churilova et al., 2020; Suslin et al., 2020).

In August 2023, comprehensive hydrooptical
studies were performed on Lake Teletskoye, which
included measurements of underwater irradiance spec-
tra and the reflectance coefficient of the water col-
umn. Lake Teletskoye is located in the north-eastern
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part of the Altai Republic (Fig. 1a). It has an elongated
shape and consists of two parts: a meridional part with
a length of 50 km and a latitudinal (northern) one
with a length of 28 km. Lake Teletskoye is a flowing
lake, with more than 150 permanent rivers and tem-
porary streams flowing into it, the largest of which is
the Chulyshman River, which provides up to 70% of
the total water inflow, and the Biya River flows out
(Selegey et al., 2001).

Previous optical measurements on Lake
Teletskoye were presented by spectra of underwater
irradiance and light attenuation coefficient (Sutorikhin
et al., 2020; Akulova et al., 2022). The aim of this
work was to calculate the spectrum of the vertical light
attenuation coefficient using spectral measurements of
the horizontal irradiance profile, estimate the spectral
slope of the total light absorption coefficient in the
shortwave part of the spectrum and identify regional
features characteristic of Lake Teletskoye. As an addi-
tional task, based on synchronous measurements of
the photosynthetically active radiation (PAR) profile
and the horizontal irradiance spectrum, to develop a
method for constructing the attenuation profile of the
horizontal irradiance spectrum in physical units.

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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Fig.1. Geographlcal locatlon of (a) Lake Teletskoye and (b) stations at which measurements of the spectral irradiance profile

were carried out in August 2023.

2. Materials and methods

The stations positions at which synchronous
spectral measurements of the horizontal irradiance pro-
file and the PAR profile were carried out are shown in
Fig. 1b. The figure shows that the measurements cover
the northern, central and southern parts of the lake,
including its estuary areas. Thus, we have representa-
tive station coverage of all major areas of the lake.

To study the light spectra at different depths, a
new instrument made on a modern elemental basis was
used (Latushkin and Kudinov, 2019). The instrument
performed synchronous measurements of irradiance
profiles in seven spectral bands with central wave-

Depth, m

lengths of 380, 443, 490, 510, 555, 590 and 620 nm.
The bandwidth in the first spectral band is 30 nm, in
all others — 10 nm. An example of measuring horizon-
tal irradiance profiles in all seven spectral bands at the
station 002 is shown in Fig. 2.

To solve one of the listed problems, measure-
ments of the PAR profile were used with the “CONDOR”
instrument (Lee, 2012; Hydrobiophysical multipara-
metric submersible autonomous complex “CONDOR”.
URL: https://dent-s.narod.ru/kondor.html), which

were carried out synchronously with the measurement
of horizontal irradiance. An example of measurements
a PAR profile at station 002 by “CONDOR” instrument
is shown in Fig. 3.

Depth, m

Irradiance, r.u.

Fig.2. Example of measuring horizontal irradiance profiles at the station 002 in seven bands with a central wavelength: 380
nm (a), 443 nm (b), 490 nm (c), 510 nm (d), 555 nm (e), 590 nm (f) and 620 nm (g). Straight line is the result of approximation
by Equation 4 for the corresponding band.
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Let us describe a method for determining the
integral value of photosynthetically active radiation
immediately below the water surface using direct mea-
surements of the PAR(z) profile, where z is the depth.
From the definition of vertical attenuation coefficient
(K)) it follows that PAR(z) = PAR - exp(—K - z). After
taking logarithms, the solution is reduced to finding the
constants a and b in the linear equation (1):

y=a+bz, (1)
where a = In(PAR(0)) and b = - K.

K, was considered independent of z and was
determined from PAR(z) measurements for an area just
below the surface (z > 2-3 m) to avoid the influence
of the ship’s shadow. The measurements were carried
out over several minutes to minimize errors associated
with variable illumination of the water surface, such
as cloudiness. Having determined the coefficient a, we
find the photosynthetically active radiation immedi-
ately below the water surface PAR(0). In Fig. 3 the blue
dot shows an example calculation for station 002.

The method for calibrating horizontal irradiance
measurement bands using synchronous measurements
of the PAR(2) profile consists of three stages. For both
instruments, we assumed that the following conditions
were met: linearity of the scales and stability of the
measuring scales during the expedition cycle.

2.1. Stage 1

We have initial telemetry measurements O'(A,
z), where A, is the central wavelength of the spec-
tral band in nm, i is the number of the band from 1
to 7, z is the horizon depth in meters. Let’s find the
average value for each band for depths greater than
30 m <OT A,z> 30m)>— dark signal. Note that
O"(,,z >30m)) was determined for depths almost
twice as large as the photosynthesis layer, i.e., at the
lower boundary of which the radiance incident on the
water surface in the range from 400 to 700 nm was
attenuated 100 times

z 72"\3)(

<0T ()“iv z> 30m)> = % ) 22;30

where z is the measurement depth, starting from 30m;

0" (4,2), @

z_ — maximum measurement depth for the corre-
sponding station; N — number of measurements from
30mtoz .

To test the hypothesis of the stability of the
“dark” telemetric signal of horizontal irradiance for
seven bands, measurements were used at the station
002 and 021. The time difference between measure-

W -

depth, m

30 i o
o1 1 10 100

2 -1
PAR,uEm ~s

Fig.3. An example of measuring the PAR profile with the
“CONDOR?” instrument at station 002

1 - symbol “+7;

2 — result of approximation of variation with depth by
equation (1);

3 — PAR(0") value, as a result of interpolation of equation
(1) at 0 when z—0.

ments at these stations was 2 days. The results are pre-
sented in Fig. 4 and Table 1. Table 1 shows the average

value of (O" A,z > 30m)>, their standard deviation
(SD) and the number of measurements N. From Fig. 4 it
is clear that the calibrations are stable.

2.2. Stage 2

The calculation of the signal taking into account
the dark current O“(A,2) is performed according to the
expression:

0"(A»2)= 0" (A,2) (0" (4.2 >30m)) 3

where <0T (A,z> 30m)>— dark current values (see
Table 1). Calculation of a(A,) and b(A) was carried out
for each station and for each of the seven bands accord-
ing to the formula:

In(0"(4,,2))=b(A)-z+a(A,), D
where the horizontal irradiance in the band with a
central wavelength A, immediately below the water

surface was as O'(4,07)= Zli_gl(O” (4:2))  or
a(4,)=In(0"(4,,07)), and the vertical light atten-
uation coefficient in the corresponding band A, as
K,(A,0)=-b(A). The results of calculations of coeffi-
cients a(A,) and b(A) according to equation (4) for all
seven stations are summarized in Table 2.

Table 1. Statistical characteristics of the “dark” telemetric signal of horizontal irradiance for seven bands at the station 002

and 021
Station <0T (A4,z> 30m)> + SD N
number
380 nm 443 nm 490 nm 510 nm 555 nm 590 nm 620 nm
002 16462+91 | 12855+90 | 12625+112 | 15373+99 19883+ 88 14937 +101 14600+95 |333
021 16281 +90 | 12751+79 | 12469+98 | 15393+96 19714+103 14770+98 14438 +97 | 88
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2.3. Stage 3

The conversion of O”(A,, 0°) into physical units of
radiation was carried out using the expression:

0”(A,,07) = PAR(0)-w,, (5)

1 A +AN; 12 d

where i " AL d4-a202 wA)d2 is the fraction of
photons in the corresponding spectral interval (Suslin
et al., 2020), associated with the characteristics of the
band A, +AA/2 (Lee, 2012); PAR(0-) - is found from
measurements of the PAR profile using the “CONDOR”
instrument. It is obvious that the form of w(A) depends
on the altitude of the Sun and cloud conditions. In our
case, the choice of the functional dependence of w(A)
was taken from the work (Bartlett et al., 1998).

Then the conversion factor of telemetry into
physical quantities is calculated using the formula

» _
p1)=2 %) e
0"(4,,07)

Since we assumed that PAR is the integral of the
number of photons lying in the spectral range from 400
to 700 nm, the band with a central wavelength of 380
nm was excluded from the calculation. The results of
calculating p(A,) are presented in Table 3.

3. Results and discussion

Figure 5 shows the K, spectra and their differ-

ence from the average spectrum <K d> for all seven
stations (Table 2) after processing according to the
method (equations (2) — (4)).

The minimum values of K, in the band with a
central wavelength of 590 nm, together with its high
values in the spectrum short-wavelength region, indi-
cate the dominance of absorption, primarily by the col-
ored component of dissolved organic matter.

To identify the geographical features of K, con-

sider Fig. 5b. Values of the difference K, —<K d> above
average in the spectrum short-wave region are observed

20000 —
19000 |- ; ; : ; ; 380 nm H—x—
i : i : | : ) 490 nm
. 18000  EREPE ." e I S B RS RS AR R T S]O nm
g L 555 nm
B 17000 : 590 nm —oS—
S 16000 [ 620 nm_—e—
S 15000 |-
14000 [
13000 - —
oo b—L 111 i

% B T G o 2 YR Yo, g
O Gy O, YO, 0, “Q, O, 0, “C
% % % % % % % %

st.002: OT,r, u.

Fig.4. Test for the stability of calibrations during the
expedition in seven bands using the example of station 002
and 021, separated by two days.

in the south of the lake (stations 002, 005 and 005%*);
minimum values — in the lake north of (stations 001
and 1s2); intermediate values in the center (st. k1 and
021). Thus, in the upper layer of the lake there is a ten-
dency for water absorption to decrease from south to
north (mainly related to the concentration of dissolved
organic matter, since we are talking about a band with
a central wavelength of 380 nm).

Let us note one more feature — the difference in
K, values in the band with a central wavelength of 443
nm at stations 001 and 1s2, located in the northern part
of the lake. For station 001, located in Kamga Bay, this
difference is significantly greater than at station. 1s2.
This difference in K, may be associated with additional
absorption by phytoplankton, the concentration of
which is significantly higher in the bay. However, this
assumption requires additional verification.

The conclusion drawn from the analysis of
Fig. 5a about the high value of the absorption coeffi-
cient by the upper layer of water in Lake Teletskoye is
in good agreement with the results of measurements
of the water reflectance spectra (R ) made by E.N.

Table 2. Results of calculations of coefficients aOLi) and bO\.l.) according to equation (4) for seven stations

_ ah)/bO\)
Station [ 404 443 490 510 555 590 620

1 1764 | 1517 | 15.03 | 1467 | 1490 | 1480 | 14.80
001 | -2.733 | -1.049 | -0.705 | -0.455 | -0.393 | -0.368 | -0.453
2 1915 | 14.83 | 1423 | 1415 | 1432 | 1408 | 14.00
002 | -3.191 | -1.116 | -0.681 | -0.483 | -0.421 | -0.400 | -0.498
3 1999 | 1627 | 1574 | 1532 | 1553 | 1520 | 15.31
005 | -3.491 | -1.304 | -0.815 | -0.498 | -0.465 | -0.435 | -0.559
4 2044 | 1648 | 1549 | 1499 | 1513 | 1499 | 15.01
005* | -3.211 | -1.210 | -0.703 | -0.439 | -0.386 | -0.356 | -0.458
5 17.90 | 13.83 | 1342 | 1319 | 1329 | 12093 | 1296
021 | -3.145 | -1.023 | -0.635 | -0.438 | -0.389 | -0.361 | -0.434
6 1987 | 16.04 | 1595 | 1569 | 15.80 | 15.71 15.79
k1 | -3.006 | -0.966 | -0.670 | -0.473 | -0.417 | -0.398 | -0.481
7 1812 | 15.01 | 1624 | 1638 | 1670 | 1638 | 1587
1s2 | -2.789 | -0.786 | -0.655 | -0.478 | -0.431 | -0.405 | -0.451

* station 005 was performed with a time difference of 1 hour (3 — 13:00; 4 — 14:00 local time).
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Table 3. The result of calculating pO\.i) in bands with a central wavelength 7"1' and OPO\.I., 0°) for station k1

A, nm 443 490 510 555 590 620
pA) 1.424e-06 1.967e-06 2.751e-06 2.731e-06 3.149e-06 2.978e-06
oA, 0) 1.321e+01 1.664e +01 1.786e + 01 1.985e+01 2.098e+01 2.140e+01

Korchemkina during this expedition (Sutorikhin et al.,
2020). A reference to the description of the instrument
and method for the water column R_ measuring is
given in work (Shybanov et al., 2023). It is known that
the absorption coefficient by dissolved organic mat-
ter in the Black Sea is significantly higher compared
to the waters of the open ocean (Suetin et al., 2002;
Kopelevich et al., 2004). Figure 6 shows examples of R _
spectra of the water column in the Black Sea in April
2021 and in Lake Teletskoye at station 002 and 021
in August 2023. Note that the measurements in the
Black Sea were carried out in the absence of coccolitho-
phorid blooms. It is clearly seen that the value of the
R of the water column at a wavelength of 400 nm in
Lake Teletskoye is more than three times less than in
the Black Sea, despite the fact that in the long-wave
region of the spectrum (more than 600 nm) the R of
the water column in the lake is greater than in the sea.
On the one hand, this confirms the conclusion that the
light absorption coefficient in the short-wave part of
the spectrum in the lake is significantly higher than in
the Black Sea. On the other hand, it is obvious that the
light backscattering coefficient by suspended particles
is significantly higher in the lake than in the sea. This
is especially noticeable for station 002, located in the
south at the confluence of the river Chulyshman, which
carries a significant amount of suspended matter.

The obtained data on K,(A) (Table 2) can be
used to assess the spectral dependence S, of dis-
solved organic matter coefficient (a,,,,), assuming that
it makes the main contribution to the total absorption
(atot) in the short-wavelength region of the spectrum
(Ae350 - 450 nm), i.e. a ,,,>>a,, a, , a,>>b,, and addi-
tionally a,>>b,, where a, and a, are the light absorp-
tion coefficients by pure water and phytoplankton, b, is
the total light backscattering coefficient by water, then:
K, (2) = const-(a,, (1) +b,(A)) = const - (a,(A) + a,,(2) + dcpoy (A) + b, (1)) = const - acppy (A) o (7)

Kd’ m

350 400 450 500 550 600 650

A, nm

Fig.5. Spectra of the vertical light attenuation coefficient K, (a) and their deviations from the average (K, - (K,

the sample (Table 2).
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Ky-<K4>, m

Taking into account that the functional relation-

ship a from A has the form (Kopelevich, 1983):

CDOM

Acpor (A) = acpor () - €XP(=Sepoy - (A= 4y)), (8)

and, having made elementary transformations of equa-
tion (7), taking into account equation (8) for two bands
with a central wavelength A. =380 nm and A,, =443 nm,
respectively, we obtain the expression for S

1 .In Kd ()'0)
A= ;Lo K, (A1)

The calculation results are presented in Table 4.

Presented in Table 4 results coincided with stud-
ies of the primary hydrooptical characteristics of Lake
Teletskoye carried out a year earlier at the same time
(Moiseeva et al., 2023), during which they directly
measured the spectral variation of the colored compo-
nent of dissolved organic matter for a similar stations
grid and which showed that the variability of S, lies
in the range of 0.017 — 0.019 nm?! in the wavelength
range 350 - 500 nm.

Figure 7 shows an example of recovering the
spectrum of horizontal irradiance in physical units,
obtained using the method described above (equations
(2) — (6)) from measurements at k1 station. The behav-
ior of the irradiance spectrum with depth (a sharp fail
in the short-wavelength region of the spectrum) indi-
cates a high content of dissolved organic matter in the
Lake Teletskoye waters (Fig. 7). Features in the short-
wave region of the horizontal irradiance spectrum
and its maximum, starting from 5 m depth and below,
correspond to a wavelength of 590 nm, also coincides
with the results obtained a year earlier by employees
of the Institute of Biology of the Southern Seas of RAS
(Churilova et al., 2023).

CDOM*

.(9)

cpom —

0.5
0.4
0.3
0.2
0.1

0
-0.1
0.2 |
-0.3
-0.4

350 400 450 500 550 600 650

A, nm

)), (b) for
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Table 4. Results of calculations of the spectral absorption slope of SCDM inanimate organic matter in Lake Teletskoye using

equation (9)

A/ A, Station number
nm <SCDOM> +SD
001 002 005 005 021 k1 1s2 nm-
380/443 0.015 | 0.017 | 0.016 | 0.015 | 0.018 | 0.018 | 0.021 0.017 = 0.002
4. Conclusions 0.03 53
021
The spectrum of the vertical light attenuation 0.025 BS
coefficient in seven bands has been restored, the anom-
. . . . . 0.02
alies of which describe regional features in the upper
layer of water and are consistent with direct mea- i 0.015

surements of the water column spectral reflectance
coefficient.

It has been demonstrated that in the case of syn-
chronous measurements of the PAR profile and hori-
zontal irradiance, it is possible to obtain irradiance
in physical units at any horizon in the photosynthesis
layer.

The obtained values for the spectral absorption
coefficient by colored dissolved organic matter and the
maximum wavelength of the spectrum of underwater
irradiation in the photosynthesis layer coincided with
the previously obtained results by employees of the
Institute of Biology of the Southern Seas of RAS.
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AHHOTAIIHUS. CriekTpajbHbIM COCTAaB COJIHEYHOTO CBETA, IPOHUKAIOIIMI Ha pa3HbIe IJIyOUHBI B BEpX-
HeM cJIoe BOHOEMa, C OHOI CTOPOHBI, 3aBUCUT OT ONTHUYECKU aKTHBHBHIX BEIECTB, COAEPXKAIIUXCS B
BOJIe, C IPYI'O CTOPOHBI, MMeeT BaXXHOe 3HaueHUe 11 GYHKIIMOHUPOBAHUS (PUTOIJIAHKTOHA, a 3HAYUT,
WI'paeT BaXXHYI0 PoJib B QYHKIIMOHUPOBAHUY BOJHOM 3KOCHCTEMEI B IiesioM. [Ipyu u3ydyeHny crieKTpasib-
HOT'0 COCTaBa CBeTa Ha pa3HbIX IJIyOMHAX HUCIOJIb30BaH HOBBIM MPUOOP, BHIIIOJIHEHHBIN Ha COBPEMEHHOMI
3JIEMEHTHOI OCHOBe. AHAIM3 MOJIyYeHHBIX CIIEKTPOB I0KA3aTeJisi BEPTUKAJIBHOTO OcJIabyieHus I03BO-
JIWJI BBIABUTH PETHOHAJIbHBIE 0COOEHHOCTHY TPOHUKHOBEHHS eCTECTBEHHOTO COJIHEYHOI'O CBETa, Xapak-

TepHble 1A Tesenkoro o3epa.

Kiouegwie ciioga: Teserkoe 03epo, ONTUYECKHE CBOMCTBA BOABI, CIIEKTP FOPU30HTAIBHON OOJIy4eHHOCTH,
BepTUKaJIbHBIN Tpoduiib ®AP 1 ropu3oHTaNIbHON 00JTy9eHHOCTH, IOKa3aTe b NOTJIOMeHNUA

CBE€Ta, peruOHaJIbHbIE 0CcOOEeHHOCTHU

Jna mutupoBaHusa: CyciauH B.B., Kyamno O.B., Kopuemkunna E.H., Jlatymkun A.A., Cyropuxun H.A., Kupuyuios B.B.,
MapteiHOB O.B. CnekTpasibHBIE CBOMCTBA BEPTUKAJIBHOIO paclpejesieHrs TOPU30OHTAIbHON 00siydyeHHOCTH B TesienkoM osepe
B aBrycte 2023 roga: MeTouKka 06paboTKU U perroHaibHbele ocobeHHocTH // Limnology and Freshwater Biology. 2024. - No 5.

- C. 1253-1266. DOI: 10.31951/2658-3518-2024-A-5-1253

1. BBeapenue

CoJTHEYHBIH CBET, MPOHUKAIOIINI B TOJIIIY BOIBI,
ocyabJisieTcs 3a CUET MOTJIOMIEHUS U PACCESHUs OITH-
YyeCKM AaKTUBHBIMU BelllecTBaMu (MMHUTIMeHTH (PUTO-
IUTAaHKTOHA, PacTBOPEHHOE OpraHUYecKoe BelecTBO,
B3BEIIeHHbIE YACTUIB PA3JIUYHOIO MPOUCXOXIEHUS).
CnekTpaJibHass H3MEHYHBOCTh OITHYECKUX CBOWCTB
3TUX KOMIIOHEHTOB OIpeessAeT pe3yJIbTUPYIOMMNN
CIIEKTP MOABOAHON 00JIyYEHHOCTH HA PA3JIMYHBIX TJTy-
O6uHax. BepTukaspHOe pacrpenesieHre 007 Iy4eHHOCTU
UMeeT BaXHOe 3HavyeHUe I (QYHKIMOHHMPOBAHUSA
(PUTOITAaHKTOHA, a 3HAYUT, U AJIA BOAHON 3KOCHCTEMBI
B niestoM. OlleHKa BepTUKAJIbHOTO paclipeieIeHus Mo/I-
BOJHOUM OOJIyYEHHOCTU U TOKAa3aTesisi BEPTUKAJILHOTO
ocJiabsieHUs1 oOJIyueHHOCTHU TpeOyeTca OJIA MOZeIu-
poBaHUs MpoleccoB GOTOCUHTE3a KOHKPETHOTO BO/IO-
eMa. OcOOEHHO 3TO BaXXHO JIJIsI OrPAaHUYEHHBIX BOJIHBIX
0OBEKTOB, KOTOPBIMHU SABJIAIOTCA 03€pa, KOTOPHIE YYB-
CTBUTEJIBHBI KaK K KJINMaTHYeCKUM H3MEHEeHUAM, TaK

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: slava.suslin@mbhi-ras.ru (B.B. Cyciun)

INocmynuwna: 17 uiousa 2024; Ilpunama: 02 oxtsabpsa 2024;
Ony6tukoaana online: 31 okta6psa 2024

1260

U aHTpPOIOreHHOMY BJyusHMIO (AKyJsioBa u Ap., 2017;
AcmamoB u qp., 2020; Churilova et al., 2020; Suslin et
al., 2020).

B arrycte 2023 roga Ha TeselkoM o3epe ObLIU
MpPOBEIEHbl KOMILJIEKCHBIE THPOONTHUYECKUE HCCIIe-
JIOBaHUsA, BKJIIOYABIIME B ce0s M3MepeHHUs CIEKTPOB
MOABOJHOU 00JIy4eHHOCTH U KO3 duIieHTa ApKOCTU
BOAHOU ToJimu. Tejielikoe 03epo pacIoJioKeHO B ceBe-
po-BocTOouHOM yacTu PecryOiuku Asrant (Puc. 1a). OHO
UMeeT BHITAHYTYI0 (OPMY M COCTOUT U3 JIBYX YaCTeu:
MEePUANOHAIBHO MPOTSIKEHHOCTHIO 50 KM U MIMPOTHYIO
(ceBepHy0) MpOTXKeHHOCTHIO 28 kM. Tesienikoe 03epo
- MPOTOYHOE, B Hero BnajamT 6oJiee 150 MOCTOSHHBIX
PeK U BPpeMEHHBIX IIOTOKOB, CPeI KOTOPHIX KPYITHEN-
UM sABJIAeTCA p. UyJsiblMaH, obecreurBamomas o
70% oT obiiero mpuToKa BOABI, a BBITeKaeT p. busa
(Cenereti u gp., 2001).

[Mpegpigyiyue  onTUYeCcKWe UW3MEPEeHUs Ha
TestlenikoM o0O3epe TpeACTaBJIEHBI CIIEKTPAMU I0OJ[BO-
JTHOU 00JIyYeHHOCTHU U TOoKa3aTeJsis ocjiabJieHus cBeTa

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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creKTpajibHON 06ayueHHOCTH B TestenikoM o3epe B aBrycte 2023 roga.

(CytopuxuH u ap., 2020; Akysosa u Ap., 2022). Lless
JaHHOM paboTHl COCTOANIA B TOM, YTOOBI, MCIIOJIB3Ys
CIeKTpaJibHble N3MepeHus Npoduiisa ropu30HTaJIbHON
006JIy4eHHOCTH, pacCUUTaTh CIEeKTp MoKa3aTesis BepTu-
KaJIbHOTO ocJjiabJieHus CBeTa, OLeHUTh CIEeKTPaJIbHBIN
HAKJIOH CYMMapHOIO IOKa3aTeJis MOIJIOIMIeHUs CBeTa
B KOPOTKOBOJIHOBOI 4aCTU CIIEKTPa M BBIABUTH peru-
OHaJIbHbIe 0COOEHHOCTH, XapaKTepHble i Tesenkoro
o3epa. B kauecTBe JONOJHNUTESIBHON 3a1a4M, HA OCHOBE
CHHXPOHHBIX U3MepeHNN nNpoduia GOTOCUHTETUYECKU
aktyuBHOU paauanuu (PAP) u crnekTpa rOpU30HTaIb-
HOU O0OJIyyeHHOCTH pa3paboTaTh MeTOJl NMOCTPOEHUs
npoduiiA ocaabieHus CeKTpa ropru30HTaJIbHOU 00JIy-
YeHHOCTHU B GU3NYECKUX eqUHHIAX.

2. MaTepuanbl 1 MeTOADI

[TonoxxeHne cTaHIUI, HA KOTOPHIX BBIIIOJIHEHBI
CHHXPOHHBIE CIIeKTpajibHbBle W3MepeHus mpoduiA
TOPU30HTAJIBHOI 06/Ty4eHHOCTU U poduisi GOTOCHH-
TeTU4eCcKu aKTUBHOI pagualiuu, nokasaHsl Ha Puc. 10.
W3 Puc. 16 BUAHO, YTO M3MepEHHUs OXBAThIBAIOT CEBEP-
HyI0, L[eHTPaJbHYI0 U IOXKHYI0 4acTU 03epa, BKJIoYas
ero NpuycTbeBble palioHbl. TakuM 06pa3oM, MBI UMeeM
penpe3eHTaTUBHBIN OXBaT CTAaHIMAMU BCEX OCHOBHBIX
palioHOB o3epa.

JI7iA n3ydeHUs CIEKTPaJibHOTO COCTaBa CBeTa
Ha pasHBIX TJIyOMHaX WCIOJIb30BaH HOBBIA mOpHOOP,
BBIIIOJTHEHHBINI Ha COBPEMEHHOI 3JIEMEHTHOU OCHOBE
(Jlatymkua u Kyauxos, 2019). [IpuGop BBIIOJIHAI
CHHXpPOHHBIE H3MepeHus Mpoduseirl 06JIyueHHOCTU B
CeéMU CIIeKTpaIbHBIX KaHaJlaX ¢ IeHTPaJIbHOHN JJIMHOMN
BoJiHbI 380, 443, 490, 510, 555, 590 u 620 uMm. lllupuna
TMI0JIOCH MPOIYCKaHUA B IEPBOM CIEKTPaJIbHON KaHasie
30 HM, BO Bcex ocTtayibHbBIX — 10 HM. [Ipumep usmepe-
HUA [podusierl TroprU30HTAJIBHON OOJIy4eHHOCTU BO
BCeX CeMU CIIeKTpaJIbHbIX KaHasax Ha cT. 002 rmokasaH
Ha Puc. 2.

J5ia peleHUsA OOHOUM U3 IEpeUYrCJIeHHBIX 3aJa4
npuBJiedyeHbl u3MepeHus nputopom «KOHIOP» (JIu,
2012; Kowmruteke ruapobruodusnueckrii MyJbTUIIapa-
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MEeTPUYECKUI MOrpyXKHOW aBTOHOMHEBEIN «KOHJIOP»,
2024. URL: https://dent-s.narod.ru/kondor.html) mpo-
(g @AP, KOTOpbIE BHIIOJIHAINCHE CHHXPOHHO C U3Me-
peHueM TOpU30HTaJIbHON o06sydeHHOCTU. [Ipumep
nsMmepenusa npopuaa DPAP Ha cT. 002 mpubopom
«KOHZIOP» npencrasiieH Ha Puc. 3.

OnuiieM MeTOA oOIpefesieHUs HHTerpajibHOro
3HaueHUs (QOTOCUHTETUYECKN AaKTUBHON paguanuu
cpasy IoJ IOBEPXHOCTBHIO BOABI IO MPsAMBIM HU3Mepe-
HuAM npoduiiss PAP(z), rne z — rioybuHa. U3 onpene-
nenus K, cnenyet, uto @AP(z) = @AP(0) - exp(-K- 2).
[Tocse norapupmupoBaHua pelieHne CBOOUTCA K HaX0-
XJIeHUI0 KOHCTAHT a U b B JiuHeliHOM ypaBHeHuu (1)

y=a+bz (1)
rae a = In(@AP(0)ub = -K,

K, cunTanu He 3aBUCAIVM OT 2, U ONpeJeIsaIn
ero mo usMepeHusaMm @AP(z) A ydacTKa 4yTh HIUXKe
moBepxHocTU (2 > 2-3 M), 4TOOB U30eXaThb BIIUS-
HUA TeHU cygHa. U3MepeHUs NMPOBOAWIINCH B TeueHHe
HECKOJIbKUX MUHYT, YTOOBI MUHUMU3HUPOBATh OLINOKU,
CBsA3aHHBIE C IepeMeHHBIM OCBellleHleM IOBEPXHOCTHU
BOABI, HampuMep, o06JauHOCThIO. OmnpenenuB Ko3dh-
¢unueHT a, HaxoaAUM (HOTOCHMHTETHYEeCKH aKTHUBHYIO
paaualio cpasy noj rmoBepxHocThio Boasl @AP(0). Ha
Puc. 3 Toukoii nokasaH npumep pacuéra gy cr. 002.

Metop xanuOpOBKU KaHAJIOB U3MEpeHUN ropu-
30HTAJIbHOM OOJIyYEHHOCTH C MCIOJIb30BaHUEM CHH-
XPOHHEBIX Hu3MepeHuil npoduia @PAP(z) cocToutr us
Tpéx oramnoB. /i1 oboux NpuOOPOB MBI IOJaraau
BBHIIIOJIHEHHBIMU  CJIeIyIOLrie YCJIOBUA: JIMHENWHOCTh
MIKaJI ¥ CTaOWJIbPHOCTh U3MEPUTEJIbHBIX MIKaJ B Tede-
HIe 3KCIeJUIMOHHOIO IUKJIA.

2.1. dran 1

HMeeM MCXOJIHBIE TeJIEeMETPUYECKIE U3MEPEHMUS
O"(A,2), rae A, — leHTpajbHasA JJIMHA BOJIHBI CIEKTPaJIb-
HOT'O KaHaJia B HM, i — HOMep CIIEKTPaJIbHOrO KaHaJia OT
1 go 7, z — riaybuHa ropusoHTa B MeTpax. Haxomum
cpegHee 3HaueHHe [JIA KaXOOr0 CIEKTPaJbHOTO

T
KaHaJia AJ1d riyous Oosbiie 30 M <0 (A,z> 30m)>
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Puc.2. [IpuMep nsMepeHus npoduiell TOpu30HTAIBHON 00ydyeHHOCTU Ha cT. 002 B ceMU CHeKTpasIbHBIX KaHaJax C IeH-
TpaJIbHOH AIMHOU BoJiHbBL 380 HM (a), 443 HM (b), 490 HM (c), 510 uM (d), 555 HM (€), 590 HM (f) u 620 uHM (g). [Ipsamas JUHUA
— pe3yJIbTaT annpoKCUMalKUY YpaBHeHUEM 4 [1JI COOTBETCTBYIOLIEro CIeKTpajIbHOro KaHasa.

— TEeMHOBOH CUTHAJI. 3aMEeTHM, 4TO <OT A,z> 30m)>
onpeesisiyiCA JUIsA TJIyOMH MOYTH B J]Ba Pa3a MpeBbIIa-
OIUX CJI0M (POTOCHMHTE3a, T. €. HA HUXHEU TpaHulle
KOTOPOr0 Tajjalollee Ha I[MOBEPXHOCTh W3JIyYeHUE B
auanasone ot 400 no 700 uM ociabsianocsk B 100 pa3

(0" (Aynz>30m)) = % 0T (A,2), @)

rae z — riaybuHa u3sMepeHusda, HauuHasa ¢ 30 M; zmax
2, .. — MakcumaJibHas TjiyOuHa U3MepeHUs [JIsi COOT-
BeTCTBYIoIIel cTaHuuy; N — yrcjio usMepenuii ot 30 m
oz, ..

JliA mpoBepKU THUIOTE3bl CTAOUJIBHOCTU «TeM-
HOBOIO» TeJIeMETPUYEeCKOr0 CHUrHajla TOpU30HTAJIb-
HOI OO0JIyYeHHOCTH [JIA1 CeMHU CIeKTpaJIbHbIX KaHaJIOB
UCIIO0JIb30BaHE u3MepeHus Ha cT. 002 u 021. Pa3HocTh
u3MepeHHI Ha O3TUX CTAHLUMAX [0 BpeMeHU COCTa-
BuIa 2 pAHA. PesysbraThl mpeacraBiieHBl Ha Puc. 4

u Tabaune 1. B Tabaune 1 maHel cpefgHee 3HaueHUe

T
<O A,z> 30m)> , UX CpeJHEKBaJ[paTUYHOE OTKJIO-
HeHue (CKO) u unciio uamepenuii N. U3 Puc. 4 BugHo,
YTO KaJIUOPOBKU CTaOUJIBHBL

0 b —

I'nyGuHa, M

-30 SRR S
01 1 10 100

T |
OAP, MKOM ¢

Puc.3. [Ipumep usmepenus npopuia ®AP npubopom
«KOHJOP» Ha cT. 002

1 — cuMBOJI «+ »;

2 — pesyJsbpTaT annpoxkcuManuy nsMmeHeHus ®AP c riy-
O6uHol ypaBHeHUeM (1);

3 - 3HaueHue PAP(0), xkak pe3yJbTaT UHTEPHOJIAIUU
ypaBHeHus (1) npu 0 z—0.

Ta6sauna 1. CtaTUCTUYECKUE XapaKTEPUCTUKU «TEMHOBOI'0» TEJIEMETPUYECKOr0 CUTHAJIA TOPU30HTAIBHON 00JIy4eHHOCTH

JJIA CEMHU CIIeKTpaJIbHBIX KaHasoB Ha cT. 002 u 021

Homep <OT (A,z> 30m)> + CKO N
CTaHIUH
380 HM 443 HM 490 HM 510 M 555 um 590 am 620 HM
002 16462+91 | 12855+90 | 12625+112 15373 +99 19883+88 | 14937+101 | 14600+95 | 333
021 16281+90 | 12751+79 | 12469+98 15393+96 19714+103 | 14770+98 | 14438+97 | 88
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2.2. dtan 2

Pacuét curHama ¢ yd4yéToM TEMHOBOIO TOKa
O”(?Li,z) BBIIIOJIHEH COTJIACHO BBIPAXXEHUA —

0" (%,2)=0"(%,2) (0" (4,2 >30m)), (3)

rae <0T(l,~,2 >30m)>_ 3HaYeHUs TEMHOBOI'O TOKa
(cm. Tabu. 1). Pacuér a(A) u b(A) mposoawiica aiis
KaXI0U CTAaHIMU U IJI KaXIOOTO M3 CEMU CIEKTPAJIb-
HBIX KaHaJIOB 1o GopmyJie —
In(O"(4,,2))=b(A)-z+a(4,), (@

rae TOpU3OHTAJIbHasA  OOJIyYEHHOCTh B CIIEK-
TpPaJIBHOM  KaHaje ¢  [eHTpPaJlbHOU  AJIMHOU
BOJIHBl A, Cpa3y IMOJ TMOBEPXHOCTbIO BOIbl HAaxo-

0"(1,,07) = lim (0" (,,2))
z—0"

a(2,)=1In(0"(4,,07)), a nokasaTess BepTUKAIBHOIO
ocJ1abJIeHNs CBeTa B COOTBETCTBYIOIIEM CIEKTPAJIbHOM
kanasne A, kak K (1,00 = -b(A). PesynbTatel pacuéron
ko3 dunuentos a(d) u b(A) cornacHo ypaBHeHuU:o (4)
IJIs1 BCeX ceMU CTaHIMU cBeeHbl B Tabuile 2.

ouiaach  Kak Wn

2.3. dtan 3

[lepeBo B (dusnyeckue eOUHUIBI U3JIyYEHUSA
OP(?\.i, 0°) BBITIOJTHSAJICA C TIOMOIIBI0 BRIPAXEHUS:

0" (1,07)=DAP(0)-w., (5)
1 A+AN 12
W(L)dA

rge i A,li A—A%; /2 — noJsia (pOTOHOB B
COOTBETCTBYIOIlEM CIeKTpaJIbHOM HHTepBaje (Suslin
et al., 2020), cBA3aHHOM C XapaKTEepUCTUKAMU CIIEK-
TpasibHOro KaHasa A, + A\, /2 (Cytopuxus u ap., 2020);
®DAP(0) — HaxoauTcsa u3 uaMepeHuil npopussa AP
npubopom «KOHJIOP». OueBugHO, uyTo Bua W(A) 3aBu-
cuT oT BBICOTH CoJIHIIA U YCJIOBUM oOOJiauHOCTH. B
HallleM cJIydae BEIOOP (PYHKI[MOHaJIBbHOH 3aBUCHMOCTHU
w(\) 66u1 B3AT U3 paboTsl (Bartlett et al., 1998). Torga
k03dduIMeHT nepecuéra TejeMeTpuUu B (pu3nuecKue
BEJIMUMHBI p(A,) paccuMThIBaeTcA 1o Gpopmy.Jie

20000 I
19000 | 380 nm F—<—
490 nm
< 18000 - 510 nm
- 555 nm
i—" 000 590 nm —&—
C 16000 frereieeeeni 620 nm e
S 15000 : R
o H
=] I_i()()() SRR i - SR H b -
13000 O T R ST R —
[

12000
g, Yo Y

G, G, G,
v % b

Puc.4. Tect Ha cTabWIBHOCTh KaJIMOPOBOK B TeueHUe
9KCIeAUIVH B IIeCTH CIeKTPaJIbHBIX KaHalaX Ha IpuMepe CT.
002 u 021, pa3HecEHHBIX 10 BpeMeH! Ha JBa OqHs.

Tax kak Mbl npuHUMaJH, 4T0 QAP 3TO NHTerpa
yuciaa (OTOHOB, JieXaluX B CIEKTPaJibHOM HHTep-
Bajie oT 400 no 700 HM, TO u3 pacuéra ObLI UCKIIIOYEH
CIIeKTPaJIbHbIM KaHaJl ¢ IJeHTPaJIbHOM AJMHOU BOJIHBI
380 nm. PesyspraThl pacuéra p(A) NpejiCTaBJIeHb B
Tabaune 3.

3. Pe3yAabTatbl M 06Ccy)XpeHue

Ha Puc. 5 mokasaHbl cnekTpbl K, 1 UX pasHOCTb

OT CpeJHero crekTpa <K d> IJIST BCeX CeMM CTaHI[MI
(Tabsura 2) nocsie 06paboTku o MeTony (ypaBHEHUs
(2) - (4).

MuHumasibHble 3HaYeHus K,; B CHEeKTpasibHOM
KaHaJie C I[eHTpPaJIbHOM [JIMHO¥M BOJIHBL 590 HM B
COBOKYITHOCTH C €r0 BBHICOKMMU 3HAYEHUSIMHU B KOPOT-
KOBOJIHOBOM OO0JIAaCTH CIIEKTpa YKa3bIBAIOT HA IOMU-
HHUpOBaHUeE TMOIJIONIeHNs, B MEpPBYI odYepedb, OKpa-
IIEHHOU KOMIIOHEHTOUN PAacTBOPEHHOTO OPraHUYECKOTO

O (1.0 BelllecTBa.
p(l,): u( 9 7)(6)
0"(1,,07)
Ta6auna 2. Pe3ysibTaTel pacyéToB KodpduirieHToB aO\.l.) u b(7\.l.) COorJIacHO ypaBHeHUIO (4) 1J1s ceMU CTaHIUN
aL)/bA\)
Cranuus 380 443 490 510 555 590 620

1 17.64 15.17 15.03 14.67 14.90 14.80 14.80
001 -2.733 -1.049 -0.705 -0.455 -0.393 -0.368 -0.453
2 19.15 14.83 14.23 14.15 14.32 14.08 14.00
002 -3.191 -1.116 -0.681 -0.483 -0.421 -0.400 -0.498
3 19.99 16.27 15.74 15.32 15.53 15.29 15.31
005 -3.491 -1.304 -0.815 -0.498 -0.465 -0.435 -0.559
4 20.44 16.48 15.49 14.99 15.13 14.99 15.01
005* -3.211 -1.210 -0.703 -0.439 -0.386 -0.356 -0.458
5 17.90 13.83 13.42 13.19 13.29 12.93 12.96
021 -3.145 -1.023 -0.635 -0.438 -0.389 -0.361 -0.434
6 19.87 16.04 15.95 15.69 15.80 15.71 15.79
k1 -3.006 -0.966 -0.670 -0.473 -0.417 -0.398 -0.481
7 18.12 15.01 16.24 16.38 16.70 16.38 15.87
1s2 -2.789 -0.786 -0.655 -0.478 -0.431 -0.405 -0.451

IIpumeuanmue: * ct. 005 BhIIOJIHEHA ¢ pa3HUIlel Bo BpemeHU B 1 yac (3 — 13:00; 4 — 14:00 no MecTHOMY BpeMeHI)
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Puc.5. CrekTpsl MoKasaTeJiA BEpTUKAJIbHOro ocjiabyiennsa ceera K, (a) 1 ux OTKJIOHeHUA oT cpeanero (K, — <Kd>) (b) gsa

BeIGopku (Tabiuna 2).

Jluis BeIsABJIEHUA reorpaduueckux 0coOeHHOCTeN

K, paccmotpum Puc. 5b. 3nauenus pasHoctu K, — <K d >
BhIIIIe CpeJHET0 B KOPOTKOBOJIHOBOI 00JIacTU CIieKTpa
HabofawTess Ha wore o3epa (cr. 002, 005 u 005%);
MUHUMaJIbHbIEe 3HaueHUs — Ha ceBepe o3epa (cr. 001
U 1s2); mpoMexyTouyHble 3HaueHus B 1eHTpe (cT. k1 u
021). Takum o6pa3oM, B BepxHeM cJioe o3epa HabJIlo-
JaeTcsA TeHJIeHIUA YMeHbIleHNA IOIJIOIeHUs BOJAOH
(rnaBHBIM 06pa3oM CBsi3aHHasA C KOHI[EHTpaIUen pac-
TBOPEHHOU OPraHUKH, T. K. P€Yb HUJET O CIIEKTPATIBHOM
KaHaJie ¢ I[eHTPaJIbHOM AJIMHOU BosHb 380 HM) C 1ora
Ha ceBep.

OTmeTnM emé€ OfHY OCOOEHHOCTh — pasjnuyue
3HaueHu K, B CIEKTPajIbHOM KaHaJIe C LEHTPaJIbHOM
JyHOM BoJiHBL 443 HM Ha cT. 001 u 152, pacnosioxeH-
HBEIMU B ceBepHOM yactu o3zepa. [y ct. 001, HaxoAs-
melica B 3anuBe Kamra, 3Ta pa3HOCTb CyIeCTBEHHO
Gosibie, yeM Ha cT. 1s2. Takoe pasyinuve B K, MOXeT
ObITh CBSI3@HO C JONOJIHUTEJIbHBIM IOIJION[eHHeM
$uTONIIAaHKTOHOM, KOHIIEHTpalis KOTOPOro B 3aJjiiBe
CylecTBeHHO Bbille. OHAKO 3TO MpeAIoIoXeHNe Tpe-
OyeT [ONOJIHUTEJIbHOU IPOBEepPKH.

BBIBOI, cleJTaHHBIN M3 aHaIM3a Pric. 5a 0 BBICOKOM
3HaueHUU IIoKa3aTeJisd IOIJIOIIeHUsA BEPXHHUM CJIOEM
BoJibI B TestelfkoM o3epe, XOPOIIO COIJIacyeTcs C pe3yJib-
TaTaMu U3MeEPEHUN CIIEKTPOB KO3pPUILIEHTa APKOCTU
(Ks1) Bomuout Tommuy, chesnaHHsle KopuemkuHo# E.H.
BO BpeMs 5ToH skcnequiiny. CcpljIka Ha olicaHue Ipu-
6opa u merona uamepenusa KA BogHOU Tomy gaHa B
pabore (Shybanov et al., 2023). U3BecTHO, YTO IOKa3a-
TeJIb MOTJIOIEHUS PACTBOPEHHON OPraHUKON B YEpHOM
Mope cyllecTBeHHO OoJibllle II0 CPaBHEHMIO C BoJaMU

oTKpHITOro okeana (CyetuH u fp., 2002; Kopelevich et
al.,, 2004). Ha Puc. 6 npuBeJieHbl PUMepHl CIIEKTPOB
KA Boanoi#l Tonmu B YépHoM Mope B amnpesie 2021 1. u
B Teserikom o3epa Ha c1. 002 u 021 B aBrycre 2023 1.
3ameTuM, 4TO U3MepeHue B YEPHOM MOpe BBHIIIOJIHEHO
B OTCYTCTBUHM I[BeTeHHsA KOKKoiuTodopua. Xopolio
BUAHO, 4YTO 3HauveHue KSI BogHOI ToONMM Ha [JIMHE
BosiHBl 400 HM B TesierikoM o3epe 6ojiee yeM B TpHU
pasa MeHbllle, yeM B UYEpHOM MoOpe, HECMOTps Ha To,
YTO B JIMHHOBOJIHOBOM o0OJ1acTu crekrpa (6osbire 600
M) KA BogHO# Tosu B o3epe GoJibliie, 4eM B MOpe.
C OJHOI CTOPOHBI, 3TO MOATBEpXJaeT BHIBOJ O TOM,
YTO IOKa3aTeJb IOTJIOIIeHUsA CBeTa B KOPOTKOBOJIHO-
BOI 4YacTH CIleKTpa B O3epe CYIIeCTBeHHO BBHIIIe, YeM
B UépHoMm mope. C Apyroil CTOpPOHBI, OYEBHIHO, YTO
[IoKasarejb OOpPaTHOIO paccesHUs CBeTa YacTUI[AMU
B3BeCH CylleCTBEHHO BHIIe B O3epe, YeM B Mope. JTO
ocobeHHO 3aMeTHO AjiA cT. 002, pacrnosiokeHHOH Ha
Iore B palioHe BafieHus p. UyJsiblMaH, KOTOpas BBIHO-
CUT 3HAUNTeJIbHOE KOJINYECTBO B3BECH.

[Monyuyennsle nganneie o K,(A) (Tabomma 2)
MOXHO HCII0JIb30BaTh [AJ1A OLIeHK!U CIeKTPaIbHOM 3aBU-
CUMOCTH S, . TIOKa3aTeJisl MOTJIOIEHNs OKPAIEHHOM
KOMIIOHEHThl PacTBOPEHHOIO OPraHHYecKoro Belle-
CTBa d,,,, TI0J1aras, 4To d,,,, BHOCUT OCHOBHOU BKJIaJl
B CyMMapHoe IOoIJIollleHle cBeTa BOAOU atot B KOPOT-
KOBOJTHOBOW o6Js1actu cnekrpa (A€350 — 450 HM), T.e.
Aepor>>a,,» A, U JOTIOJTHUTEIBHO a >>b,rnea, n a, -
MoKa3aTeJIu IOTJION[eHNs CBeTa YUCTOM BOJIoM U GuTo-
IUIAaHKTOHOM, b, — CyMMapHBI# I0Ka3aTesib 00paTHOTo
paccesHus cBeTa BOJIOH, Torjaa:

K, (2) = const (a,, (A1) +b,(1)) = const - (a,(A) + a,,(2) + dcpoy (A) + b, (1)) = const - agppy (A) o (7)

Ta6sura 3. PesyibTaT pacuéra p(?ni) JJIA CIIeKTPaJIbHBIX KaHAJIOB C I[eHTPaJIbHOU AJTUHOM BOJIHBI 7\,[ u O"O\,i, 0) s ctadnuu k1

A, HM 443 490 510 555 590 620
L) 1.424e-06 1.967e-06 2.751e-06 2.731e-06 3.149e-06 2.978e-06
O\, 0) 1.321e+01 1.664e+01 1.786e+01 1.985e +01 2.098e +01 2.140e +01
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Ta6suna 4. Pe3ysbTaThl pacuéToB CIEKTPAJIbHOTO HAKJIOHA IMOIJIOUIEHUs HeXHBOro opraHudeckoro BemjectBa SCDOM B

TeserikoM o3epe 1o ypaBHeHUIo (9)

A/A, Homep cranuun < Sepon > +CKO
HM 001 002 005 005 021 k1 1s2 HM'!
380/443 0.015 0.017 0.016 0.015 0.018 0.018 0.021 0.017 = 0.002
£ 002
[IpuHHMast BO BHUMaHMe, YTO (GYHKI[MOHAIbHAS .y 0;51
CBA3D Ay, OT A umeet Buj (Konenesud, 1983): o
0.02
Acport (L) = Acpor (Ag) - €xXp(=Scpon (A= 49)) | (8) 8 o
v 0
U cJleJiaB dJIeMeHTapHble nMpeoGpa3oBaHUsA ypaBHEHUA 0.01
(7), c yuérom ypaBHeHusA (8) i1 ABYX CIIEKTPAIBHBIX
KaHAJIOB C IIeHTPAJIbHOM JJIMHON BOJIHBI A =380 HM u 0.005
A,=443 HM COOTBETCTBEHHO, IOJy4aeM BhIpAXEHHE N
AnAS . 400 450 500 550 600 650 700 750

1K)
A— ’10 Kd (A)

PesyibTaThl pacu€ToB NpeCcTaBJIeHbl B TalJl. 4.

[TpencraBiienHoie B Tabsuile 4 pe3ysbTaThl
COBIAJIN C IPOBEAEHHBIMH TOJOM paHee B 3TO Xe
BpeM UCCIeJOBaHUAMU [TePBUYHBIX IMAPOONTHYECKUX
xapakTepuctuk Tesenkoro osepa (Moiseeva et al.,
2023), B mpoliecce KOTOPHIX HeNOCpPeACTBEHHO H3Me-
PANA CHEKTPaJIbHBIN XOJi OKpallleHHON KOMIIOHEHTHI
PacTBOPEHHOr0 OpPraHNYeckoro BellecTBa [JJIA aHa-
JIOTUYHOM CeTKM CTaHLMI M KOTOphle MOKa3aju, 4TO
MU3MEHYMBOCTH S, - JIEXUT B aquanasore 0.017 - 0.019
HM! B quanasoHe qimH BoJH 350 - 500 HM.

Ha Puc. 7 npuBenéH npumMep BOCCTAaHOBJICHUA
CIleKTpa TOPU3OHTAJIBHON 06JIyyeHHOCTH B dusude-
CKUX eJUHUIAaX, NOJIyYeHHBII IO ONKNCAHHOMY BbIlle
MeTrony (ypaBHeHus (2) — (6)) mo u3MepeHUsIM Ha CT.
kl. XapakTep mnoBedeHUs cIleKTpa OOJIy4eHHOCTH C
riybuHoOM (pe3Kkuii mpoBaj B KOPOTKOBOJIHOBOI 06J1a-
CTHU CIeKTpa) yKasblBaeT Ha BBICOKOE COAepXXaHue
PacTBOPEHHOI'0 OpPraHMYecKOoro BellecTBa B BoJAax
Teseuxoro o3epa (Puc. 7). OcobeHHOCTh ClieKTpa ropu-
30HTAJIbHON 00JIy4eHHOCTH B KOPOTKOBOJIHOBOM 00Jia-
cTU Kak QyHKIMYU IJIyOMHBI U MOJIOKEHHe ero MaKCU-
MyMa, HaulHasA OT 5 M U HHUXe, KOTOPBII COOTBETCTBYeT
JUiHe BOJIHBL 590 HM, HaX0[ATCA B IIOJIHOM COIJIacuu
C pesyJbTaTaMy, [IOJyYeHHBIMHU I'OIOM paHee COTpPyAd-
Hukamu HWHctutyta Buosoruu IOxHBIX Mopeit PAH
(Churilova et al., 2023).

SCDOM -

.(9)

4. BoiBOADI

BoccraHOBJIeH cHeKTp MoKasaTesis BepTHUKaJlb-
HOro ocJiabjieHus cBeTa B CeMM CIIeKTpaJIbHBIX KaHa-
JlaX, aHOMaJIUM KOTOPOTrO OIKCHIBAIOT peruoHasIbHbIe
0COOEHHOCTH B BepxHeM cJioe BOABl U COIJIACyIOTCA
C NOpAMBIMU H3MepeHUAMHU KoddouipeHTa ApKOCTU
BOJIHOM TOJIIIH;

[IpoaeMOHCTpUPOBAHO, YTO B CJIyyae CHHXPOH-
HbIX u3MepeHuil npodusis AP u ropusoHTaIbHONU
00JIy4eHHOCT! MOXHO IOJIyYUTh OOJIyYEHHOCTh B
dusnueckux eAuHUILIAX Ha JIOOOM TOPU3OHTE B CJIOE
doTocuHTE3a;
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Puc.6. Ilpumepsl usaMepeHuil kosdduimeHTa ApKOCTH
BOJIHOU ToJIIM B TestelikoM o3epe B aBrycre 2023 roga Ha CT.
002 u 021 u B riTy6OKOBOIHOM YacTy UepHOTo MOps B anpesie
2021 ropa.
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Puc.7. [Ipumep BOCCTaHOBJIEHUA CIIEKTPAa TOPU3OHTAJIb-
HOM 00JTy4eHHOCTH B PU3NUYECKUX eJUHUIax Ay cT. k1.

[losyuenHble 3HauYeHUA MJiA CIEKTPaJIbHOIO
[oKasarejsa IOIJIOUIEHUA HEeXUBBIM OpraHUYecKUuM
BEIIeCTBOM U MAaKCUMyM CIIeKTpa T'OpU30HTaJIb-
HOU MOJBOJHOM 0O0JIyueHHOCTU B cJioe (oTocuHTe3a
COBIIAJIM C paHee [I0JIyYeHHbIMU pe3yJjbTaTaMu COTPyAd-
Hukamu MHBIOM PAH.

BaaropapHocTH

PaboTa BBHIIIOJIHEHA B paMKax rocyJapCTBeHHBIX
saganuii ®I'BYH ®UI] MI'M Ne FNNN-2024-0012 u
O®T'BYH HUB3II CO PAH No0306-2021-0001 u goroso-
poB ¢ agmuHucrpanueii ®I'BY «Asratickuil rocynap-
CTBEHHBIM 3amoBeJHUK». B 3KCHeJUINOHHBIX pabo-
TaX WCIOJIB30BAJIOCh HayuyHoe obOopynoBaHue LIKII
«HayuHo-ucciaenoBatennsckue cyga MBOIT CO PAH».
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ABSTRACT. We report here the mitochondrial genome sequence of Lake Baikal green alga extracted
from complete genome of Chlorella sp. strain BAC9706. Sequenced mitochondrial genome of strain
BAC9706 has 90.8-kbp containing including 34 protein-coding genes. Phylogenetic analysis using
the mitochondrial genomes of algae of Chlorellales order indicated that the strain BAC9706 belongs
C. vulgaris clade and is Baikal ecotype of C. vulgaris.
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1. Introduction

Baikal is a unique ancient oligotrophic freshwa-
ter lake - the deepest, oldest and largest by volume in
the world. The lake has an unusual climatic environ-
ment and amazing of endemic flora and fauna diversity.
Autotrophic picoplankton plays a significant role in the
production of primary organic matter. In summer, pico-
plankton accounts for 60-90% of all primary produc-
tion in Lake Baikal (Votintsev et al., 1975; Bondarenko
and Guselnikova, 1989; Nagata et al., 1994). The great-
est contribution to the phytoplankton biomass is made
by diatoms and golden algae (Bondarenko et al., 2017),
while green algae Chlorophyta are rare and represented
by several species, with Chlorella-like algae noted only
sporadically. Thus, authors reported the under-ice
development of Chlorella sp. Baikal (Kozhova, 1959;
1987, Nagata et al., 1994). It was recently shown that
Chlorella-like green algae dominated under the ice in
2020, and C. vulgaris (Beijerinck, 1890) was found at all
the studied stations of the Irkutsk reservoir, indirectly
adjacent to Lake Baikal. (Bashenkhaeva et al., 2020;
Firsova et al., 2023).

The mass death of endemic sponges Lubomirskia
baikalensis began in Baikal in 2011. (Belikov et al.,
2019). Previously, we showed that significant changes
occurred in the microbial communities of the sponge
L. baikalensis and cell culture of the primmorph. A sig-
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nificant shift in microbial communities and mass death
of the main symbiotic green algae Choricystis and their
partial replacement with other algae in sponge commu-
nities were detected. (Belikov et al., 2019; Chernogor
et al., 2020).

The draft genome sequence of Chlorella sp. strain
BAC9706 (Petrushin et al., 2020) was prepared to
expand our molecular biological knowledge of these
microalgae and for compare them in the future with an
endosymbiotic alga strain. In this study, we assembled
the complete mitochondrial genome of a microalgal
strain BAC9706 morphologically similar to Chlorella-
like algae.

2. Materials and methods
2.1. DNA Sequencing and assembly

The genomic DNA was isolated as previously
described (Petrushin et al., 2020) and sequenced using
Ilumina MiSeq platform. A draft assembly was built
using SPAdes v. 3.15.4 (Bankevich et al., 2012). This
draft assembly contained 5,837 contigs with an N50
value of 44,654 bp, and the largest contig was 317,606
bp long.

The obtained whole-genome assembly contigs
were aligned on the reference genomes derived from
NCBI using BLASTn to identify mitochondrial contig.

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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2.2. Mitogenome annotation

For genome annotation we used GeSeq tool
(Tillich et al., 2017) with default parameters for pro-
tein-coding genes, tRNAs, and rRNAs with NC_045362
of Chlorella vulgaris strain NJ-7 sequence as reference for
mitochondrial genome. The protein-coding genes were
verified manually through alignments of homologous
mitogenomes from other Chlorella vulgaris strains using
BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). Proteins encoded in introns (orfs) were identified
by translating the nucleotide sequence into protein
sequence using the translate tool with standard genetic
codes (https://web.expasy.org/translate/). Complete
mitochondrial DNA sequence was uploaded to the
GenBank database (accession number PQ043348).
OGDRAW was used for genome maps visualization
OGDRAW (Greiner et al., 2019), to prepare files for
Genbank submission we used GB2sequin (https://chlo-
robox.mpimp-golm.mpg.de/GenBank2Sequin.html)
(Lehwark and Greiner, 2019).

2.3. Phylogenetic Analysis

To determine the phylogenetic relationship of
Chlorella genus a Maximum-likelihood tree was con-
structed using MEGA11l (Tamura et al., 2021). All
currently available sequences of complete well-an-
notated mitochondrial genomes belonging to the
Chlorellales order were selected from NCBI. From these,
we extracted all protein-coding sequences, performed
alignments, and concatenated them. To improve align-
ments, sequences from outlying taxa were removed.
Final phylogenetic tree is based on mitochondrial
protein sequences representing 31 concatenated pro-
tein-coding mitochondrial genes (3 of 34 annotated
genes for intron-encoded orfs were excluded from the
analysis).

3. Results and Discussion
3.1. Nucleotide Composition and Genome
Structure

The complete mitochondrial genome of
Chlorella sp. BAC9706 was identified as a circular dou-

Table 1. Nucleotide distribution strains.

ble-stranded molecule with a length of 90770 bp and is
located between related strains UTEX259 (98062 bp)
and NJ-7 (87477 bp). The nucleotide composition of
Chlorella sp. strain BAC9706 is 35.2 % A, 35.0 % T,
15.1 % G, and 14.6 % C, with a higher AT bias (70.2
%). The AT content of the strain BAC9706 mitogenome
was slightly higher than that of the two related strains,
equal to 70.0 % (Table 1).

The mitochondrial genome of strain BAC9706
contains 34 protein-coding genes (PCGs), 27 tRNA,
and 3 rRNA genes. Among these, a total of 19 PCGs
are encoded on the heavy (H) strand, while 15 genes
are located on the light (L) strand (Fig. 1). Total length
of protein-coding genes is 26969 bp, accounting for
29.7% of entire mitochondrial genome. The gene order
within the mitochondrial genome is identical to that of
two related strains.

The protein-coding genes include 13 for ribo-
somal proteins (rpl5-6, 16, rps2-4, 7, 10-14, 19), 9
for NAD(P)H-quinone oxidoreductases (nad1-7, 9 and
nad4Ll), 5 for ATP synthases (atpl, atp4, atp6, atp8
and atp9), 3 for coxs (cox1-3), 1 for cob, and 3 orf for
putative proteins. Transfer RNA genes for all 20 amino
acids were identified, in which tRNA-Met, tRNA-Leu
are triplicated, and tRNA-Ser, tRNA-Arg, and tRNA-Gly
are duplicated.

All PCGs have a typical initiation codon ATG
and stop with TAA, except for rps13, rps14, atp8, atp9,
cox2, nad3 that uses a stop codon TAG. Among the
protein-coding genes, nad5 is the longest gene with a
length of 2019 bp, while the shortest is the atp9 gene
with a length of 225 bp. The number of bases in the
13 PCGs follows the pattern A (35.2%) > T (35.00%)
> G (15.1%) > C (14.6%), suggesting that AT is more
preferred in PCGs.

3.2. Phylogenetic analysis

Phylogenetic analysis using the mitochondrial
genomes of Chlorellales species indicated that strain
BAC9706 is closely related to other C. vulgaris strains
- UTEX259, NJ-7, ITBBA3-12, KNUAOO7 and they clus-
tered in the Chlorella lineage with 100% bootstrap sup-
port (Fig. 2).

Nucleotide BAC9706 UTEX259 NJ-7
Count, bp % Count, bp % Count, bp %
Adenine (A) 31978 35.2 34356 35.0 30602 35.0
Cytosine (C) 13285 14.6 14462 14.7 12883 14.7
Guanine (G) 13728 15.1 14965 15.3 13348 15.3
Thymine (T) 31779 35.0 34279 35.0 30644 35.0
Purines (A+G) 45706 50.4 49321 50.3 43950 50.2
Pyrimidines (C+T) 45064 49.6 48741 49.7 43527 49.8
C+G 27013 29.8 29427 30.0 26231 30.0
A+ T 63757 70.2 68635 70.0 61246 70.0
Total length 90770 98062 87477
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Fig.1. Mitochondrial genome map of Chiorella sp. strain BAC9706.

3.3. Whole mitogenome alignhment

Whole genome alignment analysis for three
strains C. vulgaris - UTEX259, NJ-7 and Chlorella sp.
BAC9706 (Fig. 3) shows the following major differ-
ences in the mitochondrial genomes: in the UTEX259
strain, the intron of cox1 gene contains orf441, which is
absent in the other two genomes; significant differences
are in the gene encoding 23S rRNA and in the adjacent
region, similarly, low conservation is observed next to
the gene encoding 16S rRNA.

Thus, the main differences between the three
closely related strains are related to the intergenic
regions closed to rRNA genes.

4. Conclusions

In this study, we successfully assembled and ana-
lyzed the complete mitochondrial genome Chlorophyta
green algae of the Lake Baikal. Next-generation whole
genome sequencing of Chlorella-like green algae
and bioinformatics analysis revealed a circular dou-
ble-stranded molecule with a typical set of mitochon-
drial genes.

The constructed phylogenetic tree clearly indi-
cates that the Chlorella-like strain BAC9706 is one
of the representatives of the algae species C. vulgaris,
Baikal ecotype of C. vulgaris.
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Chlorella vulgaris NJ-7 NC_045362
Chlorella variabilis NC_025413
Chlorella sp. ATCC 30562 KY629618
Micractinium variabile NC_060308
Chlorella sp. ArM0029B KF554428
Micractinium singularis MN894286
Micractinium sp. LBA 32 MH718999
Micractinium pusillum MN649871
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Chlorella heliozoae KY629615
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Fig.2. The Maximum Likelihood phylogenetic tree of
Chlorella sp. strain BAC9706 based on mitochondrial concate-
nated protein-coding genes from Chlorellales taxa.
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FfeHom muToxoHaApun wtamma Chlorella sp.
BAC9706, BbiaAeA€eHHOro u3 o3epa baMkan

KpaTtkoe coobuienune

LIMNOLOGY
FRESHWATER
BIOLOGY

M

[Tanosa 10.A."?, YepHorop JI.1.2", benukos C.W.**

T Cubupckuii ¢pedepastvHbiii yHugepcumem, Axademeopodok, 13a, KpacHosapck, 660036, Poccus
2 JlumHostoeueckutl uHcmumym Cubupckoeo omdesieHus Poccutickotl akademuu Hayk, YJ1. Yian-bamopckas, 3, Hpkymck, 664033,

Poccua

AHHOTAILIHS. B naHHOM cTaThe MBI Pe/ICTaBJIsIEM MOCJIEA0BATEIBHOCTh MUTOXOHAPHUAIBHOTO TEHOMAa
3eJIEHO BoAopocu o3epa batikaji, BeIIEIEHHYI0 U3 MOJIHOTO TeHoMa mrtamma Chlorella sp. BAC9706.
CexBEeHMPOBAHHBIN MUTOXOHAPHUAIbHBIN reHoM mrTamMa BAC9706 nmeet 90,8 ThIiC. I.H., COIepXKaITUI
B TOM unciie 34 GesIoK-KOAUPYIIUX TreHa. duaoreHeTUYeCKUi aHaJin3 C UCIO0JIb30BaHUEM MUTOXOH-
NpUajibHbIX TeHOMOB Bofopoceli nopsaka Chlorellales mokasai, uro mramm BAC9706 mpuHaIeXUT
wiane C. vulgaris u ABiserca 6akikagbckuM skotunoM C. vulgaris.

Kimioueawie ciiosa: Chlorella vulgaris, MUTOXOHAPUAJIbHEIN TeHOM, 03epo Batika

Jlisa nutupoBaHus: [Tanosa 10.A., YepHorop JI.W., Besmkos C.U. TeHoMm muToxoHapuii mtamma Chlorella sp. BAC9706, BoifesieH-
Horo u3 o3epa Baiikan //Limnology and Freshwater Biology. 2024.-Ne 5.-C.1267-1275.DOI: 10.31951/2658-3518-2024-A-5-1267

1. Beeapenue

Baiikay — YyHHKaJIbHOE ApeBHee OJUIoTpod-
HOe NpPecHOBOJHOe 03epo — camoe TIybokoe, camoe
apeHee u caMmoe GoJsipioe o o6beMy B Mupe. O3epo
rMeeT HeOOBIYHYI0 KJIMMATHUYEeCKylo cpedy U YOUBU-
TeJIbHOe pa3HooOpasue 3HAeMUYHOU (PJIOpH U payHBHI.
ABTOTpO(DHBIII MUKONJIAHKTOH HWrpaeT 3HAYUTeJIb-
HYI0 pOJIb B IPOU3BOACTBE IEPBUYHOIO OpraHuye-
CKOTO BellecTBa. JIeTOM NUKOIJIAHKTOH obecnedrBaeT
60-90% Bceli mepBUYHOV NPOAYKIMU B 0o3epe Baiika
(Votintsev et al., 1975; Bondarenko and Guselnikova,
1989; Nagata et al., 1994). HaubGospmuii BKJIaO B
6uoMaccy (UTOIJIAHKTOHA BHOCAT [UATOMOBBIE U
3oJioTUCTHIe Bogopocau (Bondarenko et al., 2017),
TorAa Kak 3eyieHsle Bogopocau Chlorophyta peaku u
Mpe/ICTaBJIEHH HECKOJIPKUMH BHUJAaMH, a BOJOPOCIIHU
poaa Chlorella oTMmedeHsI JuIb cropaanvecku. Tak,
aBTOpHI cool0masm o mojieaHoM passutuu Chlorella
sp. B o3epe Batikan (Kozhova, 1959; 1987, Nagata et
al.,, 1994). HenaBuo ObLJIO MOKasaHo, uTo B 2020 T.
1010 JIIOM JOMUHHPOBAJIU XJIOPEJLIONOA00HbIe 3ee-
Hble BOJOPOCJIM, a Ha BCEX HCCJIEJOBAHHBIX CTAHIIMAX
VpKyTCKOTO BOIOXPAaHWIMING, OIOCPEJOBAaHHO IpPU-
Jeramomero kK osepy Baiikan, obHapyxeHa Chlorella
vulgaris Beijerinck. (Bashenkhaeva et al., 2020; Firsova
et al.,, 2023). MaccoBas rubeyib 3HIAEMUYHBIX TI'yOOK
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Lubomirskia baikalensis Hauanace B Bafikase B 2011 1.
(Belikov et al., 2019). PaHee Hamu OBLIIO TOKa3aHO, YTO
cyllecTBeHHble M3MeHeHNUs NMPOM30IIIN B MUKPOOHBIX
coobmectBax ryoku L. baikalensis u KyJibType KJIETOK
npuMMopd. BeisBjIeHHI CyIlleCTBeHHBIH CABUTI MUKPOO-
HBIX coo00IlecTB M MaccoBas rubeyib OCHOBHBIX CHUM-
OMOTHYECKUX 3eJIeHBIX Bogopocyel Choricystis u ux
yacTUYHas 3aMeHa APYTUMH BOJOPOCIIAMU B coobile-
ctBax ryook. (Belikov et al., 2019; Chernogor et al.,
2020).

[TpoekT mocjenoBaTeJbHOCTH IeHOMa IITaMMa
Chlorella sp. BAC9706 (Petrushin et al., 2020) 6bi1
NONrOTOBJIEH MJIA paclIMpeHusA HalIMX MOJIEKYJIAp-
HO-0MOJIOrMYeCcKUX 3HAaHUH 00 3TUX MHUKPOBOIOPOCIAX
U I CpaBHEHHA UX C SHJOCUMOHUOTHMYECKUM IITaM-
MOM BOJIOpOCJIY B OyiyiieM. B 3ToM ncciiefoBaHUN MBI
cobpasy MOJHBIN MUTOXOHAPUAIbHEIN r'eHOM IITaMMa
mukposogopociiu BAC9706, mopdosiornyecku IMoxo-
xero Ha Bogopocyu tuma Chlorella.

2. MaTtepuanbl U MeTOADBI
2.1. CexBeHupoBaHue u coopka AHK

l'enomuas JJHK Obplsia BbIZeJieHa, KaK OMMCAHO
padee (Petrushin et al., 2020), u cekBeHMpOBaHa C
rcnosp3oBaHueM margopmsl [llumina MiSeq. I[TpoekT

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
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Commons Attribution-NonCommercial 4.0.


https://www.doi.org/10.31951/2658-3518-2024-A-5-1267
https://orcid.org/0000-0002-9702-306X
https://orcid.org/0000-0001-7206-8299
mailto:sergeibelikov47@gmail.com

lMaHoea KO.A. u Op. / Limnology and Freshwater Biology 2024 (5): 1267-1275

c6opku ObUT co3maH ¢ wucnosib3oBaHueM SPAdes v.
3.15.4 (Bankevich et al., 2012). OToT npoekT cGOpKU
comepxai 5837 koHTUroB co 3HaueHueM N50 44 654
I.H., @ cCaMbIii OOJIBIION KOHTUT MMeJi JUinHy 317 606
IL.H.

[TosiydeHHBIE KOHTUTH [TOJIHOT€HOMHOM COOpPKHU
OBLIM BBHIPOBHEHHI ¢ pedepeHCHBIMU r'eHOMaMH, MOJIy-
yeHHbIMM M3 NCBI, ¢ ucnons3oBaHueM BLASTn aisa
naeHTH(PUKAMN MUTOXOHPHUAJIBHOIO KOHTUTA.

2.2. AHHOTaAUMA MUMTOreHoma

Jlna aHHOTaUMM TeHOMa MbI KCIIOJIb30BaJIN
uHcTpyMeHT GeSeq (Tillich et al., 2017) ¢ mapawme-
TpaMM II0 YMOJIYAHUIO [JIA TeHOB, KOAMPYIOUINX
6esok, TPHK u pPHK ¢ NC_045362 mociienoBaTeb-
Hoctu mramma Chlorella vulgaris NJ-7 B kauecTBe
pedepeHca A1 MHUTOXOHJIPUAJIBHOTO reHoma. I'eHH,
KoJupymomye 06eJloK, ObUIM IPOBEpPEHH BPYYHYIO C
[IOMOIIBI0 BHIPABHUBAHUSA T'OMOJIOTMYHBIX MUTOTEHO-
MOB U3 apyrux mrammoB Chlorella vulgaris ¢ ucmois-
3oBanueM mnowcka BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). Besku, kogupyemsle B UHTpoHax (orf),
ObUTN MIeHTH(DUINPOBAHEl IIyTEM IepeBojia HYKJIEo-
TUJHOHN MOCJIeJOBATEJIBPHOCTU B IOCJIENOBATEIBHOCTD
feska C HCIOJIB30BaHMEM WHCTPYMEHTa IiepeBoja
CO CTaHJApTHBIMU TeHeTwdeckumu komamu (https://
web.expasy.org/translate/). IlojiHass nocjegoBaTesIb-
HOCTh MuToxoHApuasbHON JHK 6bUta 3arpyxeHa B
6a3y manHbix GenBank (Homep moctyma PQ043348).
Jna Bu3yanu3ali TeHOMHBIX KapT HCIIOJIb30BaJICsA
OGDRAW (Greiner et al., 2019), mj14 IIOArOTOBKU
daiinos nia ormpaBku B Genbank Mbl mcnosib3oBav
GB2sequin  (https://chlorobox.mpimp-golm.mpg.de/
GenBank2Sequin.html) (Lehwark and Greiner, 2019).

2.3. dunoreHeTMuecKum aHanus

Jnsa onpenesieHuss GuiIoreHeTHYeCKON CBA3U
poaa Chlorella 610 MOCTPOEHO AEpPEBO MaKCHUMAJIb-
HOro mnpasfgomnonobusa ¢ ucnonab3oBaHuem MEGA1]
(Tamura et al., 2021). Bce OocTymHble B HacCTOAIIee
BpeMs IOCJIeJOBAaTEIBbHOCTU IIOJIHBIX XOPOLIO aHHO-
TUPOBAaHHBIX MUTOXOHJIPHUAJIbHBIX T'€HOMOB, IpUHAM-
nexamux kK mopsanky Chlorellales, 65111 BRIGpaHBI U3

Ta6suna 1. PacnpenesieHus HyKJIeOTUAOB B ITaMMax.

NCBI. V3 HuxX MBI M3BJIEKJIM BCe KOAUpYMOIUe Oejiok
[IOCJIEI0BATEJIbHOCTH,  BBIIIOJIHUJIA  BbIpaBHUBAHUA
1 00beAVHWIM UX. [7A yjydlleHus BBIPaBHUBaHUN
ObUTM yAaJieHbl II0CJIeOBATeJIbHOCTU W3 yAaJIeHHBIX
TakCcOHOB. OKOHYaTeJIbHOE (UIOreHeTuYecKoe AepeBo
OCHOBAHO Ha IOCJIEAOBATEJIbHOCTAX MUTOXOHAPHAJIb-
HBIX O€JIKOB, MpeACcTaBaAlINX 31 KOHKaTeHUpOBaH-
HBI KOAUPYIOHINIT 6eJIOK MUTOXOHPUAIbHBIN Tr'eH (3
n3 34 aHHOTUPOBAHHBIX I'€HOB, KOAUPYEMBIX WHTPO-
HaMU, ObLIM MCKJIIOYEHBl U3 aHaJIN3a).

3. Pe3yAabTathbl M 06Ccy)xpeHue
3.1. HykneoTuaHbIM COCTAB M CTPYKTYpa
reHoma

[MoytHBIT MUTOXOHAPHUAJIBHBIN TeHoM Chlorella
sp. BAC9706 6bl1 naeHTUPULUMPOBAH KaK KOJibl{eBas
JByXIlelouevyHas MoJiekyJsia JyuHoi 90770 m.H. u pac-
MIOJIOKEH MexAy poacTBeHHbIMU mtamMmamu UTEX259
(98062 n.H.) u NJ-7 (87477 n.H.). HyxyeoTugHsIi
coctas mtamMma Chlorella sp. BAC9706 coctasiisieT 35,2
% A, 35,0% T, 15,1 % G u 14,6 % C, c 60j1ee BBICOKUM
cmemenueMm AT (70,2 %). Conmepxanue AT B mutore-
HoMe mTamMma BAC9706 ObLJI0O HEMHOI'O BBIIE, YeM
y OBYX POACTBEHHBIX WITaMMOB, U cocTtaBusio 70,0 %
(Ta6smma 1).

MuToxoHApUaibHBEIN reHoM mTamMmMa BAC9706
comepxut 34 reHa, xomupyiomux 6enku (PCG), 27
reHoB TPHK u 3 rena pPHK. M3 Hux B o0mel cjox-
Hoctu 19 PCG xomupyioTca Ha Tspxesont (H) memnu, a
15 reHoB pacnoJioxeHsl Ha Jjerkoii (L) nenu (Puc. 1).
OOmias [AyinHa reHOB, KOJUPYIOMUX OeJIKY, COCTaBJIAeT
26969 1.H., uto cocTtanJiisieT 29,7% OT BCcero MUTOXOH-
JpUajbHOro reHoMa. IIopsAgoK reHOB B MHUTOXOHIPH-
aJIbHOM TeHOMe HAeHTHYeH MOPAAKY T'eHOB JIBYX poA-
CTBEHHBIX TaMMOB XJIOPEJLJIBL.

l'ennl, koaupylomue OesK{, BKIOYAOT 13 a4
pubocomasibHbIX 6esKoB (rpl5-6, 16, rps2-4, 7, 10-14,
19), 9 nia HAO(®)H-xuHOH okcuaopeaykTas (nadl-7,
9 u nad4L), 5 gia AT®-cunTas (atpl, atp4, atp6, atp8
u atp9), 3 mia coxs (cox1-3), 1 mia cob u 3 orf gna
npeAanoJiaraeMbelx 6esKOB. BpM mAeHTUGUIUPOBAHBI
rensl TpaHcrnopTHo!i PHK s Bcex 20 aMMHOKHUCIIOT,
B koTopbix TPHK-Met, TPHK-Leu TpunauuupoBaHsl, a
TPHK-Ser, TPHK-Arg u TPHK-Gly myGaupoBanbl. Bce

Hyxiieotuanl BAC9706 UTEX259 NJ-7
Yuciio, II.H. % Yucio, I.H. % Yuciio, m.H. %
AnenuH (A) 31978 35.2 34356 35.0 30602 35.0
Lutozux (C) 13285 14.6 14462 14.7 12883 14.7
T'yauuH (G) 13728 15.1 14965 15.3 13348 15.3
Tumua(T) 31779 35.0 34279 35.0 30644 35.0
Iypuss (A+G) 45706 50.4 49321 50.3 43950 50.2
TMupumuguae(C+ T) 45064 49.6 48741 49.7 43527 49.8
C+G 27013 29.8 29427 30.0 26231 30.0
A+T 63757 70.2 68635 70.0 61246 70.0
O6mas qjivHa 90770 98062 87477
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[ complex | (NADH dehydrogenase)

1 complex Il (ubichinol cytochrome ¢ reductase)
[ complex IV (cytochrome ¢ oxidase)
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[@ ORFs
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Chlorella sp. BAC9706
mitochondrial genome
90,770 bp

Puc.1. Kapra mutoxoHApuaibHoro reHoma mramma Chlorella sp. BAC9706.

PCG umeroT TUNUYHBIY UHUIUUPYIOMUN KogoH ATG u
cron-koAgoH TAA, 3a uckimoueHueMm rpsl3, rpsl4, atp8,
atp9, cox2, nad3, KOTOpbie HCIOJIb3YIOT CTOM-KOJOH
TAG. Cpenu reHoOB, Kogupyouux 6esok, nad5 sABs-
eTcsl caMbIM JJIMHHBIM T'eHOM ¢ yimHON 2019 m.H., B
TO BpeMs KaK CcaMbIM KOPOTKUM sIBJisleTcsl TeH atp9 c
niuHon 225 nm.H. KonmuectBo ocHoBauHuil B 13 PCG
cienyet cxeme A (35,2%) > T (35,00%) > G (15,1%)
> C (14,6%), 4TO NO3BOJIsIET NPENIOJIOXKUTD, YTO AT
6osiee npeanoururesied B PCG.

3.2. dunoreHeTHUECKUH aHAAU3

duioreHeTUYECKNI aHAJIN3 C HCIIO0JIb30BaHUEM
MUTOXOHIPHUAJIBHBIX TeHoMOB BuIoB Chlorellales moka-
3ay1, yto mrtamMM BAC9706 TeCHO CBA3aH C APYrUMU
mrammamu C. vulgaris - UTEX259, NJ-7, ITBBA3-12,
KNUAOO7, v oHu crpynnupoBans B iuHuto Chlorella co
100% nmoppmepxkoi OyTtcrpena (Puc. 2).

3.3. BoipaBHMBaHue BCero MMMToreHoma

Ananu3 BeIpaBHUBaHUA BCEro reHoMa JJisg Tpex
mrammoB C. vulgaris - UTEX259, NJ-7 u Chlorella sp.
BAC9706 (Puc. 3) nokasbiBaeT cjieylolirie OCHOBHBIE
pas3inuys B MUTOXOHJIpHAJIbHBIX TeHOMax: B LITaMMe
UTEX259 uHTpoH reHa coxl comepxur orf441, xoro-
PBII OTCYTCTBYET B IBYX APYTMX reHOMax; CyIlleCTBeH-
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HBle pa3InuuA HaxXOoAATCA B reHe, Kogupymomem 23S
pPHK, u B npuseraromieil o6J1acTy, aHaJIOTUYHO, HU3-
Kas KOHCepPBAaTUBHOCThL HabJII0JaeTcsa pAAOM C FeHOM,
kopupyromuM 16S pPHK.

TakuM 00pa3oM, OCHOBHBIE pa3Inuvsg MexXay
TpeMsa OJIM3KOPOACTBEHHBIMU IITaMMaMU CBA3aHBL C
MeXTreHHbIMU o0J1acTAMU, OJiu3KuMu K reHam pPHK.

Chlorella vulgaris KNUAOO7 MW900258
Chlorella sp. BAC9706
Chlorella vulgaris ITBBA3-12 MT419367
Chlorella vulgaris UTEX259 MK948103
Chlorella vulgaris NJ-7 NC_045362
Chlorella variabilis NC_025413
Chlorella sp. ATCC 30562 KY629618
Micractinium variabile NC_060308
Chlorella sp. ArM0029B KF554428
Micractinium singularis MN894286
Micractinium sp. LBA 32 MH718999
Micractinium pusillum MN649871
Micractinium conductrix KY629619
Chlorella heliozoae KY629615
— Chlorella sorokiniana NC_024626
0 L chiorella ohadii NC_063650
Dicloster acuatus PP746556

— Binuclearia lauterbornii PP746559
100 L pseudochlorella signiensis PP746560
Marvania geminata PP746561
Auxenochlorella protothecoides NC_026009

Puc.2. ®unoreHernyeckoe OgepeBO MaKCHUMAaJIbHOTO
npaBgonono6usa mramma Chlorella sp. BAC9706 Ha ocHOBe
MUTOXOHJIPHAJIBHBIX KOHKATEHHPOBAHHEIX I'€HOB, KOAUPYIO-
mux 6esiok, u3 TakcoHoB Chlorellales.
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Puic.3. BripaBHUBaHUE II€JIbIX TeHOMOB AJ1s Tpex mTaMmMoB Chlorella - UTEX259 (MK948103), NJ7 (NC_045362) u Chlorella
sp. BAC9706 (PQ043348). CDS noka3aHsl xeaTeiM 11BeToM, pPHK - po3oBbiM, a TPHK - cuHuM. CBeTJ10-3eJIeHbIH JIMHEeHHBIN rpa-
(uK nokaspBaeT cCOXpaHeHUe COOTBETCTBYIOIEl 00JIaCTH BEIPABHUBAHUA.

4. BbiBOADbI

B 3TOM HCCJ/IE[JOBaHUM MBI YCIIEIIHO cOGpaiu
U TPOAHAM3UPOBAIN  [OJIHBIA MHUTOXOHAPHAII-
HBIII TeHOM 3eJieHbIX Bomopocieii Chlorophyta osepa
Batikas. T[IOoJITHOTEHOMHOE CEKBEHHPOBaHUE CJIeIYIOo-
Imero MokoJjieHusA 3ejeHbx Bomopocieir Chlorella-like
u GronH(pOPMaTHUYECKUI aHAJIU3 BRIABUJIN KOJIBIIEBYIO
JIBYXIIE[IOYEYHYI0 MOJIEKYJly C THUIUYHBIM HaGopoM
MUTOXOH[PUAJIbHBIX T€HOB.

[TocTpoeHHOe (PUIOTeHETHYECKOE JEPEBO OqHO-
3HAYHO yKasbiBaeT Ha To, yto mramm Chlorella-like
BAC9706 sABiseTca OOHUM H3 NpefCcTaBUTesIel BUAa
Bomopocieit Chlorella vulgaris, 6aiikaJbCKOTO 3KOTHUIA
C. vulgaris.
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Tropical Lake, Southern Nigeria BIOLOGY

M
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ABSTRACT. This study assesses the community structure and diversity of benthic macroinvertebrates
in Ozomu Lake, Southern Nigeria, to evaluate the water quality and ecological health. Sampling was
conducted twice monthly from March to August 2020, at three stations using bottom sediment grabs
and bank-root zone sampling. A total of 23 taxa and 427 individuals were recorded. Diptera (25%) and
Odonata (22%) were the most abundant, followed by Coleoptera (18%) and Ephemeroptera (12%). In
terms of diversity, the stations were ranked as follows: Station 2, Station 1, and Station 3. The Shannon-
Wiener index indicated that Station 2 had the highest species diversity (2.896), followed by Station 1
(2.828) and Station 3 (2.472). Pielou’s Evenness index revealed that Station 2 had the most even distri-
bution of species (0.7871), while Station 1 had the lowest (0.6235). Pollution-sensitive taxa at station
1 comprised 40.8% of the benthic fauna (58 individuals), indicating relatively good water quality.
Moderately tolerant taxa represented 28.9% (41 individuals), while pollution-tolerant taxa accounted
for 30.3%. Station 2 recorded similar results for pollution-sensitive taxa at 40.3% (52 individuals).
However, moderately tolerant taxa dominated this station, making up 41.1% (53 individuals), with
pollution-tolerant taxa at only 18.6%, suggesting lower environmental stress. Pollution-tolerant taxa
predominated at 40.4% at station 3 (65 individuals), indicating greater environmental disturbance.
Moderately tolerant taxa constituted 33.5%, while pollution-sensitive taxa were reduced to 26.1%,
reflecting the most stressed environment among the stations. Overall, the lake’s ecological health
appears stable, but localized stressors may require targeted management.

Keywords: Benthic macroinvertebrates, Pollution tolerance, Bioindicators, Species diversity, Ozomu Lake
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Freshwater ecosystems are 1ncr.easmgly threg‘F- crawl or attached to stones or other submerged objects
ened by anthropogenic activities, which pose signifi- o1 (o the bottom substrate of a body of water and are
cant risks to their biodiversity and ecological processes retained by a net of sieve with an aperture of 0.6mm
essential for human well-being (Meng et al., 2016; Niba ‘a smaller aperture of 0.25mm may be necessary for
and Sakwe, 2018). Among these ecosystems, lakes are  gpecial purposes, to ensure the capture of early instars’
particularly vulnerable due to their role in collecting (Olomukoro and Ezemonye, 2000). Benthic macro-in-
runoff and pollutants from their catchments. Assessing vertebrates are most commonly used tool in biomon-
and monitoring the health of these aquatic systems is itoring (Olomukoro and Osuinde, 2015; Fekadu et al.,
crucial for sustainable management and conservation 2022).
efforts. Understanding the structure and composition of Benthic Macroinvertebrates forms an integral
‘.benth1c communities in lakes is imperative for assess- part of an aquatic environment and are of ecological
Ing ecosystem health‘and water quality (Gawad, 2019). and economic importance (Raphahlelo et al., 2022).
Bent}'uC macroinvertebrates fauna (often referred They also play a key role in mineralization of organic
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thic macrofauna) are visible to the unaided eye and fish and shellfish species in most aquatic environments
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munities and their sensitivity to changes in the aquatic
environment have made many species as bio-indicators
of water quality (Gawad, 2019; Jonah et al., 2022).
Their long larval life cycles allow studies conducted by
aquatic ecologists to determine any decline in environ-
mental quality (Ajao and Fagade, 2002).

Benthic characteristics can reveal sites subject
to chronic pollution. The diverse assemblage of inver-
tebrate organisms inhabiting the bottom sediments of
aquatic ecosystems play a crucial role in maintaining
ecological balance and supporting the functioning of
freshwater environments (Raphahlelo et al., 2022).
The health and sustainability of aquatic ecosystems are
facing unprecedented challenges due to anthropogenic
activities (Andem et al.,, 2012). They integrate the
effects of various stressors over time, reflecting both
short-term and long-term impacts on the ecosystem.
Their limited mobility and close association with sedi-
ments make them susceptible to contaminants, habitat
degradation. By monitoring the responses of benthic
macroinvertebrates to pollution, scientists can assess
the severity of environmental stressors and develop
strategies for mitigating their impacts on aquatic eco-
systems (Hakobyan and Jenderedjian, 2016). They also
influence sediment characteristics and water quality
through their burrowing, feeding, and other activities
(Azrina et al., 2006).

In tropical regions, particularly in developing
countries like Nigeria, there is a pressing need for
robust bioassessment tools to monitor freshwater eco-
systems. Despite the ecological significance of these
regions, studies on the use of benthic macroinverte-
brates as bioindicators in lakes remain limited. This gap
in research is especially pronounced in tropical lakes,
where unique environmental conditions may influence
macroinvertebrate communities differently compared
to other freshwater systems.

This study aims to investigate the commu-
nity structure and diversity of benthic macroinverte-
brates in a tropical lake in Southern Nigeria, thereby
providing critical insights into the water quality and
ecological health of the lake. The findings from this
study will enhance the understanding of the ecological
dynamics in tropical freshwater ecosystems and inform
management practices aimed at preserving these vital
resources.

2. Materials and methods
2.1. Study area

Ozomu Lake, located within Ozomu Village in
the southern Nigerian rainforest region of Edo State,
is a small water expanse positioned between latitude
5°26’9”E and longitude 6°15°3” N (Fig. 1). The lake
primarily receives water from groundwater sources,
with additional runoff during the rainy season. To
retain water during the dry season, artificial structures
such as small earthen dams and levees have been con-
structed around the lake. These structures are designed
to manage water levels, preventing excessive drainage
during dry periods and ensuring a consistent aquatic
environment. The presence of these artificial structures
could influence the benthic fauna by altering the natu-
ral hydrological and sedimentation patterns of the lake.

In addition, sediment analysis revealed that the
mean total organic carbon for the lake is 3.89 g/kg,
while the total organic matter is 6.72 g/kg. The sed-
iment composition was predominantly sandy, with
mean percentages of 82.90% sand, 10.80% clay, and
6.31% silt (Olomukoro and Enabulele, 2024).

The region experiences a tropical climate, with
average temperatures ranging between 25°C and 28°C,
depending on the season. The southern parts of the state
have a humid tropical climate, while the northern parts
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have a sub-humid climate. April is the warmest month
with an average temperature of 27.5°C, while July is
the coldest with an average of 24.5°C. Precipitation
is lowest in January, with only 9mm, and highest in
September, with an average of 338mm.

2.2. Sampling stations

For sampling purposes, three locations were cho-
sen based on their accessibility and water availability.
These stations provide valuable insights into the eco-
logical dynamics of Ozomu Lake and help assess the
impact of human activities and natural variations on its
biodiversity and water quality.

Station 1

Station 1 is located in an area with an aver-
age depth of 2.45 meters. The vegetation at this sta-
tion is diverse, featuring species such as Bambusa sp.,
Alchomelaxiflora sp., Azolla sp., and Nephrolepsis biser-
rate. Additionally, there is an accumulation of decom-
posing organic material, which may influence nutri-
ent levels in the lake. These plant types contribute to
a complex aquatic habitat that supports a variety of
organisms. Domestic activities such as bathing, wash-
ing, and traditional practices indicate significant use of
the lake’s resources, potentially affecting water quality
and ecological balance. Station 1 also serves as a major
source of water supply for local communities.

Station 2

Station 2 is located 520 meters away from Station
1, with an average depth of 3.19 meters. The vegetation
at this station includes Bambusa sp., Pistia sp., Azolla
sp., Salvinia sp., and Alchomelaxiflora sp. There is also
decomposing organic material present, contributing to
the nutrient dynamics of the lake. Human activities at
Station 2 are more varied, involving bathing, washing,
and dredging. Additionally, the influence of palm oil
mill effluent (POME) and dredging activities suggests
a higher level of anthropogenic impact, potentially
affecting both water quality and ecological conditions.

Station 3

Station 3 is positioned 380 meters away from
Station 2, with an average depth of 4.50 meters. The
vegetation at this station consists of Bambusa sp.,
Alchomelaxiflora sp., and Elaeis guineensis, along with
decomposing organic material. The relatively deeper
water and different vegetation types suggest distinct
ecological characteristics compared to the other sta-
tions. Human activities at Station 3 include bathing,
washing, and the discharge of palm oil mill effluent
(POME), indicating a substantial impact on the lake’s
environment. Dredging activities are also reported,
potentially altering sediment composition and water
quality at this station.

2.3. Benthic macroinvertebrates sampling
and identification

For this study, benthic macroinvertebrates sam-
ples were systematically collected twice a month from
March to August 2020 at three designated sampling
station. This frequent sampling approach is essential
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for accurately assessing the community dynamics and
diversity within Ozomu Lake. By sampling every two
weeks, we aimed to minimize any potential bias that
could arise from temporal variability in species abun-
dance and distribution. Bottom sediment samples were
collected from all sampling stations and composited
in a small bucket. A 6-inch metal container, modified
as a grab with extended arms to enable deeper pene-
tration into compacted sediments, was used to manu-
ally sample the lake substratum, reaching an average
depth of 3.38 meters. The area captured by the grab
is approximately 0.023 square meters per sample, this
design allowed for more effective collection of bottom
sediment samples. Water was added to facilitate gentle
hand-mixing, and the sediment slurry was separated
using a 500pum mesh-size sieve. The sediment was
washed through the sieve with a low-pressure stream of
water to avoid damaging organisms, particularly oligo-
chaetes. The sieve was gently agitated to rinse out fine
sediment, and the slurry was sieved in small portions to
prevent mesh clogging. In addition to bottom sediment
sampling, macroinvertebrates were also collected from
the bankroot zones and vegetation using the kicking
method. This technique involved disturbing the sub-
strate and vegetation along the lake’s edges to dislodge
organisms into the water column. A fine-mesh net was
positioned to capture any dislodged macroinverte-
brates (Olomukoro and Osuinde, 2015). The loosened
organisms were collected in labeled benthic bottles and
preserved in 10% formalin to maintain taxonomic fea-
tures (Osuinde and Olomukoro, 2023). Each bottle was
labeled with sampling details for identification. Benthic
macroinvertebrates identification was conducted to the
species or genus level using provided identification
keys and guides (Olomukoro and Ezemonye, 2000;
Gerber and Gabriel, 2002).

2.4. Statistical analysis

Statistical analysis was conducted using
Microsoft Excel 2021 and Paleontological Statistics
(PAST) software. Biotic indices, including, Shannon-
Wiener diversity index (H), Pielou’s evenness index
(J), and Simpson’s dominance index (D), were ana-
lyzed using the PAST software. The total number of
individuals and their corresponding percentages for
various groups of benthic fauna observed in the study
area were analyzed. The benthic fauna were classified
into three main groups based on their tolerance to pol-
lution and environmental disturbances: Sensitive Taxa,
Moderately Tolerant Taxa, and Tolerant Taxa. Aquatic
biological indicators of Benthic Macro-invertebrates
based on their tolerance level as defined by the United
States Environmental Protection Agency (USEPA)
derived from Gawad (2019).

3. Resulits
3.1. Benthic macroinvertebrates
community structure

The overall taxonomic composition, distribu-
tion, and abundance of Zoobenthos collected during
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the study period are summarized in Table 1. A total of
23 taxa and 427 individuals were recorded, including
2 species of Oligochaeta, 4 species of Odonata, 3 spe-
cies of Ephemeroptera, 3 species of Hemiptera, 2 spe-
cies of Coleoptera, 1 species of Trichoptera, 4 species
of Diptera, 1 species of Mollusca, 1 species of Araneida,
and 2 species of Decapoda. Among these taxa, Diptera
accounted for 25% of the total individuals, followed
by Odonata (22%), Coleoptera (18%), Ephemeroptera
(12%), Decapoda (5%), Araneida (5%), Hemiptera
(4%), Mollusca (4%), and Trichoptera (3%) as shown
in Figure 2. Station 3 exhibited the highest species rich-
ness and individual count compared to Stations 1 and
2 (Table 1, Fig. 3).

3.2. Spatial Variation of Benthic
Macroinvertebrates in Ozomu Lake

Station 1 was dominated by Diptera (35 individ-
uals) and Ephemeroptera (26 individuals), followed by
Coleoptera (22 individuals) and Odonata (19 individu-
als). Other groups like Trichoptera, Mollusca, Decapoda,
and Araneida were present in smaller numbers, with 6
individuals each, except for Decapoda which had 13
individuals.

Station 2 exhibited the highest abundance of
Coleoptera (33 individuals) and Odonata (29 individ-
uals), followed by. However, Diptera showed a decline
in this station compared to Station 1, with 15 individ-
uals recorded. Ephemeroptera (15 individuals) and
Hemiptera (9 individuals) also showed a moderate
presence, while Mollusca (7 individuals), Decapoda (6
individuals) and Trichoptera (4 individuals) were rela-
tively less abundant.

Station 3, which had the highest species richness,
was characterized by a significant presence of Diptera
(56 individuals), making it the most dominant group at
this station. Odonata (36 individuals) and Coleoptera
(32 individuals) were also prominent. In contrast,
Ephemeroptera and Hemiptera were less represented,
with 14 and 6 individuals, respectively. The number of
Trichoptera (2 individuals) was the lowest compared to
other stations, indicating spatial variation in the habi-
tat preferences of this group.

In terms of diversity, the stations were ranked in
the following order: Station 2, Station 1, and Station
3. The Shannon Weiner’s index indicated that Station
2 had the highest species diversity (2.896), followed
by Station 1 (2.828) and Station 3 (2.472). Pielou’s
Evenness index revealed that Station 2 had the most
even distribution of species (0.7871), while Station 1
had the lowest (0.6235) (Table 2).

3.3. Distribution of Benthic Fauna Groups
and Their Pollution Sensitivity in Ozomu
Lake

The analysis of benthic macroinvertebrate com-
munities across the three stations in Ozomu Lake
revealed notable differences in the proportions of pol-
lution-sensitive, moderately tolerant, and pollution-tol-
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Table 1. Composition, distribution and abundance of

Zoobenthos in Ozomu Lake

Species Station|Station|Station| Total
1 2 3
OLIGOCHAETA
Nais sp. 2 1
Naidium sp. 1 1
ODONATA
Enalagma sp. 10 12 24
Cordulid sp. 0 4
Aeschna sp. 4 8 12
Libellula sp. 5 24 15 44
EPHEMEROPTERA
Baetis bicaudatus 14 27
Cloeon simplex 5 15
Centroptilum sp. 7 13
HEMIPTERA
Epicordulia sp. 6 15
Plea striola 0 6
COLEOPTERA
Dytiscus marginalis 12 16 17 45
Hydrophilus sp. 8 13 27
Coleopteran larvae 6 4 13
TRICHOPTERA
Ablabesmyia sp. | 6 | 4 | 2 | 12
DIPTERA
Chironomus sp. 20 10 43 73
Cricotopus sp. 5 9
Chironomus travalensis 7 15
Tanytarsus sp. 3 9
MOLLUSCA
Lymaea natalensis | 6 | 7 | 8 | 12
ARANEIDA
Agyroneta aquatica | 3 | 9 | 7 | 21
DECAPODA
Gammarus sp. 3 4 4 11
Caridina africana 10 13
Total number of 143 129 162 427
individuals
Total number of species 21 20 23

Table 2. Diversity of Benthic macroinvertebrates in

Ozomu Lake

Indices Station 1 | Station 2 | Station 3
Taxa_S 21 20 23
Individuals 143 129 162
Simpson’s Dominance (D)| 0.0787 0.0714 0.1362
Shannon-Weiner (H) 2.828 2.896 2.472
Pielou’s Evenness (J") 0.902 0.9237 0.8395
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erant taxa, highlighting the ecological variability of the
lake (Fig. 4).

At Station 1, benthos sensitive taxa accounted
for 40.8% of the total benthic fauna, indicating rel-
atively good water quality. This group, comprising
Ephemeroptera, Trichoptera, and Coleoptera, had a
combined total of 58 individuals. Moderately tolerant
taxa made up 28.9% of the community, with a total
of 41 individuals represented by Odonata, Hemiptera,
Decapoda, and Araneida. Benthos tolerant taxa, which
include Oligochaeta, Diptera, and Mollusca, constituted
30.3% of the community, reflecting the presence of spe-
cies that can withstand higher levels of environmental
stress.

At Station 2, benthos sensitive taxa contributed
40.3% of the total fauna, which is comparable to Station
1, with a total of 52 individuals from Ephemeroptera,
Trichoptera, and Coleoptera. Moderately tolerant taxa
were the dominant group at this station, accounting for
41.1% of the community, with a total of 53 individuals.

Oligochaeta
2%

Diptera
25%

Araneida
5%

Decapoda
5%

Mollusca
4%

Trichoptera

' Hemiptera
1%

3%
Fig.2. Percentage composition of benthic macroinverte-
brates in Ozomu Lake

Benthos tolerant taxa, on the other hand, represented
only 18.6% of the total fauna, reflecting lower environ-
mental stress at this station compared to others.

At Station 3, benthos tolerant taxa dominated
the community, comprising 40.4% of the total fauna,
with 65 individuals. This high percentage of pollu-

tion-tolerant species suggests that this station expe- 122
riences greater environmental disturbance or pollu- ¢ 40
tion. Moderately tolerant taxa contributed 33.5% of [ |,/
the fauna, while benthos sensitive taxa accounted for © ;,,
. . . 3

26.1%, the lowest proportion across all stations. This 8 50
indicates that Station 3 has the most stressed environ- 4 60
ment, with fewer sensitive species present. [:ré 40

20

Overall, benthos sensitive taxa made up 35.7%
of the total community across all stations, moderately
tolerant taxa accounted for 34.9%, and benthos toler-
ant taxa comprised 29.0%. (Table 3). These variations
in community structure reflect differing levels of envi-
ronmental pressure across the stations, with Station 1
showing better water quality, Station 2 reflecting mod-
erate environmental conditions, and Station 3 indicat-
ing higher levels of disturbance.

Station 1 Station 2 Station3

mOligochaeta mOdonata mEphemeroptera

mHemiptera mColeoptera mTrichoptera

mMollusca m Decapoda mAraneida
mDiptera

Fig.3. Total abundance of benthic macroinvertebrates
per stations in Ozomu Lake

Station 1

4. Discussion

The comprehensive investigation conducted
in Ozomu Lake, Southern Nigeria, provided valuable
insights into the benthic macroinvertebrate commu-
nities and the overall ecological health of the aquatic
ecosystem. Through a combination of taxonomic iden-
tification, composition, abundance, diversity indi-
ces calculation, and pollution tolerance assessment, a
detailed understanding of the lake’s biotic integrity and
water quality was achieved. The results shed light on
the potential impacts of pollution on benthic commu-
nities and underscore the significance of this research
for ecological conservation and environmental man-
agement. Ephemeroptera, Odonata, and Diptera were
among the most abundant orders, these taxa are known
to be sensitive to environmental changes and are com-
monly used in biomonitoring programs due to their
rapid response to pollutants.

100%
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Station 2 Station 3

M Benthos Sensitive Taxa ~ ® Moderately Tolerant Taxa  m Benthos Tolerant Taxa

Fig.4. Comparison of Pollution Tolerance Levels among
Benthic Macroinvertebrates at Different Stations in Ozomu
Lake
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The order Diptera was the most abundant taxon
in the study, recording one family and four species:
Chironomus sp., Chironomus travalensis, Cricotopus sp.,
and Tanytarsus sp. Among these, Chironomus sp. had
the highest occurrence, particularly in stations 3 and 1,
making it the most abundant species within this taxon.
In contrast, the other species such as Chironomus traval-
ensis, Cricotopus sp., and Tanytarsus sp. were present at
lower densities. The dominance of dipterans could be
attributed to their wide range of ecological adaptations,
enabling them to thrive across varying environmental
conditions (Abhilash et al., 2024).

In the order Ephemeroptera, the family Baetidae
was represented by three species, including Baetis sp.
and Cloeon simplex. Baetis sp. was notably abundant
across the stations. Similarly, the order Coleoptera
accounted for 19.7% of the total species abundance,
comprising the families Dytiscidae and Hydrophilidae.
The species Dytiscus sp. and Hydrophilus sp. were evenly
distributed across the stations, with 45 and 27 individ-
uals, respectively. The Hemiptera order included two
species, Epicordulia sp. and Plea striola. Epicordulia sp.
was most abundant in station 1, with a total of 15
individuals, while Plea striola was absent at station 1
and recorded only 6 individuals in total. Hemiptera
accounted for 4% of the total species abundance.

The presence of Chironomus sp., a known pollu-
tion-tolerant species, suggests degrading water qual-
ity at certain stations (Caires et al., 2013; Olomukoro
and Oviojie, 2015). Its high occurrence in stations 3
and 1 further reflects the potential impact of environ-
mental stressors, such as organic pollution. However,
despite the dominance of pollution-tolerant dipterans,
the occurrence of sensitive taxa provides a contrasting
indication of the lake’s overall condition.

Sensitive  taxa, including Ephemeroptera,
Trichoptera, Coleoptera, and Odonata, were present
across the study stations, indicating generally unpol-
luted water with low levels of organic waste (Goedkoop
and Johnson, 1996; Olomukoro and Oviojie, 2015).
Species such as Baetis sp. from the Ephemeroptera
family and Libellula sp. from the Odonata order were
widely distributed and served as indicators of good
water quality. According to Olomukoro and Ezemonye
(2007), Ephemeroptera is typically restricted to cool,
clean aquatic environments with high dissolved oxy-
gen content, which suggests favorable conditions in the
lake.

The occurrence of Oligochaetes is generally
associated with muddy, organic-rich substrates, which
provide favorable conditions for their proliferation.
However, their low abundance in this study, despite the
presence of such substrates, indicates that additional
factors may be at play. While it remains unclear why
Oligochaetes are sparse in this case, potential expla-
nations could include competition with other benthic
fauna, the timing of seasonal variations, or specific
local conditions, such as water chemistry, that may
not favor their proliferation (Olomukoro and Odigie,
2019). This is an area that requires further investiga-
tion to determine the precise causes of their reduced
numbers. Species of Annelid recorded in this study
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Table 3. Biological indicators of Benthic Macro-
invertebrates based on their tolerance level

Types of benthic fauna | Total number | Percentage (%)
Benthos Sensitive Taxa
Ephemeroptera (Mayflies) 55 12.8%
Trichoptera (Caddisflies) 12 2.8%
Coleoptera (Beetles) 85 19.7%
Total 152 35.3%
Moderately Tolerant Taxa
Odonata (Dragonflies and 84 19.5%
Damselflies)
Hemiptera (True Bugs) 21 4.9%
Decapoda 24 5.6%
(Shrimp and Crabs)

Araneida (Spiders) 21 4.9%

Total 150 34.9%

Benthos Tolerant Taxa
Oligochaeta (Aquatic 7 1.6%
Worms)

Diptera (True Flies) 106 24.6%
Mollusca 12 2.8%

Total 125 29.0%

have been documented elsewhere by Olomukoro and
Ezemonye (2007), Omoigberale and Ogbeibu (2010)
and Olomukoro and Odigie (2019). Trichoptera were
sparsely recorded in this study, with only one species,
Ablabesmyia sp. Trichoptera are typically more abun-
dant in upland streams and rivers, where oxygen levels
are higher compared to lakes like Ozomu. Similarly,
Mollusca were underrepresented, with only one spe-
cies, Lymnaea natalensis, which was evenly distributed
across all study stations.

These findings are consistent with previous
studies that have utilized benthic macroinvertebrates
as indicators of water quality (Sudarso et al., 2021).
Ephemeroptera, Trichoptera, and Coleoptera, which
are classified as pollution-sensitive taxa, were present
in moderate to high proportions across all stations.
Their abundance indicates a relatively low level of
pollution in Ozomu Lake, as these taxa are known to
decline in response to organic pollution and habitat
degradation, a trend similarly observed in other stud-
ies (Wimbanngrum et al., 2016; Sudarso et al., 2021).
However, differences were noted in the abundance of
moderately tolerant taxa, suggesting localized areas of
slightly degraded conditions.

Conversely, the presence of taxa such as Odonata,
Hemiptera, and Decapoda, which are considered mod-
erately tolerant to pollution, suggests that while the
lake maintains a good biological quality overall, there
may be localized areas or stressors that contribute to
slightly degraded conditions. Continued monitoring of
these taxa and their abundance patterns can provide
valuable information for identifying and mitigating
potential sources of pollution in the lake.
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The diversity patterns observed across the sta-
tions suggest variations in species distribution and
community structure, reflecting the influence of envi-
ronmental conditions at each site. While Station 3
displayed the highest species richness, the dominance
of a few taxa led to lower overall diversity, as seen in
the lower Shannon-Weiner and Simpson indices. This
pattern, where a few species dominate, can indicate
favorable conditions for certain taxa, allowing them to
outcompete others (Poikane et al., 2016). Such imbal-
ances, where dominant species suppress others, sug-
gest localized environmental factors, possibly linked to
anthropogenic disturbances like dredging that skew the
community structure (Johnson et al., 2004).

In contrast, Station 2 demonstrated the highest
overall diversity and evenness, suggesting a more bal-
anced and resilient macroinvertebrate community. This
evenness is essential for maintaining ecosystem func-
tions, as more evenly distributed communities tend to
be more stable and capable of withstanding environ-
mental changes (Suurkuukka et al., 2012). The high
Pielou’s evenness index in Station 2 suggests fewer com-
petitive interactions, allowing a wider range of taxa to
coexist. This station’s diversity is likely influenced by a
range of factors, including the balance between organic
inputs and suitable habitat complexity, which has been
noted to improve diversity in benthic communities (Cai
et al., 2012).

Although Station 1 ranked second in species
diversity, it showed lower evenness compared to Station
2. The relatively higher dominance of certain taxa, such
as Diptera, suggests that environmental factors such as
competition or localized stressors, including human
activities like washing and bathing, may have reduced
the balance within the community (Weatherhead and
James, 2001). This reflects the findings of other studies
that highlight the impact of anthropogenic pressure on
the structure of benthic communities (Abhilash et al.,
2024).

Station 3, where Diptera consistently dominated,
exhibited the lowest evenness, pointing to the substan-
tial impact of palm oil mill effluent (POME) and dredg-
ing activities. Diptera, particularly Chironomidae, are
known for their high tolerance to organic pollution
and degraded water quality (Johnson et al., 2004).
The dominance of pollution-tolerant taxa at this sta-
tion, coupled with a lack of sensitive groups such as
Ephemeroptera, suggests that POME significantly influ-
ences the water quality, reducing oxygen availability
and altering the habitat conditions for more sensitive
species (Cai et al., 2012).

The co-occurrence of Diptera and Ephemeroptera
in Station 1 indicates moderate water quality, as Diptera
are pollution-tolerant, while Ephemeroptera are sen-
sitive to pollution and require higher oxygen levels
(Abhilash et al., 2024). This suggests that the station
experiences lower pollution levels compared to Station
3, where pollution-tolerant taxa dominated. Similarly,
Station 2’s balanced mix of pollution-sensitive taxa like
Coleoptera and Odonata, alongside moderately tolerant
Diptera, points to fluctuating water quality conditions,
possibly influenced by seasonal or localized inputs of
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organic matter such as decaying vegetation or POME
(Poikane et al., 2016).

The comparative analysis of taxa ratios across
the stations underscores the varying impacts of pollu-
tion and environmental stressors on the lake’s ecosys-
tem. Station 1 and Station 2 support a more diverse
mix of pollution-sensitive and moderately tolerant
taxa, indicating lower levels of pollution and health-
ier ecological conditions (Suurkuukka et al., 2012). On
the other hand, Station 3’s dominance by Diptera and
reduced presence of sensitive taxa like Coleoptera and
Ephemeroptera reflect a more stressed environment,
heavily influenced by continuous POME inputs and
dredging activities (Cai et al., 2012). These findings
demonstrate the need for ongoing monitoring and man-
agement efforts to mitigate the impact of human activ-
ities on Ozomu Lake’s water quality and biodiversity.

By incorporating these comparisons of taxa
ratios and the presence of pollution-tolerant species,
this study provides critical insights into how POME and
other anthropogenic pressures affect the water quality
and community dynamics in Ozomu Lake. These results
align with similar studies on the effects of pollution on
benthic communities, emphasizing the importance of
integrating pollution-sensitive and tolerant taxa data
for effective water quality assessments (Poikane et al.,
2016; Johnson et al., 2004).

5. Conclusion

In conclusion, the findings of this study con-
tribute to our understanding of benthic macroinverte-
brate communities in Ozomu Lake and provide valu-
able baseline data for future research and conservation
initiatives. This comprehensive assessment provides
valuable insights into the diversity and abundance
of zoobenthos in the study area, facilitating a better
understanding of the ecological dynamics and water
quality conditions of the ecosystem By employing a
multidisciplinary approach encompassing taxonomic,
ecological, and pollution tolerance assessments, this
study highlights the importance of holistic approaches
in evaluating the ecological integrity and water quality
of freshwater ecosystems.

The presence of diverse benthic macroinverte-
brate communities suggests that the lake provides suit-
able habitat conditions to support a variety of aquatic
organisms, with habitat heterogeneity playing a key
role in sustaining these communities. Ongoing moni-
toring and adaptive management strategies are essen-
tial to ensure the long-term health and sustainability of
Ozomu Lake, as well as to provide a more comprehen-
sive understanding of its ecological dynamics. Future
studies should aim to increase the temporal and spatial
scope of sampling to capture seasonal variability and
provide a more detailed assessment of the lake’s biodi-
versity and ecological status.
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ABSTRACT. The paper presents the results of synchronous measurements of the content of small gas
impurities at the three atmospheric monitoring stations located on the shore of Southern Baikal, July
2023. The measurements were carried out using automatic gas analyzers, which enabled to obtain data
on the content of sulfur and nitrogen oxides in the atmospheric air with high temporal resolution. The
studies showed that in spite of a small distance between the observation stations, the fluctuations of con-
centrations of small gas impurities on different shores of Southern Baikal occur independently of each
other. We suggested that an increase of nitrogen and sulfur oxide concentrations on the western shore
in summer is probably correlated more with the impact of regional thermal power plants (TPP) and on
the eastern shore with the orographic features of the southern basin of the lake and local sources. The
influence of meteorological conditions on the content of gas components in the atmosphere of Southern
Baikal was estimated using multivariate statistical methods, namely, NWR and PSCF.
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1. Introduction

Oxides of sulfur (SO,) and nitrogen
(NO,=NO+NO,) are common atmospheric impuri-
ties that play a significant role in the troposphere and
lead to a number of environmental problems such
as acid rain, acidification of freshwater ecosystems
(Moiseenko et al., 2018; 2022; Obolkin et al., 2016)
and photochemical smog (He et al., 2007; Shon et al.,
2011). Sulfur and nitrogen oxides in the atmosphere
are known to contribute to the generation of aerosol
particles with aerodynamic diameter less than 2.5 um
(Seinfeld and Pandis, 2016; Liu et al., 2019), which in
turn have negative effects on human health (Lelieveld
et al., 2015; Tiotiu et al., 2020; Southerland et al.,
2022), contribute to a decrease in atmospheric trans-
parency (Kovadlo et al., 2018; Taschilin et al., 2021),
and lead to an enhanced greenhouse effect and climate
change (Gharibzadeh et al., 2021; Liu et al., 2022).
Besides, nitrogen oxides are precursors for the forma-
tion of ground-level ozone, which leads to deterioration
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of air quality and adversely affects human health.
Over the last four decades, there has been an
increase in the content of small gas impurities in the
atmosphere of reference areas worldwide, along with
improvements in air quality in industrial cities (Fenger,
2009; Sillanpaa et al., 2022) (Golobokova et al., 2018a;
Sicard et al., 2023). This trend is also relevant for the
Baikal region. The atmosphere in this region is show-
ing an increase in nitrogen oxides (Golobokova et al.,
2018Db). It was previously found that Southern Baikal is
subjected to significant atmospheric pollution as a result
of high-altitude transport of sulfur and nitrogen oxides
from remote regional TPP located to the northwest and
southeast of the lake (Obolkin et al., 2014; Shikhovtsev
et al., 2023) (Obolkin et al., 2017; Popovicheva et al.,
2021). Emissions from sources of atmospheric pollu-
tion located within the Central Ecological Zone of the
lake, as a rule, spread locally, and their contribution to
the total level of atmospheric pollution over the lake
in the cold period is insignificant (Molozhnikova and
Kuchmenko, 2004; Molozhnikova et al., 2023).

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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In summer, forest fires are a significant source
determining the state of the atmosphere above the
lake. Thus, according to the studies of (Marinaite et al.,
2019; Golobokova et al., 2022; Khodzher et al., 2024),
an increase in the concentration of oxides of nitrogen
and sulfur, persistent organic pollutants, including pol-
yaromatic hydrocarbons (PAHs), soot, nutrients (min-
eral nitrogen, potassium), trace elements (iron, manga-
nese, vanadium, zinc, barium, lead) was recorded both
in the atmosphere and in the surface waters of the lake.
The long-term input of nitrogen- and sulfur-containing
substances into the atmosphere over Southern Baikal
resulted in a decrease in the pH level of atmospheric
precipitation, which is the main source of supply for
the lake's southeastern tributaries. This led to acidifica-
tion of river waters (Tomberg et al., 2016).

Khodzher and Sorokovikova (2007) showed that
from 2 to 6 per cent of soluble components and from
30 to 60 per cent of nutrients enter the catchment area
of Lake Baikal from the atmosphere, providing an extra
inflow of nutrients. Precipitation with an increased
nitrogen content may be one of the key factors contrib-
uting to the mass development of the under-ice dinofla-
gellate community Gymnodinium baicalense var. minor
Antipova in Listvenichnichny Bay (Southern Baikal) in
2018 (Obolkin et al., 2019). In Bay of Bolshiye Koty,
located on the southern shore of Lake Baikal, similar
phenomena have been repeatedly observed. In July
2019, mass reproduction of cyanobacteria occurred
after four days of nitrogen- and phosphorus-enriched
rains (Bondarenko et al., 2021). In June 2022, heavy
rainfall (34 mm) caused an increase in fecal indicator
bacteria in the same area (Malnik et al., 2024).

Thus, gas impurities can influence the formation
of the chemical composition of the Baikal water and
determine its quality. Thanks to the intra-basin circu-
lation of air (Arshinov et al., 2001), impurities enter-
ing the atmosphere can be transported throughout the
water area, contributing to the pollution of hydrosphere
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of the region. Moreover, the mountain basin can accu-
mulate pollutants not only from local sources but also
from vast territories of Siberia, China, and Mongolia
(Mashyanov et al., 2022; Nasonov et al., 2023). It is
essential to study environmental changes in the region
in terms of negative impacts on unique natural objects.
The study aims to determine how small atmo-
spheric impurities are distributed in the atmosphere
of Southern Baikal and to estimate the location of
remote sources during the period of minimum impact
of regional TPP. For this purpose, data of continuous
automatic registration of the concentration of small gas
impurities in the atmospheric air of Southern Baikal
with a high frequency of measurements were used.

2. Materials and methods
2.1. Location of stations and equipment
used

The measurements were carried out simultane-
ously at the three stations: Listvyanka (51.84 N, 104.89
E), Bolshiye Koty (51.89 N, 105.06 E), and Boyarsky
(51.84 N, 106.07 E). The location of observation sta-
tions, which represent the largest stationary sources of
atmospheric pollution, and a map-scheme of the study
area are presented in Figure 1. The measurements were
performed using chemiluminescent gas analyzers man-
ufactured by OPTEC (St. Petersburg, Russia): SV-320
and SV-320A (SO,); PA-310A (NO, and NO); with a
detection limit of 0.001 mg/m?3, a reduced error of =+
25% in the range from 0 mg/m3o 0.05 mg/m?®and a
relative error of + 25% in the range from 0.05 mg/
m’to 2.0 mg/m3. These devices are verified annually
in the laboratory of OPTEC. Data on the direction and
speed of the wind were obtained using the AMK-11
acoustic meteorological system (Boyarsky station) and
the Sokol-M meteorological complex (Listvyanka and
Bolshiye Koty stations).

Monitoring sites:
1 - Listvyanka
2-B. Koty

3 — Boyarsky

Emissions from stationary
sources:

> 100 thousand tons/year
50 - 100 thousand tons/year
25 - 50 thousand tons/year

10 - 25 thousand tons/year
© 1 - 10 thousand tons/year

Fig.1. Location of the sampling station: 1 — “Listvyanka”; 2 — “Bolshiye Koty”; 3 — “Boyarsky” and map of the studied area
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2.2. Non-parametric wind regression
(NWR)

A receptor-based non-parametric wind regres-
sion (NWR) model was used to identify potential local
sources of atmospheric pollution using meteorological
data (Henry et al., 2009). In this study, the openair
package (R language) was used to analyze the NWR,
and the Gaussian kernel smoothing method was applied
to the resulting wind direction and speed (Carslaw and
Ropkins, 2012). The NWR analysis is defined as follows

(1) and (2):
{VKI ((Q_VVI)JK2((U_UI)JCIVVI
=l o h

nEnce

E(C|9,u):

i-1 h

K(1)=—=e""
N

where Ci is measured pollutant concentration, Ui and
Wi are resulting wind speed and standard deviation of
wind direction for the i-th observation. N is total num-
ber of observations; K, and K, are smoothing kernels;
6 is wind direction; u is wind speed; and o and h are
smoothing parameters for wind direction and wind
speed, respectively.

2.3. Potential Source Contribution
Function (PSCF)

The location of remote sources of the analyzed
pollutants was determined using the potential source
contribution function (PSCF). The method is based on
the analysis of inverse trajectories of air masses. The
72-hour back trajectories required for the analysis were
generated using the HYSPLIT model developed by the
National Oceanic and Atmospheric Administration
(NOAA) (Draxler and Hess, 1998; Stein et al., 2015).
The PSCF is calculated on the basis of the probability

40
— Listvyanka — Boyarsky
30 F

&
SO,, pg/m?

]

=]

of occurrence of i concentration in each grid cell, as
specified in equation (3):

m.
PCSF, , =— (3)
ij
where m_ is number of points whose concentration
exceeds the limit value, and n, is number of endpoints
of the return paths that pass through each grid cell
(Karnae and John, 2011; Liu et al., 2024).

3. Results and discussion
3.1. Content of gas impurities in the
atmosphere of Southern Baikal

The study considers the results of an analysis
of data on the concentrations of SO,, NO, and NO,
in the surface layer of the atmosphere in the area of
Southern Baikal, obtained between 17 and 28 July
2023. Figure 2 shows the results of measurements of
surface concentrations of nitrogen and sulfur oxides at
the three monitoring stations. Figure 2 shows that the
highest variability was recorded for sulfur dioxide. The
hourly mean concentrations of SO, at the Boyarsky sta-
tion ranged from 5 to 30 ug/m?3, while at Listvyanka
station, they varied from 0 to 28 ug/m® On average
during the observation period, concentrations of SO,
on the southeastern shore were 15 pg/m?, on the south-
western shore were 5 ng/m?, which corresponded well
with measurements made both during ship expeditions
in 2020-2022 (Zhamsueva et al.,, 2020) and ground-
based measurements conducted at the Boyarsky station
in 2015 (Zayakhanov et al., 2019).

The highest recorded concentration of nitrogen
oxide was also observed at the Boyarsky station. During
the observation period, concentrations of nitrogen diox-
ide increased up to 33 ug/m?3, while nitrogen monoxide
concentrations reached 7 ug/m3. Figure 2-B illustrates
that short-term spikes in nitrogen dioxide levels above
20 ug/m?® were periodically observed at the Boyarsky
station.

— B. Koty

B)

NO, pg/m?
D
(=]

0

NO,, pg/m’

2 2 2 2 2
= & = & =
o~ ) N =3 -
2 © 2 N S

Fig.2. Temporal variability of hourly average values of: A) sulfur dioxide; B) nitrogen oxide; C) nitrogen dioxide at
«Listvyanka», «Bolshiye Koty», «Boyarsky» stations on 17-28 July, 2023.

22 July
23 July
24 July
25 July
26 July
27 July
28 July
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3.2. Identification of local sources using
the NWR model

We used a receptor model of non-parametric
wind regression (NWR) to assess the influence of mete-
orological parameters on the atmospheric concentra-
tion of impurities for all stations. The 10-minute con-
centration of impurities (NO, NO,, SO,) was selected
as a dependent variable, and the mean wind direction
and wind speed were selected as predictor variables
(Fig. 3-8).

The analysis (Fig. 3-5) revealed that the highest
content of SO,, NO and NO, in the surface atmosphere
of Listvyanka station was recorded in the night and
morning hours (from 12 a.m. to 8 a.m.), at winds from
the north and north-west with velocities from 1 to 4 m/
sec. This is caused by the fact that emissions of nitro-
gen and sulfur oxides spreading at high altitudes (with
TPP plumes), due to a decrease in the thickness of the
atmospheric boundary layer and weakening of thermal
convection can go lower. During the daytime hours,
the heating of the Earth's surface and the atmospheric
boundary layer cause turbulence to develop, creating
ideal conditions for the dispersion of impurities. The
wind regime becomes more diverse, which leads to
a decrease in concentrations of sulfur and nitrogen
oxides to the summer background values of Southern
Baikal (Zhamsueva et al., 2022; Shikhovtsev et al.,
2024). In the daily dynamics of nitrogen oxides, the
second increase from 12 p.m. to 15 p.m. was observed.
This increase occurred at winds of south-east, south,
and south-west directions, which corresponded to the
location of Listvyanka settlement and Listvennichny
Bay. The probable sources of these gaseous impurities
may be road and water transport.

The highest concentrations of SO, and NO, were
recorded at the Boyarsky station at winds of south and
south-west directions. These directions corresponded
to the position of local sources of atmospheric pollu-
tion, which are situated on the south-eastern coast of
Lake Baikal (Fig. 6-7). According to the NWR analysis,

individual episodes were identified where air masses
enriched with nitrogen and sulfur oxides are trans-
ported from the south along the Manturikha River val-
ley. The calculation of direct trajectories of air mass
movement (Fig. 9) showed that an increase in the con-
tent of oxides of sulfur and nitrogen at the Boyarsky
station can be attributed to the influence of remote
sources located in the town of Gusinoozersk.

The NWR analysis performed for NO (Fig. 8)
demonstrates that concentration of nitrogen monox-
ide increases between 7 a.m. and 11 p.m. local time
regardless of wind direction. This may indicate that
local sources of atmospheric pollution, such as motor
transport, affect the Boyarsky station. During night
hours, concentrations of NO decrease to values close to
the detection limit of the device.

3.3. Identification of remote sources
using PSCF analysis

We used the method of multivariate statistics
techniques to determine the areas of potential sources
of gas impurities (NO, and SO,) in the atmosphere
of Southern Baikal. This involved a joint analysis of
inverse trajectories calculated with the HYSPLIT model
and measurements of surface concentrations of small
gas impurities. To estimate remote sources, the dura-
tion of the return trajectories was accepted as 72 hours.
Calculations were carried out for 1,000 meters above
ground level (AGL) for the period from 17 to 28 July
2023.

The results of the PSCF analysis are presented
in Figure 10. The calculations demonstrate that the
probabilities of remote source locations for NO, and
SO, (greater than 0.5) are similar for the two stations.
The first maximum is defined to the north, north-west
of the observation stations. The air masses entering
this sector are characterized as arctic and temperate,
formed over the North Atlantic and transformed as they
move over the industrial areas of Western and Eastern
Siberia, where the major sources of nitrogen and sul-

00 ]
N

05:00
N

4

{ 04:00 | !
N o

Fig.3. NWR analysis for ten-minute concentrations of SO, in the polar coordinate system at «Listvyanka» station, July 2023.

1287



Shikhovtsev M.Yu. et al. / Limnology and Freshwater Biology 2024 (5): 1284-1301

L0000 F—L oL

4 &

Y 3

2ws.

16

14

112

10

(WA CON

s

in the polar coordinate system at «Listvyanka» station, July 2023.

[0 ] | (o0& I | (05001
1 45
- 40
[09:00 L
& " 35
?; T 13.0 .
]
N 252
‘| 15%0 I U—S:&
205
ﬁ‘@ e 1.5
- 1.0
—{ 21:00 —+— 22:
[ : 0.5
o 0

Fig.5. NWR analysis for ten-minute concentrations of NO in the polar coordinate system at «Listvyanka» station, July 2023.
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Fig.6. NWR analysis for ten-minute concentrations of SO, in the polar coordinate system at the «Boyarsky» station, July 2023.
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Fig.8. NWR analysis for ten-minute concentrations of NO in the polar coordinate system at the «Boyarsky» station, July 2023.

fur oxides are enterprises of the fuel and energy com-
plex (FEC) (Maysyuk, 2017). Therefore, we can assume

that at the beginning of the study (17-23 July), when N e

a stable atmosphere was observed in the surface layer t e

with insignificant northwestern flows directed towards o
Southern Baikal, the contribution to air pollution in Shelekhov  Qlrkutsk - H
the southern basin of the lake was influenced not only % If,’;:i;
by sources of the Irutsk-Cheremkhovo industrial hub ) <
but also by industrial towns of Novosibirsk Region, Slyudya B
Krasnoyarsk Krai, and the north of Irkutsk Region. This B

is consistent with the data of surface measurements
demonstrated in Figures 2-5.

The second maximum probability of remote
source locations is visualized to the south, south-east
of the lake. It is correlated with the change of mete-
orological situation in the region on July 23. The
monitoring stations were subjected to a low-gradient
field of atmospheric pressure with light local winds of
different directions (Fig. 3-8). There was a slight pre-
dominance of southern and southeastern winds at the
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Baikalsk©

1 — Listvyanka
A 2 -B.Koty
3 — Boyarsky

Fig.9. Topographic map of the study region (https://
ru-ru.topographic-map.com) and direct trajectory of air mass
movement from stationary sources of Gusinoozersk at an alti-
tude of 500 m AGL, 20/07/2023 7a.m. MT.
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Fig.10. Spatial distribution of the probability of SO, and NO, source location at the «Listvyanka» and «Boyarsky» stations,

which was performed using PSCF analysis from 17 to 28 July.

“Listvyanka” station and south-western, southern winds
at the “Boyarsky” station. The state of the Southern
Baikal air basin was impacted by the air masses that
developed over Kazakhstan and Mongolian territory.
The Republic of Buryatia's industrial towns — Ulan-
Ude, Gusinoozersk, and the settlements of Kamensk
and Selenginsk — are the primary sources, as Figure
10 makes evident. Additionally, the town of Erdenet
(Mongolia) has a slight effect.

4. Conclusion

We examined the hourly average concentrations
of small gas pollutants, such as sulfur and nitrogen
oxides, as well as meteorological factors, such as wind
direction and speed, at the three South Baikal atmo-
spheric monitoring stations during the summer of 2023.

The study results demonstrated that, despite the
proximity of the observation stations, changes in the
concentration of small gas impurities on the different
shores of Southern Baikal occur independently of each
other. The location of the stations, peculiarities of the
intra-basin circulation of air and location with respect
to anthropogenic sources — all explain the reasons for
such changes.

The estimates of the influence of meteorologi-
cal parameters on the content of gas impurities in the
atmosphere of Southern Baikal using the NWR model
showed that the maximum concentrations on the west-
ern coast of the lake were recorded at winds of a north-
west direction with a speed of 1 to 4 m/s. The eastern
shore of the lake is characterized by a gradual increase
in concentration, with the southwestern direction in
the same velocity range.

The potential source contribution function
(PSCF) was used to determine the locations of remote
sources that influenced the atmospheric air content in
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the southern basin of the lake in summer 2023. The
most probable contribution was made by the sources
located in the Republic of Buryatia and Krasnoyarsk
Krai.
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1 TumHostocuueckuti uHcmumym Cubupckozo OmdeseHus Poccutickotii Axademuu Hayx, yi. Ynan-Bamopckas, 3, Hpkymck, 664033, Poccusa
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AHHOTAIIUS. B pabore mpeAcTaBjieHbl pe3yJIbTaThl CUHXPOHHBIX M3MEpeHUN COAepXXaHUs MaJibIX
rasoBbIX IIpUMecell Ha TpeX CTaHIMAX MOHUTOPMHra aTMocdephl, paclojoXeHHBIX Ha obepexbe
IOxHoro Baiikana, utosib 2023 r. Vi3aMepeHrs npoBefieHbl C MOMOIIbI0 aBTOMAaTUYeCKHUX Ia30aHasIn3a-
TOPOB, YTO MTO3BOJIMJIO IIOJIyYUTh AAHHBIE O COJepXaHHUK OKCHUOB Cephl U a30Ta B aTMochepHOM BO3-
JAyXe C BBICOKMM BpeMeHHBIM paspellieHHeM. McciieoBaHuA NOKa3ad, YTO, HECMOTPA Ha HeOoJbIIoe
paccTosiHre MeX/ly CTaHIMAMU HaOJIIojeHn i, Kojle0aHus KOHI[eHTpaLUi MaJIbiX Ta30BBIX pUMecel Ha
pas3HbIx 6eperax IOxxHoro balikasa NpoucxoAT He3aBUCHUMO APYT OT Apyra. Beuio BEABUHYTO IPEAIO-
JIOXeHUe, YTO IOBBIIIEHe KOHIIEHTPAIU OKCH/IOB a30Ta U Cephl Ha 3amaJHOM Nobepexbe B JIETHUM
nepuof OoJibllle CBA3aHO C Bo3AelicTBHeM pernoHaybHbIX TOI], a Ha BOCTOYHOM C oporpadgpuyecKumu
0COOEHHOCTSAMU 0XHOW KOTJIOBUHBI O3epa X MeCTHBIMHU HCTOYHMKaMHu. C KCIOJIb30BaHWEM METOM0B
MHOTOMepHOU cTtaTucTuky, Takux kak NWR u PSCF, 6b1T1 1OJTy4eHBl OLleHKH BJIUSHUA METEOPOJIOTH-
YeCKUX yCJIOBUI Ha coJiepXaHue ra3oBbIX KOMIOHEHTOB B aTMocdepe IOxHoro barikana.

Kiioueaunie ctoga: 3arpAsHeHue Bo3yxa, AUOKCU Cephl, OKCUABI a30Ta, balikanbckas NpUpoaHas TeppUTOpus,
Cubupsb

Jiia mqutupoBanus: [Hluxosues M.10., Mosoxuukosa E.B., Xogxep T.B., XKamcyesa I'.C., Llpiasinos B.B., Tiopues 1.H. Pe3ynbTatst
CUHXPOHHBIX M3MepeHUI1 coepXKaHus OKCHUIOB a30Ta U cephl B aTMocdepe FOxHoro Barikana B utose 2023 r // Limnology and
Freshwater Biology. 2024. - Ne 5. - C. 1284-1301. DOI: 10.31951/2658-3518-2024-A-5-1284

1. Beepenne KkoBoro 3d@dekra 1 nuaMmeHenuo kyimmara (Gharibzadeh

et al., 2021; Liu et al., 2022). Kpome TOro, OKCHIbI
a3oTa ABJIAIOTCSA IpeKypcopaMu A 06pa3oBaHUs IPU-
3eMHOT'O 030Ha, UTO MPHUBOUT K YXY/IIEHNUI0 KauecTBa

Okcuppt cepwr (SO,) m azora (NO, =NO+NO,)
SAIBJIAIOTCA paclpOCTpaHEHHBIMU aTMOC(hepHBIMU TpU-

MeCsSMH, KOTOphle UTPaloT 3HAYMTEJILHYIO POJIb B TPO-
mocdepe, ¥ MPUBOAAT K BO3HUKHOBEHHMIO PAda KO-
JIOTMYECKUX MpoO6JeM, TaKUX KaK KHUCJIOTHBIE HOXIU,
MOAKHUCJIEHNEe MPEeCHOBOAHBIX 3KocucTeM (Moiseenko
et al., 2018; 2022; Obolkin et al., 2016) u dpoToxuMu-
yeckuii cmor (He et al., 2007; Shon et al., 2011). Kak
M3BECTHO, OKCH/bBI CEPHI U a30Ta B aTMocdepe crocos-
CTBYIOT TeHepalii a’pO30JIbHBIX YaCTHIl a’poIuHa-
MuveckuM auaMmeTpoMm MeHee 2,5 MM (Seinfeld and
Pandis, 2016; Liu et al., 2019), koTopsle B CBOIO Oye-
penb OKa3BIBAIOT HeraTUBHOE BO3LEICTBHE Ha 300pO-
Bbe uesioBeka (Lelieveld et al., 2015; Tiotiu et al., 2020;
Southerland et al., 2022), cmocoGCTBYIOT yMeHbIe-
HUIo mpo3payHocTtu atMocdepsl (Kovadlo et al., 2018;
Taschilin et al., 2021), npuUBOAAT K YCUJIEHUIO MAapHHU-
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BO3/yXa ¥ HETaTUBHO BJIMSET Ha 3[OPOBBE JIIOJIEH.

3a mocilefHME YeThIpe MEeCATUJIETUSA IO BCEMY
MUDY, OIHOBPEMEHHO C VJIYYIIEHWEM COCTOSHUS
BO3/yXa B NpoMbIIUIeHHBIX ropogax (Fenger, 2009;
Sillanpda et al., 2022), npoucxXOgUT yBeJIMYEHHE
coflepXaHusA MaJIbIX Ta30BhIX IpHUMeceid B aTMocdepe
donoBeIx patioHoB (Golobokova et al., 2018a; Sicard
et al., 2023). [JanHas TeHAEHIUA CIpaBeJIMBA U OJIA
BatikajbcKoro peruoHa, B aTMocdepe KOTOporo orme-
YyaeTcsi poCcT cofepxaHus okcuaoB azoTa (Golobokova
et al., 2018b). PaHee GbLIIO yCTAaHOBJIEHO, YTO 3HAYM-
TeJIbHOe 3arpssHeHue armocdepnl HOxHoro batikasa
MPOMCXOAUT 3a CYEeT BBICOTHOTO TEPEHOCA OKCH/IOB
Cephl U a30Ta CO CTOPOHBI yJaJIEeHHBIX PEerruoHaJIbHBIX
TOLl, pacnoJyioxeHHBIX K ceBepo-zamagy (Obolkin et
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eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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al., 2014; Shikhovtsev et al., 2023) u ©0ro-BOCTOKY OT
o3epa (Obolkin et al., 2017; Popovicheva et al., 2021).
BBIOpOCH OT MCTOYHUKOB 3arpsA3HeHHs aTMOCGephl,
PACIIOJIOKEHHBIX B mpenenax L[eHTpasbHON 3KOJIOTH-
YeCcKOW 30HBI 03€epa, Kak IMpaBUJIO, PaCIpOCTPAHATCA
JIOKaJIBHO U WX BKJIaJ] B OOLIMI ypOBeHb 3arps3He-
HUA atMocdepsl HAA 03€pOM B XOJIOOHBIA TEPUO.
He3HauutesleH (MosoxHukoBa u Kyumenko, 2004;
Molozhnikova et al., 2023).

B JjeTHUI nepuoid 3HAYMMBIM HCTOYHUKOM,
OTIpeJIesIAIIIUM COCTOSSHUE aTMOc(hephl HaJ 03epoM,
SABJIAIOTCA JIECHBIE MOXaphl. Tak, B Xofe HCCIeoBa-
Huii (Marinaite et al., 2019; Golobokova et al., 2022;
Khodzher et al., 2024) 3adpuxcupoBaH pOCT KOHIIEH-
TpallMM OKCHIOB Aa30Ta, CEpbl, CTOMKUX OpraHuye-
CKUX 3arpA3HUATENIEN, BKJIIOYAs IMOJIMapoOMaTUYeCcKue
yrnesojioponsl (ITAY), caxu, OHOreHHBIX 3JIeMeH-
ToB (MHHepaJIbHBII a30T, Kajiuii), MUKPO3JIeMEHTOB
(>xene3o, maprasel], BaHaAul, UHK, Oapuii, CBUHeL)
Kak B aTMocdepe, TaK ¥ B TOBEPXHOCTHBIX BOAAX 03epa.
ITpoioIKUTETIFHOE TMOCTYIUIEHHE a30T- U CEpPOCoep-
JKamux BellecTB B atMocdepy Hana HOxHbM Batikasiom
MPUBEJIO K CHUXEHHI0 YpoBHA pH atMocdepHBIX oca-
KOB, KOTOPBIE ABJIAIOTCA OCHOBHBIM MCTOYHUKOM IUTa-
HUA I0T0-BOCTOYHBIX TPUTOKOB 03epa. JTO, B CBOIO OYe-
pelb, BBI3BAJIO 3aKucJeHUe pevHbx Boj (Tombepr u
ap., 2016).

B pa6ore (Khodzher and Sorokovikova, 2007)
MOKa3aHo, YTO OT 2 0 6% pacTBOPHMMBIX KOMIIOHEH-
TOB, 11 0T 30 10 60% NUTaTeJIbHBIX BEL[eCTB IIOCTYNAT
B BOJOCOOPHYI 30HY o3epa Balikanm u3 atmocdepsl,
obecreynBas AOMOJIHUTEJBHBIA MPUTOK MUTATEJIbHBIX
BelllecTB. BrimajieHre aTMocepHBIX OCAAKOB C TMOBHI-
IIEHHBIM COAEPXXaHUEM a30Ta MOXET OBITh OJHUM W3
KJTIOYEBBIX (PAKTOPOB, CHOCOOCTBYIOIIMX MAacCCOBOMY
Pa3BUTHIO MOAJIEOHOTO cOOoOIIecTBa AWHOGDIATE AT
Gymnodinium baicalense var. minor Antipova B 6yxTe
JIuctBenununas (FOxueiii Baiikan) B 2018 r. (Obolkin
et al.,, 2019). B 6yxTe Bosbimue KOTbI, pacrnoJioxeH-
HOU Ha 10XHOM Oepery o3zepa Baiikas, HeOJHOKpPaTHO
HabJogasuch ogoOHble ABjaeHUA. B uiose 2019 roaa
Mmocjie YeTHIPEXTHEBHBIX JINBHEH, OOOTaIIEHHBIX a30-
TOM U HocHopoM, MPOU30IILIIO MACCOBOE Pa3MHOXKEHNE
nuaHob6aktepuii (Bondarenko et al.,, 2021). B uroHe
2022 roga n3-3a oOMJIbHBIX 0caaKkoB (34 MM) B 5TOM Xe
palioHe YBEJIMYMUIJIOCH KOJTMYECTBO eKaJIbHbIX MHIANKA-
TopHBIX 6akTepui (Malnik et al., 2024).

Takum o6Gpa3oM, ra3oBble MPUMECH MOTYT OKa-
3pIBATh BJIUSHUE HA (HOPMUPOBAHMU XUMHUYECKOTO
cocraBa 6aliKaJbCKOIl BOJBI U OIpellesAlT eé Kaue-
cTtBo. bylarofjaps BHYTPUKOTJIOBUHHOWU IUPKYJIALNHU
Bo3ayxa (ApmuHOB u np., 2001) mpumecu, nomajga-
omue B armocdepy, MOTYT HEPEHOCUTHCA TO BCei
aKBaTOpUU, CIIOCOOCTBYA 3arpsA3HEHUI0 THApocdepsl
peruoHa. Bosiee Toro, B ropHoM 6acceiiHe MOTYT HaKa-
IUIMBATbCA 3arpsA3HAIIINE BeleCTBA HE TOJIBKO W3
MECTHBIX UICTOYHUKOB, HO U C OOIIMPHBIX TEPPUTOPUIL
Cubupwn, Kutas u Monaronun (Mashyanov et al., 2022;
Nasonov et al., 2023). Bce 3Tu nporjeccsl HEOGX0IUMO
U3y4aTh, YTOOB TPOTrHO3UPOBATH U3MEHEHUS OKpYyXka-
IOIIEH Cpelibl B PETMOHE C TOYKU 3PEeHUsA HEraTHUBHOTO
BO3AENCTBUA HA YHUKAJIbHBIE TPUPOAHBIE OOBEKTHI.
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B nccneqoBaHuy nocrabjieHa Ijejib ONpeesInThb,
Kak MaJible aTMoc(epHble IpUMeCcH pacnpeessaiTcs B
atMocdepe FOxHoro batikana, 1 OI[eHUTbh MeCTOIOJIO-
J)KeHVe yOaléHHBIX MCTOYHUKOB B IIepUOJ MUHUMaJIb-
HOro Bo3feiicTBUA peruoHasbHeix TOL. Jlnsa storo
HCIIOJIb30BAJIUCh JlaHHblE HENpPepBIBHON aBTOMAaTU-
YeCcKOU perucrpanuu KOHI[eHTpalUM MaJibIX I'a30BBIX
npumeceii B armochepHoM Bo3ayxe HOxHoro Batikasa
C BBICOKOI1 YaCTOTOM U3MepeHUN.

2. MaTtepuanbl 1 MEeTOADI
2.1. Pacnono)xeHue CTaHUUM U
HcnoAb3yemoe obopypoBanue

W3mepenusa MpOBOAWINCh OJHOBpPEMEHHO Ha
Tpex craHiusax: «JlucrBanka» (51,84 c.m., 104,89
B.1.), «boapmue Kote» (51,89 c.m., 105,06 B.A.) U
«Bospckuii» (51,84 c.u1., 106,07 B.A.). Pacnonoxenue
CTaHI[UM HaOJI0feHNs, KPYMHEHIINX CTalOHAPHBIX
HMCTOYHUKOB 3arpsa3HeHUs aTMocdepsl U KapTa-cxema
pailioHa ucciefoBaHWA IpeAcTaBjieHH Ha PucyHke 1.
M3mMepenus BHINOJHAINCH C IOMOIIBI0 XeMUJIIOMHUHEC-
I[eHTHBIX raszoaHanuzatopoB ¢upmbel OIITEK (CaHkT-
[TetepOypr, Poccus): CB-320 u CB-320A (SOZ); PA-310A
(NO, u NO); ¢ mpenesniom obHapyxenus 0,001 mr/m?,
IIpMBeIeHHON MOrpelmHoCcTeI0 + 25% B quamnas3oHe OT
0 mr/m3mo 0,05 Mr/m® U OTHOCUTEJIBHOHM IMOTPENTHO-
cthio = 25% B auanasone ot 0,05 mr/m3mo 2,0 mr/
M. JlaHHBIe IPUOGOPHI IPOXOAAT €XEerofHyl0 MOBEPKY
B Jslabopatopuu OIITEK. CBefeHus o HampaBjieHUU U
CKOPOCTH BeTpa IMOJIy4YeHHb! C IIOMOIIbI0 aKyCTUYecKON
MeTeopoJsiornyeckoii cucrtemel AMK-11 (cramuoHap
«Bospckuii») u Mereokomiiekca Cokos-M (crtaHnuu
«JIncTBAHKa» U «bosbiye KoTbI»).

2.2. Henapamerpuueckan perpeccus
BeTpa (NWR)

i BBISBJIEHUs] TOTEHI[MAJIbHBIX JIOKAJIbHBIX
HMCTOYHUKOB 3arpsA3HeHUs aTMOchephl Ha OCHOBE MeTe-
OPOJIOTMYECKUX JAaHHBIX ObLIa HCIOJIb30BAaHA peIen-
TOpHasg MOJeJTb HemapaMeTPUYECKON perpeccuu BeTpa
(NWR) (Henry et al., 2009). B aToM uccjiefJOBaHUU JIJIs
ananuza NWR ucrosib3oBasicsa naker openair (s3bk R),
IIPU 3TOM [JIA PEe3YJIbTUPYIOLIETO HAMPaBJIEHUA U CKO-
pocTu BeTpa OBLJT MPUHAT METOH CrJIAXHUBAHUA Apa
lFaycca (Carslaw and Ropkins, 2012). Anaimz NWR
onpefesieTcs cieayomumMmu obpaszom (1) u (2):

?\ilKl (G_VVI) KZ (u_Ul) CzVVz
E(ClO,u)= - 2 ! )
i [OHY) [0)
i- o h
1 —0,5x%
K(x)——- 2)

rae Ci — u3MepeHHas: KOHIIEHTPAIUs 3arpsA3HSAINEro
BemecTBa, Ui u Wi — pe3yibTUpYIOIIas CKOPOCTh BeTpa
U CTaHJapTHOE OTKJIOHEHME HampaBJIeHUs BeTpa AOJIA
i-ro HabmogeHusa. N — ofIjee KoJjimyecTBO HabJtome-
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Poccua

Cranmuy Habmogenms:
1 - Iiucresmka

2 — Bonsmme Kotnl

3 — Bosipeknit

‘=0

[

OGbemM BBIGPOCOB OT
CTALHOHAPHEIX HCTOYHHKOR
> 100 Tsic. TOHH/TOL,

50 - 100 ThIC. TOHHE/TOR

25 - 50 ThIC. TOHH/TOR

10 - 25 THIC. TOHH/TOR

008

€ 1-10 Tsic. TOHH/TO

[ AHrapck
] B

Puc.1. PacniosioxxeHue craHiiuu otoopa mpob: 1 — «JIuctesiHka»; 2 — «bospmue KoTel»; 3 — «Bospckuii» 1 kapTa uccjieyeMoi

MECTHOCTHU

Hui; K, u K, — criuaxusamnliye aapa; 0 — HanpaBJieHue
BETpa; U — CKOPOCTb BeTpa; U 0 U h ABJIAIOTCA mapa-
MeTpaMi CrjIaXuBaHUA [JIA HalpaBJIEeHUA U CKOPOCTU
BeTpa COOTBETCTBEHHO.

2.3. OyHKuUMA BKAaAA NOTEHUUAABHbIX
ucrounukos (PSCF)

OnpefnesieHre MECTOIOJIOXKEHUST  yAaJIEHHBIX
VICTOYHUKOB aHAJIM3UPYEMBIX 3arpsA3HAIINX BeleCTB
BBITIOJTHEHO C TIOMOINBI0 (YHKIMM BKJIaAa IOTEHIU-
aspHbIX McTouHuKOB (PSCF). MeTos ocHOBaH Ha aHa-
Jm3e OOpaTHBIX TPAaeKTOPUU OBYXEHHs BO3MYIIHBIX
macc. OOpaTHBIE TPAeKTOPUM IPOAOJIKUTEIBHOCTHIO
72 dyaca, HeoOXOaWMble [JIi aHAJM3a, CreHepUupo-
BaHbl ¢ mowmomibio Mofenu HYSPLIT, pa3pabGoTaHHOI
HarmmoHaipHBIM yrpaBJieHEM OKeaHNYeCKUX U aTMOC-
depubix ucciaemopauuii (NOAA) (Draxler and Hess,
1998; Stein et al., 2015). PSCF paccuuThIBaeTcA C yue-
TOM BEpPOATHOCTU BO3HUKHOBEHUs i KOHIIEHTPAIU B
KaXxJoi Adelike CETKU U PACCUMTHIBAETCA C HCIOJIb30-
BaHMEM cJieqiyiomiero ypaBHeHus (3):

PCSF, =7 (3)
LJ
ij
e m; — KOJMYECTBO TOYEK, KOHLEHTPALMs KOTOPBIX
TPEBBILIAET [OPOroBOE 3HAYEHNE, a N — KOJIMYECTBO
KOHEYHBIX TOYeK OOPATHBIX MyTel, KOTOPhIE MPOXOIAT
yepe3 Kaxaywo Adeliky cetku (Karnae and John, 2011;
Liu et al., 2024).

3. Pe3yAabTatbl M 06Cy)XAEHMUA
3.1. Copep)xaHue rasoBbiX NPUMeECen B
aTtmocdepe l0O)xHoro bankana

B ucciienoBaHuM paccMOTpEHHI pe3yJibTaThl aHa-
Jin3a JaHHHX 0 KoHueHTpanuu SO,, NO u NO, B mpu-

3eMHOM cJjioe aTMocdepsl B patioHe IOxHoro batikara,
KOTOpHBIEe OBLIM IMOJIy4eHHl B niepruon ¢ 17 no 28 utosnsa
2023 roma. Ha PucyHke 2 mnpoaeMOHCTPUPOBaHbI
pe3yJbTaThl H3MepeHUIl IMpU3eMHBIX KOHIeHTpaluin
OKCH/OB a30Ta U Cephl Ha TpeX CTaHIMAX MOHUTOPUHTA.
Kak BugHo u3 PucyHka 2 HauOoJibllasg U3MeHYMBOCTh
3aduKcHUpoBaHa [Jis AuokcuAa cepbl. CpegHedacoBble
KoHIeHTpauu SO, Ha cranuoHape «bosApckuii» nsme-
HsUMCh B mpefesiax oT 5 mo 30 mkr/m3, Ha cTaHIUU
«JIuctBsiHKa» oT 0 go 28 Mkr/m3. B cpefiHeM 3a nepuof
HabJroeHnii KoHIleHTpanuu SO, Ha Hro-BOCTOYHOM
nmobepexbe COCTABWIM 15 MKr/m°, Ha Oro-3arnagHoM
— 5 MKr/m3, 4TO XOpOIIO COTIJlacyeTcs ¢ HU3MepeHU-
sAMU, TPOBeJeHHBIMU B KaK XoJe KopabOebHBIX JKCIIe-
muoui 2020-2022 rr. (Zhamsueva et al., 2020), Tak u
Ha3eMHBIX U3MepeHUAMU IPOBeJeHHBIX Ha CTallioHape
Bosipckuii B 2015 r. (Zayakhanov et al., 2019).
Haubosnpmuii pa3smax KOHI[EHTpaIdil OKCU-
JOB a3oTa, Takxe 3aUKCUpPOBAaH Ha CTalMOHape.
«Boapckuii». 3aech 3a nepuoi HabJOAeHNS KOHIEeH-
Tparyy IUOKCHUAA a30Ta IMOBHIIAIUCH 10 33 MKr/m3,
MOHOOKcHAa a3oTa 0 7 MKr/M°>. Kak Bu1HO 13 PucyHka
2-B Ha cranuoHape «bospckuii» nepuoanudYecKu peru-
CTPUPOBAJIMCh KPAaTKOCPOYHBIE SMU304bl IogbeMa KOH-
IeHTpalnuu JUOKcHuAa a3oTa cBbiie 20 MKr/me,

3.2. UpenTuPUKaUMA AOKAAbHDbIX
MCTOYHMKOB C UCNOAb3OBaHUEM MOAEAH
NWR

714 o1ieHKY BJIMAHUA METEeOPOJIOTUYeCKUX apa-
MeTpOB Ha cofepxXaHue ImpumMmeceil B atmochepe Iiis
BCEX CTAHILUM IpOBeeH aHaJM3 C HCIOJIb30BaHUEM
penenTopHOl MoAesn HemapaMeTpHuecKol perpec-
cum Betpa (NWR). B kauecTBe 3aBUCMO ITepeEMEHHOMN
BbIOpaHa 10-MuHyTHas KoHLeHTpanusa npumeceii (NO,
NO,, SO,), a B KauecTBe NPEeJUKTOPHBIX TE€PEMEHHBIX
cpeJlHee HalpaBJieHHe U CKOpocTh BeTpa (Puc. 3-8).
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Puc.2. BpemeHHas M3MeHYNBOCTh CpeJHEYACOBBIX 3HAYeHU: A) quoKkcuaa

25 mromns

cepsl; B) okcuaa asora; B) quokcuaa azora Ha

cTaHuAX «JINCTBAHKA», «Bosbiine KoTel», «Bospcekuii» ¢ 17 mo 28 urossa 2023 r.

B pesysibraTe npoBenénHoro aHanusa (Puc. 3-5)
OBLJIO YCTAHOBJIEHO, YTO HauboJblllee cofepxaHue
SO,, NO u NO,, B npusemHoi1 aTMocdepe CTaHIUU
«JIncTBAHKa» OBLIO 3aUKCUPOBAHO B HOYHBIE U YTPEH-
Hue vacel (¢ 00:00 go 08:00), mpu BeTpax CeBEPHOrO
U ceBepo-3allaJIHOr0 HalpaBJleHUs CO CKOPOCTAMU OT
1 1o 4 m/c. 3TO CBA3aHO C TeM, UYTO BEIOPOCHI OKCHIOB
asoTa W cephl, pacupocTpaHsAmIrecs Ha BecoTax (co
nietipamu TOLY), BBUAY yMeHbIIeHN TOJIIMHEI I0rpa-
HUYHOTI'O ¢J1051 aTMOocdephl U ocJ1abieHusA TepMUYecKon
KOHBEKIIMH MOTYT OIyCKaThCA HIKe. B HeBHBIE Yachl,
B CWJIy HarpeBa 3eMHO! ITIOBEPXHOCTU U OTPAHUYHOI'O
cJios1 atMocdepsbl, yCuiInBaeTcsl pa3BuTHe TypOyJieHT-
HOCTH, YTO CIIOCOOCTBYET YJIyYIIEeHUI0 YCJIOBUI pac-
cerMBaHUA IpuMeceil. BeTpoBoil peXuUM CTaHOBUTCA
6oJiee pa3HOOOpa3HBIM, YTO MPUBOAUT K MOHMKEHUIO
KOHIIEHTpAaI[1i1 OKCH/IOB Cephl 1 a30Ta [0 JIETHUX (HOHO-

BBIX 3HaueHuil IOxHoro Baiikana (Zhamsueva et al.,
2022; Shikhovtsev et al., 2024). B cyTouHol1 JUUHaAMUKe
OKCHJIOB a30Ta BblieJIsAeTCA BTOpoe NOoBhIeHue ¢ 12 1o
15 gacos. B cyTouHOI1 AUHaAMUKe OKCHOB a30Ta BhIJe-
JseTca BTopoe noseimeHue ¢ 12:00 go 15:00. JanHoe
MOBHIIIeHNe BO3HUKAJIO NPU BeTpax Hro-BOCTOYHOTO,
I0XKHOTO U I0r0-3anaHoro HanpaBjieHUH, YTO COOTBET-
CTBYeT paCMOJIOXKEHUI0 Mocésika JIMCTBAHKA U 3ajuBa
JlvicTBeHHUYHBIN. BepoATHRIMU MCTOYHUKAMU JAaHHBIX
ra3oBBIX ITpUMecell MOTYT SBJIATHCA aBTOMOOWJIBHEIN U
BOJIHBIN TPaHCIOPT.

Ha crannonape «bBospckuii» Haubobmue
nenrpanquu SO, u NO, GbuIM 3aUKCHUPOBAHBl MPU
BeTpax I0XHOTO U I0ro-3amnafgHOro HalpaBjeHUuH. JTU
HallpaBJIeHUs COOTBETCTBYIOT PACIOJIOKEHUIO JIOKAJIb-
HBIX MCTOYHUKOB 3arpsA3HeHUsA aTMocdeps], KOTOphle
HaxoJATCs Ha I0ro-BOCTOYHOM Iobepexbe o3epa batikan
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Puc.3. NWR-ananus 1jia JeCATUMUHYTHBIX KOHIIEHTpaIui SO, B MOJIAPHOU cucTeMe KOOpAWHAT Ha CT. «JIucTBAHKa», 1iojib 2023 T.
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(Puc. 6-7). Corstacio NWR ananu3zy, ObLJIU BBISBJIEHBI
OTJleJIbHBbIe 3MM30/bI, KOT/Ja BO3AYILIHbIE MacChl, oOora-
MIEHHBIE OKCHJIAaMU a30Ta U Cepbl, IEPEHOCATCA C ora
BAOJIb OOJUHBI peku MaHTypuxa. [IpoBenéHHBIN pac-
YET MPSAMBIX TPAeKTOPUI JIBUXKEeHUs BO3QYIIHBIX Macc
(Puc. 9) nokasas, 4TO MOBBIIIEHNE COAEPXaHUSA OKCU-
OB cephl U a30Ta Ha crainuoHape «Bospckuii» MOXeT
OBITh CBSI3aHO C BJIMAHUEM yAaJIeHHbIX HCTOYHUKOB,
pacnoJioxXeHHBIX B ropojie I'ycruHoo3epck.

NWR-ananus, npoBeaénunii a1 NO (Puc. 8),
JeMOHCTPHPYeT, YTO KOHIIeHTpaLKsA MOHOOKCH/A a30Ta
Bo3pacTaeT B Ilepuof ¢ 7 A0 23 4acoB [0 MECTHOMY
BpeMeHHU BHe 3aBHCHMOCTU OT HalpasJleHUs BeTpa. JTO
MOXeT yKasblBaTh Ha TO, YTO CTalMOHap «BosgpcKuii»
[IOABEPXXEH BJIMAHUIO JIOKAJIBHBIX NCTOYHUKOB 3arpss-
HeHUA aTMocdephl, TaKMX KaK aBTOTpaHCIOPT. B Hou-
Hble yachl KoHIleHTpauuu NO cHIXalTcA A0 3Ha4eHUH,
O6JIM3KUX K Npefesly obHapyxeHUs npudopa.
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Puc.10. TIpocTpaHCTBEHHOE pacIpe/iesieHHe BEPOATHOCTU pacHojioxeHus ucTouHuka SO, u NO, Ha cT. «JIUCTBAHKa» U
«Bosipckuii» BeINoJIHEHHOe ¢ noMoibio PSCF-ananmu3za ¢ 17 no 28 urosis

3.3. UaenTudukauma yaaneHHbIX
MCTOYHMKOB C UCNIOAb3OBaHUEM aHaAu3a
PSCF

Jlna omnpeneseHus o6sacTeil MOTEHIMAIbHBIX
VCTOYHHUKOB Ta3oBhix mpumeceir — NO, u SO, B aTMoc-
depe IOxHOro Baiikaja MBI KCIOJIB30BAJM METO[
METOI0B MHOTOMEpPHON CTAaTHUCTHUKH, OCHOBAHHBIN Ha
COBMECTHOM aHaJin3e OOpaTHBIX TPAeKTOPUM, pacCuu-
TaHHBIX ¢ noMoisio MoAeau HYSPLIT u usamepeHUsaxX
MpU3eMHBIX KOHILIEHTPAaIMi MaJibiX Ta30BBIX IpUMe-
cel. UTOOBI OLIEHUTH yAaJieHHble MCTOYHUKN IIPOAOJI-
KUTEJIbBHOCTh OOpaTHHIX TPAeKTOpUil IPHUHUMAJIACh
paBHOI 72 yacam. Pacuern mpoBomuiuchk Ajisi 1000
MeTpoB Haj ypoBHeM 3emuiu (AGL) 3a nepuof ¢ 17 no
28 nrosa 2023 r.

PesynbraThl aHanmsa PSCF mpepacTaBjieHBl Ha
Pucynke 10. W3 pacueToB BUAHO, YTO BEPOATHOCTU
PacIioJIoXeHNA yAajJeHHbIX HCTOYHUKOB 1711 NO, u SO,
(6osiee 0,5) cxoxu AJIA ABYX CTAHIMU. [IepBBIT MaKCH-
MyM oOIpefieJieH K CeBepy, ceBepo-3amnagy OT CTaHIUN
HabmoqeHuA. Bo3aymHble Macchl, BXOAALIME B JaHHBIN
CeKTOp XapaKTepU3ylTCA, KaK apKTUUecKre U yMepeH-
Hble, copmupoBasmrecsa Hag CeBepHOU ATJIaHTUKOU
u TpaHchopMUpOBaBIIMecsa MPU JBUXEHUM Haj Ipo-
MBIIUJIEHHBIMM palioHaMu 3amagHoil U BocTtouHOI
Cubupy, rAe KpPyNmHBIMU MCTOYHUKAMU IOCTYILIe-
HHUsA OKCHJOB a30Ta U CepHl ABJIAIOTCA NpPeAnpUuATHsS
TOIUIMBHO-3HEpreruueckoro  kommiekca (Marliciok,
2017). IToaTOMy MOXHO IIPEAINOJIOKUTh, YTO Ha HayaJio
uccienoBanus (C 17 mo 23 uioJist), KOrga B MPU3EM-
HOM cJioe Habmopanack, cTabuiabHaa atMocdepa C
He3HAUUTEJbHBIMM  CeBepo-3alagHBIMKM  I[IOTOKaMHU,
HallpaBJIeHHBIMU B cTOpoHY lOxHoro Baiikasna, BKJIafg
B 3arps3HeHUe BO3AYILIHOro OacceiiHa 10XHOU KOTJIO-
BUHBI 03€pa OKa3bIBaAJIM BJIMAHNE He TOJIbKO NCTOYHUKU
HpyTcko-UepeMXOBCKOTO IIPOMBILIJIEHHOIO y3Jia, HO
U IpoMBIIIeHHble ropoaa HoBocnubOupckoil obJiacty,
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KpacHosipckoro kpas u ceBepa HpkyTckoii obJacTu.
OTo corJiacyercs ¢ JaHHBIMU IIpU3eMHBIX M3MepeHUH,
IPOAEMOHCTPUPOBAHHBIX Ha PucyHkax 2-5.

BTopoii MakcuMyM BepOSTHOCTH pPAacCIOJIOXe-
HUA y[aJeHHbIX UCTOYHUKOB BU3yaJIM3UPYeTCA K IOT,
I0T0-BOCTOKY 03epa. OH CBsA3aH ¢ U3MeHEeHHeM MeTeo-
POJIOTUYECKOU CUTyalnuu B pervoHe 23 uiosid. CTaHIuu
MOHMTOPUHIa HaXOAWINCh MOJ BJHAHUEM MaJiorpa-
JUEeHTHOro mnoJjia aTMocdepHOro AaBjieHHs CO CJia-
OBIMM MECTHBIMU BETPaMU PA3JIMYHBIX HaIpPABJIEHU,
(Puc. 3-8) c HeGospmuM MpeobsaJaHUEM HOXKHBIX U
I0TO-BOCTOYHBIX BETPOB CTaHLVA «JIMCTBAHKA» 1 I0T0-3a-
Ma/HBIX, I0KHBIX BETPOB Ha cTaHIU «Bospckuii». Ha
cocTosiHMEe BO3ayIIHOTO OacceiiHa HOxHoro Baiikasa
OKa3blBaJId BJIMAHWUA BO3AYIIHBIE MAacChl, C(HOPMHUPO-
BaBImecs Haj Teppurtopuer Kazaxcrana u MoHroamu.
Ucxona u3 Pucynka 10 MBI BUAUM, YTO OCHOBHEIE
WCTOYHUKU PaCMOJIOKEeHbl B IMPOMBIIIJIEHHBIX FOPOAAaxX
Pecny6siuku Bypsitum (rr. Yiasn-Y i, I'ycmHOO3epck u
mm. KameHck, CeJIEHTMHCK), a TaKXke He3HAYHTeJIbHOe
BJIMAHUE T. DpAeHdT (MoHromus:m).

4. 3aknloueHue

B nernuit nepuong 2023 roga Ha TpexX CTAHITUAX
MoHuTopuHra armocdeps B HOxHoMm Dbalikane cun-
XPOHHO TNPOAHAJIM3UPOBAHBl CpPeJHEYACOBble KOHIIEH-
TpalMy MaJlbIX T'a30BBIX IpUMeceil — OKCHJIOB Cephl
U a3oTa, METeOpOJIOTUYEeCKHe IlapaMeTphl, BKJII0Yasd
CKOpOCTh W HamlpaBjieHHe BeTpa. Pe3ysbTaThl Hcciie-
JI0BaHUA MOKa3aju, 4YTo, HeCMOTPs Ha HeOOoJIbIIoe pac-
CTOSIHME MeXAy CTaHIUAMU HabJojeHUN n3MeHeHUA
B COJlepXaHUM MaJIbIX Ta30BBIX IIpHUMecell Ha pa3HBIX
6eperax HOxnoro Balikasa npoucxoAAT He3aBHUCHUMO
Opyr oT Apyra. IIpnunHbI Takux M3MeHeHUl 00yCJIoB-
JIeHBl PacIoJIoXKeHNeM CTaHIMN, 0COOEHHOCTAMU BHY-
TPUKOTJIOBUHHON LUPKYJAIMU UM PacloJIOKeHUeM
OTHOCUTEJIBHO aHTPOINOI€HHBIX NCTOYHHUKOB.
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OlleHKM BJIUAHUA MeETEeOPOJIOTMYEeCKUX Mapa-
MEeTpPOB Ha cojiepkaHMe Ta30BBIX IpUMecell B aTMOC-
depe HOxHoro baiikasia ¢ HCIOJb30BaHUEM MOMEJN
NWR nokaszaiy, 4TO, MakCHUMaJlbHble KOHI[eHTpaluu
Ha 3amagHoM Mobepexbe O3epa 3aUKCHUPOBAHBI MPU
BeTpax CeBepo-3almaJHOro HalpaBJeHud CO CKOpPO-
cThi0 OT 1 10 4 M/c. 714 BOCTOYHOTO nobepexbsa o3epa
XapaKTepHO TOBBIIIeHWe KOHI[eHTpalliil Ipu Iro-3a-
MaJHOM B TOM Xe Juana3oHe CKOPOCTeM.

C mnomompio (PYHKIUM BKJIafga IOTeHI[UaJIb-
HbIX nctouyHukoB (PSCF) ompepesieHbl MeCTOMOJIOXe-
HUA yOaJIeHHBIX MCTOYHMKOB, OKa3aBIIMX BJIMAHUE Ha
cocTtaB aTMocdepHOro BO3[yXa B IOXKHON KOTJIOBHHE
o3zepa JietoM 2023 r. HauboJiee BepOATHBIN BKJIag,
BHECJIU MCTOYHUKU PacrojiokKeHHble Ha TeppUTOpUun
Pecny6suku Bypsarusa u KpacHospckoro kpasi.
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ABSTRACT. A comparative analysis of hydroacoustic data from 2011 to 2024 allowed us to determine
the distribution characteristics of Baikal omul in the spring in the water area of the Selenga shallows
under a significant decrease in stocks. Test trawling provided analysis of the length-at-age data on Baikal
omul, revealed an increase in the stock abundance owing to the 2019-2023 generations, and confirmed
the possibility of the correct use of the length-weight relationship (LWR), W=10.9(SL, )*?, based on
long-term data. The obtained data predict a growth of biomass, as a more inert indicator, in four-six
years. To formulate a more accurate forecast, it is necessary to adjust the natural mortality rates.
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1. Introduction

As the population grows, and exploitation of fish
resources increases, the latter becomes a decisive factor
in the population dynamics of many commercial fish
species. The fishing intensity has a significant impact
on the stocks of commercially important fish species
with a long development cycle, such as whitefish (fam-
ily Coregonidae). Whitefish stocks are a sought-after
resource in the continental waters of the Northern
Hemisphere (Fera et al., 2015; Winfield and Gerdeaux,
2015, Bourinet et al., 2024). In some regions, they are
of great socio-economic importance, being an import-
ant component of the consumer market and food secu-
rity. These species exhibit large stock fluctuations due
to both fishing pressure and their high sensitivity to
environmental conditions during reproduction and
first-year development (Lukin et al., 2006; Straile et
al.,2007; Anneville et al.,, 2009; Myers et al., 2015;
Rook et al., 2022; Bourinet et al., 2024).

The decrease in Baikal omul Coregonus migratorius
(Georgi, 1775) stocks and the subsequent introduction
of a commercial fishing ban and recreational fishing
restrictions in 2017 led to the decline in the living stan-
dard of a significant part of the local residents, whose
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income source was fishing. Initially, these measures
were expected to help recover the stocks within five
years. However, their effect can only be assessed 11-14
years after the ban introduction (Anoshko et al., 2020).
Coregonid fishes, with their low reproduction capacity
and slow growth, increase their population size in at
least two generations (Lukin et al., 2006; Matkovsky,
2021). Taking into account the demographic crisis of
the Baikal omul population in 2016-2018 (Materialy ...,
2024) and the fact that the generations capable of pro-
viding a sufficient number of spawning stock need six-
seven years to reach sexual maturity, their spawn will
only be able to significantly increase the biomass of the
commercial stock after five-seven years.

The Selenga shallows are one of the main fish-
ing areas at Lake Baikal thanks to vast areas of shallow
water with depths favorable for the habitation of Baikal
omul. Based on previous estimates resulted from hydro-
acoustic studies (Melnik et al., 2009), this area concen-
trated a significant part (up to 50% or more) of the
total stock of this species. The Selenga shallows form
the basis of the commercial stock of the Selenga and
Posolsk populations, which spawn in the Selenga River
and the rivers of the Posolsky Sor Bay, respectively.
With the decline in the Baikal omul stocks and fish-
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ing restrictions, the volume of test scientific research
limited to fishing areas (Goncharov et al., 2022a; b,
2023a; b) is clearly insufficient. Nevertheless, data on
hydroacoustic studies from 2011 to 2015 (Melnik et al.,
2009; Makarov et al., 2012) allow us to conduct a com-
parative analysis of the distribution density of Baikal
omul in the Selenga fishing area with our data obtained
after the ban introduction. This study aims to conduct
a comparative analysis of the structure of the feeding
fish stock and change in the Baikal omul stocks in the
Selenga shallows between 2011 and 2024.

2. Materials and methods

Hydroacoustic survey in the Selenga fishing area
of Lake Baikal was conducted from 22 to 24 May 2024,
onboard the research vessel “G.Yu. Vereshchagin”
(Table 1). The work was carried out along the standard
traverse mesh (Fig. 1) with depth ranges from 50 to 400
m and distance 370 km. An “Echo-Baikal” hydroacous-
tic complex was used in the survey, representing a soft-
ware and hardware bundle of the modernized Furuno
FCV-1100 fishing sonar (Japan) and the authoring
software. The complex was configured for a dual-fre-
quency mode with the following parameters: sounding
signal frequencies 28 and 200 kHz, pulse duration 1.0
ms, and single target detection threshold -52 dB. The
hydroacoustic complex was calibrated by the standard
technique (Simrad, 2001) using a 60 mm diameter
copper sphere with a calculated target strength (TS) of
33.61 dB. The hydroacoustic data, both modern (2020-
2024) and archival (2011 and 2015), were processed
in the Echoview software (Australia) with identical set-
tings. The echo integration method was used to calcu-
late surface densities along the survey traverses. The
hydroacoustic traverses were divided into 500 m long
sections. The NASC value (Nautical Area Scattering
Coefficient) was obtained for each section as a result of
data analysis in the software package. The vertical data
analysis was limited to 8 m from the surface and 2 m
from the bottom. Sections with multiple bottom reflec-
tion and sound-scattering layers not associated with
fish accumulations, such as gas seepages, were excluded
from the analysis. TS of Baikal omul was calculated via
the equation TS=28.7*Log(SL)-76.4 (Kudryavtsev et
al., 2005) with a correction for the radiation frequency
+0.77 dB. This equation provides less bias (underes-
timation) in the reconstruction of the sizes of small

Table 1. Hydroacoustic survey data used in the analysis.

fish from the TS values with the average SL=15-18
cm, which were recorded in trawl catches compared
to the equations obtained for fish with SL=21-38 cm
(Goncharov et al., 2008) and SL =24-27 cm (Makarov
et al., 2018).

Test trawling (Table 1) was performed with a
pelagic trawl (vertical opening 10 m and opening along
the ground rope 17.5 and 26.0 m) after passing four-
five traverses and detecting fish accumulations. The
operation of the trawl gear (opening and movement tra-
jectory relative to the bottom and fish accumulations)
was monitored using synchronized depth recording
devices installed on the trawl doors, head ropes, and
ground ropes. The devices developed in Laboratory of
Hydrology and Hydrophysics at Limnological Institute
SB RAS consisted of a controller that recorded and
saved data from the depth sensor in non-volatile mem-
ory as well as of a wireless communication interface
of the Bluetooth standard. The devices installed on the
trawl doors were additionally equipped with a three-
axis acceleration sensor that can record their spatial
orientation to monitor the main parameters of the trawl
operation. The devices were calibrated before trawling
by the cross-calibration method with an RBRduet3 T.D.
two-channel submersible temperature and depth log-
ger (Canada). After lifting the trawl on board, data was
read via a wireless interface. Based on the test trawling
data, the ratio of the trawl working depth to the length
of the “veered” (wound from the trawl winch drums)
warps, taking into account the operation of the main
engine that ensures a vessel speed of 2.5-3.0 knots (4.5-
5.5 km/h), was calculated.

The standard length (SL) of fish was measured
with an accuracy of up to 1 cm during mass measure-
ments and up to 1 mm during biological analysis. The
weight (W) was measured with an accuracy of up to 1
8. The length-to-weight relationship W, =10.9(SL, )*%*
was used in the calculations, where W_was the weight
in grams and SL, —the standard length in decimeters
(Anoshko et al., 2022) based on the long-term data
analysis. The 2011 trawl catches were not used in this
study because the selectivity of the size classes of the
trawl fish differed significantly. Original hydroacoustic
data for 2011 and 2023 from the archive of Laboratory
of Ichthyology at Limnological Institute SB RAS were
used for a comparative analysis of the distribution and
assessment of Baikal omul stocks near the Selenga shal-
lows (Table 1).

Year Dates of survey, Traverse Number of test trawls, | Number of analyzed
DD.MM - DD.MM length, km pes fish, pcs

2011 30.05-01.06 311 10 1808

2015 29.05-31.05 307 - -

2020 28.05-29.05 296 - -

2021 26.05-28.05 450 - -

2022 27.05-28.05 350 7 930

2023 23.05-26.05 217 8 1275

2024 22.05-24.05 370 6 523
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Fig.1. Distribution charts of Baikal omul in the Selenga shallows based on long-term data.

3. Results and discussion

The distribution characteristics of Baikal omul from
2011 to 2024 are shown in Fig. 1. In 2011, when Baikal
omul stocks were assessed as satisfactory, accumula-
tions of >1000 pcs ha! were recorded throughout the
entire study area of the Selenga shallows, and in 2015,
they were detected only in the southeastern part. In
2020, we recorded virtually no fish accumulations. As
a rule, their concentrations were <250 pcs ha', which
is below average. In 2022, we recorded the concentra-
tions of average density throughout the entire water
area of the Selenga shallows. In 2023, there were large
accumulations of Baikal omul in southwestern and cen-
tral parts of the area, but they were relatively uneven
and more dynamic (Anoshko et al., 2023). We observed
their redistribution from south to north, probably due
to the specific heating of the coastal-bay zone as well
as to the influx of warmer waters of the Selenga River.
In 2024, we recorded omul throughout the entire area
of the shallows, and dense accumulations in its central
part (Fig. 1).

Size data. The length-weight relationship (LWR)
is an important characteristic used for calculations
in test hydroacoustic studies. As a result of regres-
sion analysis based on the 2024 data, we obtained
LWR W=9.6(SL, )*'® with a very high determination
coefficient R2=0.99 (Fig. 2). The average fish length
(SL) was 17.6 cm, and the average weight-78 g. The
use of our previous LWR based on long-term data,
W=10.9(SL, )** (Anoshko et al., 2022), with such
sizes, leads to an error in calculating the average weight
of only 1.4% with a bias to the upside.

Based on trawl catches in different parts of the
Selenga shallows, SL of fish from the feeding stock
ranged from 9 to 35 cm between 2022 and 2024.

Fish weight, g

Representative samples (Fig. 3) had a characteristic
distribution of individuals by size with modes corre-
sponding to age classes.

The distribution in SL frequency in 2022 indi-
cates the presence of three modes: 10, 16, and 19 cm,
that correspond to three generations of 2019, 2020, and
2021. The decrease in the proportion of fish longer than
21 cm was due to the demographic trough from 2016 to
2018 (Materialy ..., 2024). In the subsequent 2023 and
2024, the number of large individuals increased due
to the growth of fish of these generations. Moreover,
the weight of fish in different size classes more clearly
highlights the boundary between small and numer-
ous generations. The size structure of Baikal omul in
2023 showed a relatively high number of individuals
aged one year and their higher proportion compared
to 2022 and 2024. On the contrary, individuals aged
two years were slightly larger with a mode of 17 cm.

500
400 W = 9.6(SL,,)*1
R?=0.99
300
W =10.9(SL,, )
200
100
0
0.5 1 1.5 2 2.5 3

Standard fish length, dm

Fig.2. LWR of Baikal omul based on === 2024 data and
= long-term data equation (Anoshko et al., 2022).
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Fig.3. Distribution of Baikal omul individuals by size classes.

Due to the intersection of sizes of fish of different years,
there was an additional peak between the peaks of the
corresponding age classes, which can be considered as
formed by a small generation (Anoshko et al., 2023).
According to the official data, the larvae migration into
the Selenga River in 2020 was 1186 million individu-
als, which is three times higher than the average for
the period from 2014 to 2023 (Materialy ..., 2024). At
the same time, the entry of producers in 2019 was com-
parable with the entry in adjacent years (Materialy ...,
2024). The size data from our catches were not cor-
related with this anomalous number of migrated lar-
vae (Fig. 3). Fluctuations in fish sizes can be caused
by interannual fluctuations of their growth rates in the
first and second years of their life. Fluctuations in sizes
of juveniles during the first year of life are expected
because of their growth in the relatively dynamic con-
ditions of the coastal-bay zone.

The age structure of Baikal omul depends on the
feeding stock replenishment, natural and fishing mor-
tality as well as migrations. The size structure of fish
in the water area of the Selenga shallows allows us
to conclude that, from 2022 to 2024, there were no
significant changes in the replenishment level, which
could affect the ratio of size and, hence, of age classes.
From the second year of life, the mortality level during
the feeding period practically does not depend on the
pressure of predators. At depths greater than 50 m,
omul juveniles are not accessible to predatory fish that
inhabit the coastal-bay zone as well as to fish-eating
birds.

The data for 2022 and 2024 allowed us to esti-
mate the natural mortality level (Fig. 4) because com-
mercial fishing of omul was banned, and the mortality
of fish of this size due to recreational and poaching
fishing can be excluded. The instantaneous rate of nat-
ural mortality of individuals aged one to three years in
2022, based on power exponential function, was 0.19,
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and those aged from one to four years in 2024 — 0.23.
These results comply with the rates calculated for the
corresponding ages of Coregonus muksun (Pallas, 1814)
(Matkovskiy, 2023) having a long lifespan, like Baikal
omul.

Stock dynamics. Comparative data analysis in
retrospect indicated a fourfold decrease in stocks
from 2007 (Melnik et al., 2009, Table 2) to 2020 in
the Selenga shallows (145 122 ha). Subsequently, the
number of juveniles increased owing to the 2019-2023
generations. Thus, compared to 2020, the abundance of
fish doubled but reached only half of values calculated
for 2011. Biomass is a more inert indicator, so, in the
next four-six years, we expect its growth thanks to the
2019-2024 generations.

Stable state of the Baikal omul stocks in favor-
able period amounted to 20-26 thousand tones.
According to the Total Allowable Catch (TAC) mate-
rials (Materialy ..., 2017), which were a basis for the
introduction of the ban on catching Baikal omul, its bio-
mass in 2016 was 12.6 thousand tons. It was indicated

N N W W
v © un o un

——— 2024 year (y = 48.5e01%)
——— 2022 year (y = 42.6e°2%)

Number of fish, %

[y
(O =)

0 1 3 4 5

2
Age, year

Fig.4. Ratio of age classes of Baikal omul based on trawl
catches in 2022 and 2024.
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Table 2. Estimation of biomass density and abundance of Baikal omul based on hydroacoustic data.

Year NASC | Average weight, kg | Average length, cm | pes ha! | kg ha! | Biomass, t
2007 229.3 104.0 21.1 367.2 38.2 5543
2011 194.2 85.5 19.8 363.1 31.1 4505
2015 172.2 104.0 21.1 305.6 31.8 4612
2020 52.6 72.0 18.7 128.7 9.3 1345
2021 106.1 46.5 16.2 205.0 9.5 1383
2023 89.6 71.5 18.6 224.7 16.1 2331
2024 83.9 78.8 19.3 195.3 15.4 2233

that the state of the stocks, compared to the 1990s,
reached a critical level and was at a lower limit of the
accepted reference estimates of stability. Even with
these estimates, the stock of 6.8 thousand tons pub-
lished in the TAC materials after the ban introduction
seems inconsistent. According to these estimates, the
stock decreased by 5.8 thousand tons. At the same time,
according to the fishery statistical report, the catch was
0.6 thousand tons, and, taking into account expert esti-
mates of IUU fishing (illegal, unreported, and unregu-
lated fishing), the total catch was ~1.0 thousand tons.
Even though we accept no replenishment during that
period, there is still a difference in 4.8 thousand tons
that, in our opinion, requires reasonable explanations.
Observations of the spawning stock abundance
and stock assessment using hydroacoustic techniques
conducted by Russian Federation Research Institute of
Fisheries and Oceanography (VNIRO) since 2021 indi-
cate that the omul biomass is much lower (7-8 thousand
tons) than it was estimated before the ban was intro-
duced (11-13 thousand tons) using virtual population
models. Despite the increase in the number of juveniles,
it remains at a consistently low level (Goncharov et al.,
2023a; b). No comparative analysis of stock assessments
of Baikal omul using virtual population models and
hydroacoustic techniques was conducted. Therefore,
the differences in the estimates likely result from the
use of different methods, and not from the decrease in
the biomass after the ban introduction. Notably, VNIRO
studied the Baikal omul stocks only in the fishing areas
where its main commercial aggregations form but
account for <10% of the lake water area. Fish inhabit-
ing the rest of the water area are not taken into account
in these studies. In this regard, it is impossible to cor-
rectly compare the stock estimates before and after the
ban introduction. Trawl-acoustic estimates for 1994,
1995 and 2003 (Melnik et al., 2009) — the period when
this research method was developed - are not compa-
rable. Nevertheless, hydroacoustic method is optimal
for estimating the density and biomass of coregonid
fish in large and deep lakes inhabited by their various
ecomorphological forms (Schluter and McPhail, 1993;
Harrod et al., 2010; Siwertsson et al., 2010; Malinen et
al., 2014). However, unification of the survey accord-
ing to the agreed traverses, as well as the TS(SL) and
LWR dependencies, is advisable. If possible, it should
be carried out in the dark. Dispersal and more even spa-
tial distribution at night are typical of many whitefish
species inhabiting relatively deep waters (Schluter and
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McPhail, 1993; Mehner et al., 2007; Girard et al., 2020).
Thus, a significant proportion of fish is recorded in the
form of single echo signals, facilitating more accurate
estimates of their abundance and biomass. Modern sci-
entific hydroacoustics hardware and software provide
a non-lethal for fish and a cost-effective alternative for
estimating abundance (Shin et al., 2005; Simmonds and
MacLennan, 2008), which is especially important in the
context of dramatically declining stocks. Furthermore,
they offer a less selective method for determining size
structure compared to fishing. In conditions of relatively
low fishing pressure, stock assessment methods based
on catch statistics are practically useless (Schluter and
McPhail, 1993). At the same time, the construction of
cohort models is necessary for forecasting and making
administrative decisions on fisheries regulation.

Noteworthy is that coregonid fish inhabit
mainly water bodies with dynamic environmental
conditions typical of temperate and subarctic climate
zones. Despite the ability to survive adverse environ-
mental conditions, their stocks have experienced the
periods of significant population decline over the past
two decades (Myers et al., 2015; Zischke et al., 2017,
Stewart et al., 2021; Bourinet et al., 2024) due to their
irrational use as the habitat deteriorated. Significant
polymorphism observed in coregonid fish (Smirnov et
al., 2009; Zubova et al., 2022; 2024) is not only a way
to expand the use of resources but also one of the adap-
tations to changing habitat conditions.

The main features of populations undergoing
structural changes resulted from intensive long-term
fishing pressure are as follows: a decrease in the num-
ber of age groups, an increase in the proportion of
slow-growing individuals, reduction in lifespan, and
early maturation with extremely small sizes for the spe-
cies (Lukin et al., 2006). These features are not char-
acteristic of the Baikal omul population in the Selenga
shallows, except for a decrease in the number of older
age groups, which is likely a consequence of low repro-
duction efficiency associated with high poaching pres-
sure along spawning migration routes and high mortal-
ity in the first year of life. The discrepancy between the
high number of spawning stocks in the autumn of 2015
and the subsequent small migration of larvae in the
spring of 2016 (Materialy ..., 2024) may be due to the
high level of poaching along spawning migration routes.
Meanwhile, from 1999 to 2013, rates of larval migra-
tion were high throughout Lake Baikal (Materialy ...,
2024). This indicates that poaching in spawning rivers
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during that period did not affect the reproduction rate.
Moreover, the Baikal omul generations of these years
should have provided high biomass rates in the next
seven years. Straile and coauthors (2007) hypothesized
that a warm winter during the incubation period leads
to earlier hatching of larvae of the common whitefish,
Coregonus lavaretus (Linnaeus, 1758), under conditions
of an undeveloped food supply (Straile et al., 2007). For
Baikal omul, which spawns in rivers, early hatching of
larvae in the river and their migration to the coastal-bay
zone with unfavorable feeding conditions are possible
during warm (arid) periods. Taking into account that
the physicochemical conditions of the habitat did not
significantly change in the spawning rivers, we can-
not assume the influence of environmental factors on
the mortality rate of eggs. High mortality rate in the
coastal-bay zone, where juveniles feed, may be associ-
ated with high level of predation, including fish-eating
birds. The reduction in the stocks of Baikal omul and
fishes of the coastal-bay complex coincides with a cata-
strophic increase in the number of the great cormorant,
Phalacrocorax carbo (Linnaeus, 1758). However, in the
Selenga River delta, it invaded the colony of the great
heron, Ardea cinerea (Linnaeus, 1758), only in 2014
(Pyzhyanov and Mokridina, 2023), and the number of
nesting individuals reached 1000 only in 2020 (Elayev
et al., 2021). Baikal omul juveniles 40-120 mm long
are ~10% of its food spectrum (Yelayev et al., 2021).
These are mainly individuals of the first year of life,
which inhabit the coastal zone and are accessible to the
great cormorant. On the other hand, its food spectrum
includes fish species that can consume juvenile omul
(Yelayev et al., 2021). Therefore, the predation of the
great cormorant is probably partially compensated.

4. Conclusion

Analysis of long-term hydroacoustic data
allowed us to determine the distribution characteristics
of Baikal omul in the water area of the Selenga shal-
lows under a significant reduction in the stock of the
populations living here. Amidst the overall distribution
heterogeneity, relatively dense fish aggregations were
localized in one of its parts, rather than throughout the
water area. Size data on Baikal omul in trawl catches
confirmed the correctness of using the length-weight
relationship, W=10.9(SL, )*%, that we had obtained
previously based on long-term data because it leads to
an error in calculating the average weight of only 1.4%
with a bias to the upside.

A comparative analysis of the data revealed a
fourfold decrease in the Baikal omul stocks from 2007 to
2020. However, the increase in the number of juveniles
owing to the 2019-2024 generations suggests a biomass
growth in the next four-six years. Among the causes
of the 2016-2018 demographic trough, the low-wa-
ter period between 2015 and 2017 is one of the most
likely. At the same time, its impact on the decrease in
the replenishment of the Baikal omul stocks can result
from several factors, such as accessibility to fish-eating
birds, poaching during spawning migrations, and ele-
vated mortality rate of juveniles due to migration to the
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coastal-bay zone with a low development of the food
supply and/or their death being eaten by predators. To
formulate a more accurate forecast, it is necessary to
adjust the natural mortality rates.

The study of the distribution characteristics of
fish, the feeding stock structure, and changes in abun-
dance and biomass is important not only for regulat-
ing fisheries activities but also for understanding the
functioning of ecosystems, including the reaction of
populations to the stress effects of climate change and
anthropogenic load.
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AHHOTAILIUS. CpaBHUTENbHBIN aHANU3 FUApoaKycTudeckux AaHHbIX ¢ 2011 mo 2024 r. mo3BOJIUI
BBIIBUTH OCOOEHHOCTU pachpefesieHus 0allkaJIbCKOro OMYJisi B BECEeHHUI Iepuoj Ha akBaTOPUU
CeJIeHTMHCKOr'0 MEJIKOBOJbS B YCJIOBUAX 3HAYMTEJIBHOIO CHIXXKEHHA ero 3amacoB. B pesysbrare KOH-
TPOJIBHBIX TpaJIeHU! NpOaHaJIM3UPOBaH pPa3MeEPHO-BO3PACTHOM COCTaB 0aiiKajIbCKOTO OMYJIA, MOKa-
3aHO yBeJIMUeHUE YKCJIEeHHOCTHU 3amaca 3a cueT nokosieHuii 2019-2023 rr., noATBepXAeHa BO3MOX-
HOCTb KOPPEKTHOTO NpHUMeHEHUs, [OJIyYeHHOro II0 MHOTOJIETHUM AAHHBIM COOTHOLIEHU: [JINHA-BeC
LWR: W=10.9(SL, )*°. Ha ocHOBe MOJIyYeHHbIX JJaHHBIX, OXKUIAETCA POCT OMOMACChl, Kak 6oJiee NHEpPT-
HOTr0 mokasareJis, yepe3 4-6 jiet. [{a popMupoBaHus 60Jiee TOUYHOTO IIPOTHO3a, HEOOXOIUMO IIPOBECTU
KOPPEKTHUPOBKY KO3()HUITIEHTOB eCTECTBEHHOU CMEPTHOCTH.

Kriouegeie ciioga: 6aiikaabCKUN OMYJib, TUAPOAKyCTUYECKUI MeTO/l, KOHTPOJIbHBEIE TPaJIeHUs, pa3MepHO-
BO3PaCTHOM COCTaB, COOTHOIIEHNeE «JJINHA-BeC», OIleHKa 3a1acoB, 03epo Barika

Jia nutupoBanua: Anomko I[1.H., [I3100a E.B., Xanaes U.B., Kyuep K.M., He6ecubix U.A., Makapos M.M. I'mpoakycTuueckue
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1. BBeaenue

C pocTOoM HaceJleHWs1 U YBeJIMYEHUs YPOBH:
3KCIUIyaTally PHIOHBIX PECYPCOB, MOCJIEHUI CTAHO-
BUTCA pemanmuM (HakTopoM AUHAMUKY MOIYJIAIN
MHOTHX IIPOMBICJIOBHIX BUIOB. WHTEHCHBHOCTb IIPO-
MBICJIa OKa3hIBAeT CYIIeCTBEHHOE BJIMSHME Ha 3arachl
[[EHHBIX BUJIOB PHIO C JINTEJIbHBIM I[UKJIOM Pa3BUTHUS,
HalprMep, CUTOBBIX. 3aNachl CUTOBBIX PHIO ABJIAIOTCA
BOCTPeOOBAHHEIM PeCypcOM KOHTHHETAJIBHBIX BOJIO€-
MOB ceBepHoro nostymapus (Fera et al., 2015; Winfield
and Gerdeaux, 2015, Bourinet et al., 2024), B oT/eJib-
HBIX PETMIOHAX OHU UMeI0T 60JIBIIOe COLUATIBHO-3KOHO-
MHYeCcKoe 3HaueHue, ABJIASACh BAXHOU COCTABJIAMOIIE
MOTPeOUTEJIbCKOTO PhIHKA U MPOJOBOJILCTBEHHON Oe3-
ONIaCHOCTU. DTU BUABI IEMOHCTPUPYIOT OOJIbIINE KOJIE-
GaHMsA 3aMacoB Kak Mo MpUYUHe PHIO0JIOBHOTO Ipecca,
TaK M 13-32 UX BBICOKOM YYBCTBUTEJIBHOCTU B HEPUOJ
BOCIIPOM3BOJICTBA U PA3BUTHSA HA IEPBOM T'OAY KU3HU
K yCJIOBUAM OKpyxamwieil cpeasl (JlykuH u ap., 2006;
Straile et al.,2007; Anneville et al., 2009; Myers et al.,
2015; Rook et al., 2022; Bourinet et al., 2024).

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: e dzuba@lin.irk.ru (E.B. [I3106a)

INocmynuwna: 23 ceutsabps 2024; Ilpunama: 28 oxtabpsa 2024;

Ony6tukoagana online: 31 oktabpsa 2024
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CHmxeHre 3anacoB 06aliKaJbCKOTO OMYJIA U
nocJieAylollee BBeJieHNe 3arpeTa Ha IPOMBIILIEHHBIN 1
OrpaHUYeHUI Ha JIIOOUTeJIbCKUi BbUIOB B 2017 r. ABU-
Jioch HaKTOpPOM CHIKEHHUs YPOBHA XKU3HU 3HAUUTEJIb-
HOM 4aCTU MeCTHOI0 HaceJIeHus, NCTOYHUKOM JOXO/0B
KOTOPOTro OB PHIOHBIN HpoMBbices. Mi3HavyaapHO Mpes-
[10J1arajioch, YTO IPUHATHEIE MepPHl I03BOJIAT BOCCTaHO-
BUTHCA 3allacaM B TeueHue IATtu Jiet. OgHako, apdexr
OT MPUHATHIX Mep MOXHO OyZeT OLleHUThb TOJIbKO Yepe3
11-14 ner mocjie BBedeHus 3arpera (AHOWIKO U [Ip.,
2020). CuroBbsle pBIOBI DM WX HU3KOU PENpOAYKTUB-
HOU CHOCOOHOCTU U Me[JIEHHOM pOCTe YBeJIMYUBAIOT
YKCJIEHHOCTD MONYJIANMY MUHUMYM 3a [IBa NOKOJICHNA)
(JIykun u gp., 2006; Martkosckuii, 2021). IlpuHumas
BO-BHUMaHUe AeMorpapuyecKuil KpU3UC MOMyJIANUN
batikasbckoro omyssa 2016-2018 rr. (Marepuasnisl ...,
2024) u TO, 4TO IJiA JOCTUXEHMs IMOJIOBOM 3pesioCTU
IIOKOJIEHUAM, CIOCOOHBIM OO€CIeuYUTh OOCTATOYHYIO
YKCJIEHHOCTh HepeCcTOBOro cTaja HeoOXoAuMoO 6-7 e,
1 COOTBETCTBEHHO WX IIOTOMCTBO TOJIBKO 4Yepe3 5-7
JIeT cMoXeT obecrieunTh 3HAUYUTEJIbHBIN MIPUPOCT OHO-
Macchl IPOMBICJIOBOTO 3amaca.

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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CeJIeHTMHCKOE MEeJIKOBOJIbe ABJIAETCA OIHUM
U3 OCHOBHBIX PHIOOIPOMBICIIOBEIX PAaliOHOB Ha O3epe
Batikas, 4YTto 0OyCJIOBJIEHO HaJIMYAEM OOIIUPHBIX
IJIomaiell MeJIKOBOJHOM 30HBI C IlybuHamu OJiaro-
MPUATHBIMU Il OOMTaHUA GaliKaJibckoro omyJid. ITo
OIleHKaM, IOJIyYeHHBIM paHee B pe3yJibTaTe THMApOa-
KycTuueckux ucciefgoBanuil (MengbHuk u fp., 2009)
B 3TOM paioHe Oblla COCPeOTOYeHa 3HAYUTEeJIbHaA
yacTh (qo 50% u 6oJiee) OOIIMX 3amacoB 3TOTO BUA.
Ha CeJyieHTMHCKOM MeJIKOBOJIbe (HOPMHUPYETCA OCHOBA
MMPOMBICJIOBOTO 3amaca CeJIEHTMHCKOW M TOCOJIbCKOM
MOMYJIALMI, HEPECT KOTOPHIX MPOUCcXoAuT B p. CeJieHre,
a Takxke pekax ITocoJIbCKOro copa, COOTBETCTBeHHO. Ha
(dboHe mempeccuu 3anacoB 6AMKAIBCKOTO OMYJISA U BBe-
JIeHUs OTPAaHUYEHUI Ha ero BBUIOB, 00BEM PECYPCHBIX
HAyYHO-HCCJIEIOBATEIBCKUX paboT, OrpaHUYeHHBIX
TOJIBKO PBHIOOIIPOMBICIIOBBIME paiioHaMu (I'OHYapoB U
ap., 2022a;b; 2023a;b) sBHO HemoctaToueH. Tem He
MeHee, MaTepuasibl TUIPOaKyCTUYECKUX HCCJIeoBa-
Huii 3a nepuof ¢ 2011 mo 2015 rr. (MensHUK U Ap.,
2009; MakapoB u fp., 2012) mo3BOJIAIOT NPOBECTU
CPaBHUTEJIbHBIM aHAJM3 IUIOTHOCTH pacipenesieHus
6atikaiabckoro omyssa B CeJleHr'MHCKOM PhIGONPOMEIC-
JIOBOM paHOHE C JaHHBIMH, OJIYYeHHBIMU HAMH TIOCJIE
BBeZleHUs 3ampeTta. Llespio JaHHON pabOTH ABJIAETCA
MpOBeJIEHEe CPaBHUTEJIBHOTO AaHAJIN3a CTPYKTYPHI
HaryJIbHOTO CTafa, U W3MEHEeHHs 3amacoB OGaiKasib-
ckoro oMyJis Ha CeJIeHTMHCKOM MEJIKOBOJIbE B MEPUO]]
c 2011 mo 2024 rT.

2. MaTepuanbl U MEeTOADI

l'uppoakyctuueckyio cbeMKy B CeJIeHTMHCKOM
PBIOOIIPOMBICTIOBOM paiioHe 03. Baiikas mpoBoguu c
22 no 24 masa 2024 roga Ha HUC «I'.10. Bepemarus»
(Tabmuma 1). PaboTel BHIOJHANM MO CTaHAAPTHOU
cetke rajicos (Puc. 1) c ananazoHamu riayouH ot 50 fo
400 M, npotsxeHHOCTbI0 370 kM. CbeMKy IPOBOAVIIU
MpU MOMOIY THAPOAKyCTUYECKOro KOMILIeKca «JXO-
Batikan» mpefcTaBJiAONero MporpaMMHYI0 U anna-
paTHyI0 CBA3KY MOJIePHM3UPOBAHHOI'O MPOMBICJIOBOT'O
sxosiora Furuno FCV-1100 (finoHus) u aBTOPCKOTO
nporpaMMHoro obecreueHus. KoMiiekc HacTpauBaiu
Ha [IBYXYaCTOTHHIN peXuM C CJeQYIUMMU Mapame-
TpaMu: YacToTa 3oHaupyollero curuaia 28 u 200 kI'x,
JJIUTEIbHOCTh uMiyJibca 1.0 Mc, mopor celeKuuu oqu-
HOYHBIX 1eJlell -52aB. I'mapoakycTUiecKuil KOMILIEKC
KaybpoBaJi IO CTaHAApPTHOM MeTomuke (Simrad,

2001) mpu nomomu MegHOU cdepsl guaMeTpoMm 60 MM
¢ pacueTHBIM 3HaueHueM cuJibl nenu (TS) — 33.61 nb.
OOpaboTKy TMApOaKyCTUYeCKHX MNaHHBIX, KaKk COBpe-
MeHHBIX (2020-2024 rr.), Tak u doHAoBeix (2011 u
2015 rr.), mpoBoAWIM B MNPOrpaMMHOM KOMILJIEKCe
Echo-view (ABcTpasus) ¢ WIOEHTUYHBIMA HaCTPOM-
kamu. [714 pacyeTa 3Ha4eHUI IOBEPXHOCTHBIX IJIOTHO-
cTell BJIOJIb TaJICOB CheMKHU HCIIOJIb30Bald METO[ 3X0-
HMHTerpupoBaHuA. I'mapoakycTuyeckue rajchl JesINIn
Ha y4acTku JyuHoH 500 M. B pesysibraTe aHaim3a gaH-
HBIX B IPOrPaMMHOM KOMILIeKce, IoJIy4yaiyd 3HaueHue
NASC (Nautical Area Scattering Coefficient — mokasa-
TeJIb paccesHus, OTpaxarluil HHTerpajbHyI0 ILJIO-
maab aKyCTUYeCcKOoro ceyeHus Ha IJIomaayd OQHOM MOp-
CKOM MMJIN) 1A KKAOr0 yyacTKa. AHa/IN3 JaHHBIX 110
BEepTUKAJIM OrpaHUYMBAJIX 8 M OT IIOBEPXHOCTU U 2 M
oT ana. O6sacTy ¢ KpaTHBIM OTpakeHreM JHA U 3BYKO-
paccenBalIIUMU CJIOAMH, HeCBA3aHHBIMU C PBHIOHBEIMU
CKOIUJICHWAMY, HalpuMep, ra3oBHIMU BBIXOJaMH, W3
aHanu3a uckiovanu. Cuiy ey 6alikaabCKOro OMyJiA
BHIUMCJIAIN MO0 ypaBHeHuto TS=28.7*Log(SL)-76.4
(KynpsiBie u mp., 2005), ¢ KOPPEeKTHUPOBKOM Ha
yactoTy usiydenus +0.77 nb. JlaHHoe ypaBHeHUe
JlaeT MeHbllee cMelleHUe (3aHUXeHue) IpU BOCCTa-
HOBJICHMH pa3MepoB MeJIKUX PO u3 3HaueHuinl TS
cpenHeit SL 15-18 cM, KOTOpble 3aperucTprUpOBaHHl B
TPaJIOBHIX yJIOBaX B CPaBHEHHUU C YpaBHEHUAMHU, MOJTy-
YyeHHBIMU 71 pei0 SL=21-38 cm (ToHwapoB u Ap.,
2008) u SL=24-27 cm (Makapos u Jip., 2018).
Konurposbhasle TpaneHusa (Tabmuua 1) BeIIOJI-
HAJMA Pa3HOIJIyOMHHBIM TpajioM (BepTHKaJbHOE pac-
kpeiTie 10 M, packpeiThe IO HIXHel noabope 17.5
u 26,0 M) nocJie mMpoxoxaeHus 4-5 rajcoB U obHapy-
XKeHUs ckomsieHu puib6. KoHTposib paboThl TpajioBOro
opyaus (packpbiThe, TPaeKTOpWUI0 ABMXKEHUS OTHO-
CUTeJIbHO AHA W CKOIUIEHWH pbI0) OCYILIeCTBIIUIM C
IIpUMeHeHHeM IpuUOOpOB CHUHXPOHHON perucrpanuu
rJIyOWHBI, pa3MelleHHBIX Ha TPaJIOBBIX AOCKaxX, BepX-
Hell U HWXHel noadopax. PazpaboranHbele B jabopa-
Topuu ruaposiornu u ruapodusuku JIMH CO PAH
IpUOOpHl COCTOAJIM M3 KOHTPOJUJIepa, PEerhcTpUpylo-
IIlero ¥ COXpaHAILIero B SHeproHe3aBUCUMYI0 IaMATh
JlaHHBIe C JaTyMKa rJIyOWHBI, a Takxke 0eCIpOBOJHOIO
nHTepdeiica cBa3m cranpapra Bluetooth. ITpu6opsl,
yCTaHOBJICHHBIE Ha TPAJIOBBIX AOCKaX, JONOJIHUTEIBHO
OCHaIlajIy TPeX-OCeBBIM JAaTUYMKOM YCKOPEHUs, MO3BO-
JIAIOIMM PerucTpUpOBaTh WX INPOCTPAHCTBEHHYIO
OpHEeHTaluI0 [AJiA KOHTPOJIA OCHOBHBIX IlapaMeTpOB

Ta6nuna 1. MaTepI/Ianm rupoaKyCTUYeCKNX CbE€MOK, HMCIIOJIb30OBaHHbIE B aHAJINU3e.

Tox | Cpoku mpoBeaeHus cbeMKH, | [IpoTsokernHocTh | KosimuecTBO KOHTPOJIBHBIX | KoJIM4ecTBO mMpOaHaIU3UPO-
AO.MM - .MM rajicoB, KM TpaJieHu#, [IT. BaHHBIX PbIO, IK3.

2011 30.05-01.06 311 10 1808

2015 29.05-31.05 307 - -

2020 28.05-29.05 296 - -

2021 26.05-28.05 450 - -

2022 27.05-28.05 350 7 930

2023 23.05-26.05 217 8 1275

2024 22.05-24.05 370 6 523
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Puc.1. IlnanmeTs pacnpefesieHns 6aliKaIbCKOro oMyJiAd Ha CeJIEHI'MHCKOM MeJIKOBObE 110 MHOTOJIETHUM JTaHHBIM.

pabots Tpana. KamubpoBKy npuOOpOB BHITOJIHAIN
nepej TpaJeHUAMHN MeTOAOM KPOCKaJIMOPOBKHU C ABYX-
KaHaJIbHBIM MOTPYXHBIM PErMCTPATOPOM TEMIIEPATYPhI
u riyounsl RBRduet3 T.D. (Kauaga). ITocse mogbema
Tpajia Ha 60PT, TPOBOAWJIN CYMTHIBAaHME JJAHHBIX Yepe3
6ecipoBogHOM MHTepderic. [Io JaHHBIM TECTOBBIX Tpa-
JIeHnH OBLIM pacCYMTaHBl COOTHOIIEHNe TJIyOUHBL X04a
TpaJjia OT JJIMHBI «BBITPABJIEHHBIX» (CMOTAaHHKIX ¢ 6apa-
06aHOB TpaJIOBHIX JieGe[JOK) BaepoB C yuyeToM pabOTHI
TJIaBHOTO JABUraTesis, o00ecnednBalomero CKOpOCTh
aBrxeHus cyaHa 2.5-3.0 yana (4.5-5.5 km/q).

W3mepeHys IPOMBICTIOBOM AJIMHEL (SL) peIO npu
MAaCCOBBIX IpOMepax OPOBOAUIIU C TOYHOCTBIO 10 1 cM,
NpU NpoBeJeHNH OMOJIOTMYECKOTrO aHajn3a ¢ TOYHO-
cteio Ao 1 MM, a Bec (W) ¢ TouHOCThIO o 1 rpamma.
B pacuerax ncrnoJsib30Bajii COOTHOILIEHUE «IJIMHA-BEC»
Wg =10.9(SL, )*%, tne Wg — BeC B rpammax, SL, — CTaH-
napTHasA JUMHaA B AeruMeTrpax (AHomko u ap., 2022),
MOJIyueHHOe Ha OCHOBaHMe aHaJ I3 MHOTOJIETHUX JaH-
Hbix. Tpasniossie 10BH 2011 r. B JaHHOM HCCJIeJOBAHUU
He MCIOJIb30BAJIM B CBA3U C TeM, YTO CEJIEKTUBHOCTb
pa3MepHBIX KJIaCCOB PHIO Tpajia 3HAUYUTEJIbHO OTJIU-
yajack. {71 CpaBHUTEJNIBHOTO aHaIu3a paclpenee-
HUA U OLIEHKHU 3amnacoB 0aiikaJibCKOTrO OMYJIA B palioHe
CeJIeHTMHCKOTO MEJIKOBOJIbSI MCIOJIb30BaJII OpPUTH-
HaJIbHBIE 3allMCU TMPOaKyCTUYeCKNX JaHHBIX 3a 2011
u 2023 rr. U3 apxusa Jlaboparopuu nxruosornu JIMH
CO PAH (Tabauna 1).

3. Pe3aynbTaTthbl U 06Cy)kAeHHME

OcobeHHocmu  pacnpedesieHus  GAaNKaJIbCKOTO
omyJia ¢ 2011 o 2024 rr. npefcTasiieHsl Ha PucyHke 1.
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B 2011 r., xorga 3anacsl 6aiikaJibCKOTO OMYJIA OIleHU-
BaJINCh KaK yJOBJIETBOPUTEJIbHBIE, CKOIUJIeHUs OoJiee
1000 5k3./ra perucTpupoBaiMiCh Ha BCel HccCiedye-
Mol akBaTopuu CeJIeHTMHCKOTO MeJIKOBOAbsA, a B 2015
I. OHU OBUIM OOHapy’>XeHHI TOJIBKO B €ro H0ro-BoCTOdY-
Hou yactu. B 2020 r. ckonsieHuii peib pakThuecKu He
perucTprupoBaINCh, KaK INPaBUJIO, UX KOHILEHTpalus
cocrtasysia MeHee 250 3K3./Ta, 4YTO HUXe CpeJTHUX 3Ha-
yeHuil. B 2022 r. KOHI[eHTpaI[uu cpefHell MJIOTHOCTU
(dukcupoBannch no Bcell akBaTopuu CeJIeHTMHCKOTO
MeJIKoBOAbsA. B 2023 r. KpynHble CKOIJIeHUs OaiiKaib-
CKOT0 OMyJIisl GUKCHAPOBAJIVCH B I0r0-3aMafHOU U Cpef-
Hel 4acTU palioHa, IpU 3TOM OHU ObLIIN CPABHUTEJIBHO
HepaBHOMepHHI U 0oJiee AMHAMUYHBIMU (AHOLIKO U
Ip., 2023). 3ameueHo ux MepepaciipefiejieHHe C ora Ha
ceBep, BepoATHO 00yCJIOBJIEHHOE 0COOEHHOCTAMHU IpO-
rpeBa npuUOPEeXHO-COPOBOM 30HEBI, a TaKXke MOCTyILIe-
HueM 0OoJiee Temsix BoA p. Cesenra. B 2024 r. omyJib
perucTpupoBasica Ha BCell aKBaTOPHUU MEJIKOBOJbs, a
IJIOTHBIE CKOTIJIEHUS B ero cpefHen yactu (Puc. 1).

PaszmepHblil cocmag. COOTHOILIIeHUe AJIUHBL U Beca
(LWR) siBnsieTcsi BaXHOU XapaKTEPUCTUKOW, KCIOJIb-
3yeMOl I pacyeToOB B pPECYypCHBIX T'MApOaKycThye-
CKUX HCCJIeOBaHUAX. B pesysbTaTe perpecCOHHOTO
aHasM3a Ha OCHOBe JaHHBIX 2024 T. MOJIy4eHO COOT-
Homenne LWR W=9.6(SL, )*'° npu O4eHb BBICOKOM
ko3dpounueHte gerepMuHauuu R2=0.99 (Puc. 2).
Cpenussa nymHa peid (SL) cocraBuia 17,6 cM, cpeiHUN
Bec — 78 r. Mcnosb3oBaHue NOJyYeHHOTO HaMU paHee
COOTHOIIIEHNI OCHOBAaHHOI'O Ha MHOTOJIETHUX JAaHHBIX
W=10.9(SL, )*% (AHomko u ap., 2022) mpu Takux
pa3Mepax NPUBOAUT K IIOTPELIHOCTH IIPU pacueTe
cpenHero Beca Bcero B 1.4% co cMmemieHueM B 00Jib-
IIyI0 CTOPOHY.
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[To maHHBIM TPaJIOBHIX YJIOBOB B Pa3HBIX 4acTAX
CeJIeHTMHCKOI'0 MeJIKOBOJbs CTaHAApTHAsA AJMHA PhI0
U3 HaryJbHOro craga B 2022-2024 rr. cocTasJisia oT 9
0o 35 cm. IlpeacrasuresnsHble BeIOOpKU (Puc. 3) numenu
XapakTepHoe paclpejejieHre ocobell 10 pa3mepaM C
MOJiaMH, COOTBETCTBYIOI[IMH BO3PACTHBIM KJlaccaM.

YacTtoTHOe pacnpefneseHue SL B 2022 r. cBu-
JeTesIbCTByeT 0 Hanmuyuu tpex mox: 10, 16 u 19 cm,
KOTOphEIE COOTBETCTBYIOT TpeM IokojeHusMm 2019,
2020 u 2021 rr. CHuXeHUe 00U phIO AJMHON Oosiee
21 cM o6ycioBJIeHO JeMorpaduyeckoil Mo B epruos
2016-2018 rr. (Marepuans ..., 2024). B mocienyio-
mye 2023-2024 rr. KOJIMYeCcTBO KPYIHBIX 0cobell yBe-
JINYMBAJIOCH BCJIEACTBHE POCTa PhI0 3TUX IIOKOJIEHU.
[Tpuyem Bec peIO B pa3sHBIX pa3MepHBIX KJjaccax 6oJjiee
pesibeHO BbIAEAET TPaHUIy MeXAy MaJlouKCJIeH-
HBIMHU 11 MHOT'OYMCJIEHHBIMU [TOKOJIeHUAMU. PazmepHas
CTpyKTypa Gaiikajsibckoro omysa B 2023 r. xapakrepu-
3yeTcs OTHOCUTEJIBHO BBICOKOI YHCJIEHHOCTBIO 0co0er
B BO3pacTe OJHOr0 roga u ux 0ojiee BBICOKOH 0Jieil B
cpaBHeHuu ¢ 2022 u 2024 rr. Ocobu B Bo3pacTe ABYX
JleT, HalpOoTHB, MMeJ HeCKOJIbKO OoJIpIire pa3Mephl
¢ moao#l 17 cM. B pesysibTraTe nepeceyeHus pasMepoB
PBIO pa3HBIX BO3pacTOB MeXJy NHKaM{U COOTBETCTBY-
IOIIUX BO3pacTHBIM KJjlaccaM OTMeuaeTcs JOIOJIHH-
TeJIbHBIN MK, KOTOPBHIYI MOXHO IPUHATH 3a cHopMu-
POBaHHBINI MaJIOYMCJIEHHBIM IOKOJIeHHeM (AHOIIKO U
ap., 2023). [lo odurmaapbHbBIM JaHHBIM CKaT JIMYMHOK
B p. Cenenra B 2020 r. ObLT OoLleHeH B 1186 MuIH 3K3.,
YTO B TPU pasa BHIIIe CpeJHEro 3HayeHUs 3a Nepuoj
2014-2023 rr. (MaTepuaJisi ..., 2024). Ilpu sTOM 3ax0[
npousBoauTesieii B 2019 r. 6611 COOCTaBUM C 3aX0JI0M
B cMexHble rofel (MaTepuaiisl ..., 2024). B paamepHOM
coCcTaBe HAIIUX YJIOBOB JaHHOe aHOMaJslbHOe 3Haue-
HMe YHCJIEHHOCTU CKAaTUBIIMXCA JIMYMHOK He HallIo
cBoero oTrpaxeHusa (Puc. 3). daykryanuu pasMepoB
pbIO MOTYT OBITH OOYCJIOBJIEHBI MEXIOJIOBEIMU KoJsieba-
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Puc.2. LWR 6aiikajabCKOro OMyJIs IO JaHHBIM:
=== 2024 I. ! === ypaBHEHUIO [10 MHOT'OJIETHIUM JaHHbIM
(AnHomko u mp., 2022).

HHUAMM KX TEMIIOB pocTa Ha IepBOM U BTOPOM rogax
xu3HU. KonebaHuA pasMepoB MOJIOAW Ha IEpBOM oAy
XKU3HU OXHAaeMbl BCJIE[ICTBHE ee pocTa B OTHOCH-
TeJIbHO AVMHAMHWYHBIX YCJIOBUAX IPUOPEXHO-COPOBOM
30HBIL.

Bospacmnaa cmpykmypa 0aiiKaJbCKOTO OMYyJA
omnpejessfeTcs BeJMYUHOM IONOJHEHUS HaryJjJbHOIO
CTajia, eCTeCTBeHHON U IIPOMBICJIOBOH CMepPTHOCTHIO,
a Takxke Murpanuamu. PasmepHas cTpykTypa phiO Ha
akBaropuu CeJIeHTMHCKOIO MeJIKOBOAbS I03BOJIAET
3aKJII0YUTh, 4TO B Mepuoy ¢ 2022 no 2024 rr. He OBLJIO
3HAuMTeJIbHBIX H3MEHEHH!I B YpOBHe IIONOJIHeHUH,
KOTOpBble MOTJI OBl IOBJIMATH Ha COOTHOIIEHHE pas-
MEpPHBIX, COOTBETCTBEHHO U BO3pacTHHIX KjiaccoB. Co
BTOPOro rofa XU3HU YpOBeHb CMEpPTHOCTH B NEpHUOJ
HaryJja IpakTU4ecKd He 3aBUCUT OT IIpecca XUIIHUKOB.
Ha riybunax 6oJiee 50 M MoJiogp OMyJiAd He AOCTyIHA
XUIIHBIM pbli6aM, KOTOpble OOMTAIOT B MPUOPEXHO-CO-
POBOI1 30HE U PHIGOAAHBIM MITUIAM.
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Hanuble 2022 1 2024 rT. NO3BOJWIA OLEHUTH
ypOBeHb ecTecTBeHHON cMmepTHocTU (Puc. 4), Tak Kak
IIPOMBINJIEHHBIH JIOB OMYyJia OBLI 3ampelleH, a ypo-
BeHb CMEpPTHOCTH phIO TaKUX pasMepoB B CJIeACTBHUE
JII00MTEIbCKOTO M OpaKOHBEPCKOTO BBLJIOBA MOXHO
uckIounTb. KosdduiineHT MrHOBEHHOII ecTecTBeH-
HOU cMepTHOCTU ocobeli OoT rofja A0 Tpex JeT B 2022
. COTJIAaCHO IMOKa3aTeJl0 CTeleHU 3KCIOHeHINaJIbHON
3aBucumocty, cocrasui 0.19, a ¢ roga [0 yeTwpex B
2024 r. — 0.23. OTH pe3ysbTaThl COOCTABUMEI C KO3(d-
dunueHTaMy, pacCIUTaHHBIMU AJIA COOTBETCTBYIOMINX
Bo3pacToB MykcyHa Coregonus muksun (Pallas, 1814)
(MatkoBckuii, 2023) ¢ AIUTEIbHOM, Kak y 6Gaiikaib-
CKOT'0O OMYyJIfA, IPOAOJIKUTEIBHOCTBIO XKU3HMU.

JuHamuka 3anaca. CpaBHUTEJIbHBIN aHAINU3 AaH-
HBIX B PETPOCIEKTHBE CBUJETEJbCTBYeT O YeThIpeX-
KpaTHOM cHIkeHnH 3amnacos ¢ 2007 r. (MeyibHUK U Ap.,
2009, Tabauna 2) mo 2020 r. Ha CeJIEHT'MHCKOM MEJIKO-
BoJbe. B maspHelinieM NpoMCXOAWJIO yBeJIMUYeHNe YKC-
JIEHHOCTH MOJIOAY 3a cueT mokosieHui 2019-2023 rr. B
pesyJbTaTe 1o cpaBHeHMI0 ¢ 2020 r. oHa yBeJIn4uiach
B IBa pa3a, HO AOCTUIJIa TOJIbKO [TOJIOBUHBI 3HAUeHUI,
paccuntanHbx 114 2011 r. Buomacca sBisAercs GoJiee
WHEpPTHBIM I[IOKa3aTeseM, II03TOMYy IlepClieKTHBe ee
pocT 3a cueT nokosieHuii 2019-2024 rr. oxupgaercs B
nocieaymwomye 4-6 Jer.

CrabusibHOE COCTOsHHMEe 3alacoB Oalikasib-
CKOrO OMyJiA B OJIaroNpUATHBIA IepHoJ] OLleHUBa-
nocs B 20-26 Theic. T. CorsacHo Martepuasiam OIY
(Marepuassl ..., 2017), Ha OCHOBaHUM KOTOPHIX OBLIT
BBe[leH 3alpeT Ha BBUIOB OaliKajIbCKOI'O OMYJiA, €ero
6uomacca B 2016 r. ompefieieHa B 12.6 Teic. T. Bpl1O
OTMEUYEeHO, YTO COCTOSIHHMe 3allacoB II0 CpPaBHEHUIO
¢ 90-Mu rogaMu [JOCTUIJIO KPUTHYECKOI'O yYPOBHA M
HaxXOAUTCA Ha HUXXHEH rpaHulle IPUHATHIX 3TaJOHHBIX
OLleHOK cTabuiabHOCTU. [laxke Ha (poHe NAaHHBEIX olle-
HOK, 3amac B 6.8 Teic. T B 2017 T onyGJIUKOBAHHAIHN B
MaTtepuanax OJlY mociie BBefeHUs 3ampeTa NpeacTaBs-
JisieTcA He 000CHOBAHHBIM. B coOTBeTCTBUU € JaHHBIMU
OLleHKaMH 3anac yMeHbIInIca Ha 5.8 Teic. T. Ilpu aToM,
COTJIACHO IIPOMBICJIOBOM CTAaTUCTUYECKON OTYETHOCTH
BbUIOB cocTaBui 0.6 THIC. T, @ C y4eTOM 3KCIepTHBIX
onieHok HHH-nipomsicsia (He3akOHHBIN, HecooOmaeMbIi
U HeperyJupyeMbIli IpoMbices) OOMMI BBLUJIOB COCTa-
BUJI 0K0J10 1.0 TBIC. T. J[aXke ecjiy IPUHATH, YTO IOIOJI-
HeHNe B JaHHBIH [TeproJ] OTCyTCTBOBAJIO, OCTAeTCA ellle
pasHuna B 4.8 TwIC. T, KOTOpas, Ha Hall B3I[JIAL Tpe-
OyeT, apryMeHTUPOBAaHHBIX OSACHEHU.
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Puc.4. CooTHollleHUe BO3PACTHBIX KJIAacCOB OaiiKaib-
CKOT0 OMYJIA 10 JAHHBIM TPaJIOBHIX JIOBOB 2022 1. 1 2024 1.

[TpoBoaumMeie BHUPO c 2021 r. HaGiogeHus 3a
YICJIEHHOCTBI0O HEPECTOBOTO CTajia U OlleHKa 3alacoB
C HCIIOJIb30BaHUEM T'MIPOAKyCTUKU CBUETEJIbCTBYIOT
0 ToM, YTO OHoOMacca OMYyJIA 3HAUUTEJIbHO HUXe
(7-8 THIC. T), yeM OHa ObljIa OlleHeHa Nepe]] BBeJleHueM
sanpera (11-13 Thic. T) ¢ HcHOJB30BaHUEM MO/ieslel
BUPTyaJibHOM mnomyJisaiuu. HecMoTps Ha yBenunde-
HHe YMCJIEHHOCTU MOJIOAU, OHa IMO-MpeXHeMy HaXo-
JUTCs Ha cTabWIBHO HM3KOM ypoBHe (I'oHuapoB u Aap.,
2023a; b). CpaBHUTEJIBHOTO aHAJIM3a OLIEHOK 3aracoB
6alikaJbCKOro OMYJIA C WCHOJIb30BaHMEM MoJiesel
BUPTYaJIbHOM MONYJIALUU U TUAPOAKYCTUUECKUX METO-
JIOB He TMpoBoAuoch. [ToaToMy pasnuuusa B OlleHKax,
BEPOSATHO, ABJIAIOTCA Pe3yJIbTaTOM UCIOJIb30BaHUA
pa3HBIX METO/IOB, a He CHIXeHNeM OnoMacchl mocjie
BBeZleHUs 3ampera. CieyeT OTMETUThb, YTO HCCJIeO-
BaHUe 3amacoB Oaiikasibckoro omyssa BHUPO mposo-
JUJIOCh TOJIBKO IO PHIOONPOMBICIIOBEIM paiioHaM, B
KOTOPBIX (POPMUPYIOTCSI €r0 OCHOBHBIE NTPOMEBICJIOBBIE
CKOILJIEHUs, OJHAKO OHU cocTaBJiAloT MeHee 10 % mio-
mayu akBaTopuu o3epa. PrIObI, obuTarlye Ha OCTalb-
HOU akBaTOpuU B 3TuUX paborax, He yUyUTHIBAlOTCA. B
pe3yJibTaTe HeBO3MOXXHO NIPOBECTU KOPPEKTHOE CPaB-
HeHUe OI[eHOK 3amnacoB [0 U Iocjie BBe[eHUs 3alpeTa.
HeconocraBuMmel TpajioBO-aKyCTUYeCKHe OL[eHKU 1994,
1995 u 2003 rr. (MenpHUK U Ap., 2009) — mepuona
OTpabOTKN JAaHHOTO MeTofa uccjenoBaHuil. Tem He
MeHee, TUAPOAKYCTUYECKUI MeTOJl fABJIAETCA ONTU-
MaJIbHBIM [JIS1 OLIEHKH IIJIOTHOCTH 1 61IOMacCChl CUT'OBBIX
B OOJIBIINX U TJIyOOKUX O3epax, rjie OOUTalT UX pas-
JINYHBIE 3KoJioro-mopdosorudeckue Gopmnl (Schluter
and McPhail, 1993; Harrod et al., 2010; Siwertsson et

Ta6suia 2. O1eHKa IJIOTHOCTH GMOMACCH U YUCJIEHHOCTU 6aiiKaIbCKOTO OMYJIA 110 JaHHBIM 'MJPOaKyCTUYECKNX ChEMOK.

T'ox NASC CpenHuii Bec, Kr CpenHsaA OJMHA, CM | 3K3./Ta Kr/ra Buomacca, 1.(145 ThIC. Ta)
2007 229.3 104.0 21.1 367.2 38.2 5543
2011 194.2 85.5 19.8 363.1 31.1 4505
2015 172.2 104.0 21.1 305.6 31.8 4612
2020 52.6 72.0 18.7 128.7 9.3 1345
2021 106.1 46.5 16.2 205.0 9.5 1383
2023 89.6 71.5 18.6 224.7 16.1 2331
2024 83.9 78.8 19.3 195.3 15.4 2233
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al., 2010; Malinen et al., 2014). OgHaKo CheMKY LieJie-
coobpa3Ho yHU(]UIMPOBAaTh B COOTBETCTBHUU C COTJIa-
COBaHHOI CXeMOM rajicoB, IpUMeHeHUs 3aBUCUMOCTeN
TS(SL) n LWR. IIpoBomuth ee, O BO3MOXHOCTH, B
TeMHoe BpeMs CyTOK. PacceuBaHue u GoJjiee paBHO-
MepHOe IIPOCTPAaHCTBEHHOe paclipefesieHre B HOYHOe
BpeMsA XapaKTepHO AJA MHOTMX BHUJIOB CUTOBBIX DHIO,
0o0UTaIIUX B OTHOCUTEJBHO TJIyDOKOBOJHBIX BOZOE-
max (Schluter and McPhail, 1993; Mehner et al., 2007;
Girard et al., 2020). B pe3yJsibTaTe 3HaUUTETbHASA JOJIA
PBIO perucTpupyercs B BUJie OJWHOYHBIX 3X0-CUT'HAJIOB,
4yTO crioco6cTByeT Oojiee TOYHBIM OLleHKaM HX YKCJIeH-
HOCTH U 6uoMacchel. CoBpeMeHHOe anmnapaTHoe U Mpo-
rpaMMHoOe obecriedeHue AJiA HayYHOH T'HIpOaKyCTHUKU
obecrieunBaeT HeJleTaJIbHYIO JJI pbI0 1 SKOHOMUYECKHU
3QeKTUBHY0 ajbTepHATUBY [JiA OLIEHKU YHCJIeH-
Hoctu (Shin et al., 2005; Simmonds and MacLennan,
2008), xoTtopasg 0coOeHHO BaXxHa B YCJIOBUSIX KPUTU-
YecKoro CHIDKeHUs 3amacoB. Kpome Toro, oHHU Ipef-
IoJlaraloT MeHee CeJIeKTHMBHBIN B CpaBHEHHUU C PHIOO-
JIOBCTBOM MeTOJ OllpeJieJIeHNsA pasMepHOM CTPYKTYPBHI.
B ycioBHMAX OTHOCUTESIBHO HH3KOU INPOMBICJIOBOM
Harpy3ku MeTOJbl OLleHKM 3allacoB, OCHOBaHHEIE Ha
CTaTHCTHKe YJIOBA, IpakTHiecku 6ecrosnesHsl (Schluter
and McPhail, 1993). OngHako moCTpoeHHEe KOTOPTHBIX
Mojesiell Heo0xoauMo AjiA GOPMHUPOBAaHNUA IPOTHO30B
Y IPUHATHI0 aAMUHNUCTPATUBHBIX pelleHu 10 peryJiu-
POBaHUIO PEIOOJIOBCTBA.

Crnenyer OTMeTUTD, YTO CUTOBble OOUTAIOT IIpeu-
MyIeCTBEHHO B BoJloeMax ¢ AMHAMUYHBIMHU YCJIOBAAMU
OKpy’Kalollleil cpelibl, XapaKTepHBIMU [JIA 30H C yMe-
PEeHHBIM U cyOapKTHieckuM KjumatoM. HecMmotps Ha
CIIOCOOHOCTh IepeXyuBaTh HeOJIaronpUATHBIE YCJIOBUA
OKpYy’Kalollleil cpefbl, UX 3amachl IIpeTepneBaloT Mepu-
O[B! 3HAUUTEJIBHOTO CHIDKEHWA YKUCJIEHHOCTH IOIyJif-
LUl B TeuyeHMe TMOCJeAHUX JBYX Hecatuaetuii (Myers
et al., 2015; Zischke et al., 2017; Stewart et al., 2021;
Bourinet et al., 2024) o0ycJIOBJIEHHOTO UX He palro-
HaJIbHBIM HCIIOJIb30BaHUeM Ha GoHe yXyAlleHUs cpe/ibl
obuTaHuAa. 3HAUUTEJIbHBIN mosuMopdusM HabJioae-
MBIl y curoBbix (CmupHOB u 1p., 2009; 3y6oBa u ap.,
2022; 2024) siBnsieTcs He TOJIBKO CIIOCOOOM paciiupe-
HUA UCNOJIb30BaHUA pecypcoB, HO U OJHOU U3 ajamnTa-
UM K U3MEHYUBBIM YCJIOBUAM OOUTaHUSA.

OCHOBHBIMU TpHU3HAKaMHU IONyJIALWH, NpeTep-
[eBalOI[UX CTPYKTypHble WM3MeHeHU:A B pe3yJibTare
VHTEHCUBHOHN [JINTEJIbHON IIPOMBICJIOBOM HarpysKu,
ABJIAIOTCA: COKpallleHWe YKCJIEHHOCTHM BO3PacTHBIX
TpyI, yBeJu4yeHue J0JIU MeJJIeHHOPACTYIINX 0co0el,
COKpallleHVe MpOAOJDKUTEJBHOCTU JKWU3HU, paHHee
co3peBaHue IIpU KpailHe MaJIbIX AJIA BHUJa pa3Mepax.
(JIykun u ap., 2006). DTy mpU3HAKU He XapaKTepHBI
JUIA monyJsiAnuu  OaiikaJbCKOTO OMYyJid aKBaTOpUU
CeJIeHTMHCKOI'0 MeJIKOBOAbS 3a MCKJIIOUeHHeM COKpa-
IeHys 4YKUCJIEHHOCTH CTaplIMX BO3PACTHBIX TpYMI,
KOTOpOe, BEepOATHO, fABJIAETCA CJIEACTBHEM HU3KOH
3 ¢EeKTUBHOCTH BOCIIPOM3BOACTBA, KOTOPOE CBA3aHO C
BBICOKMM IIpeccoM OpakOHbepCTBa Ha MyTAX HepecTo-
BBIX MHUIpalMii U BHICOKOI CMEpPTHOCTbI0 Ha II€pBOM
roay xu3HU. HecooTBeTcTBUE BBICOKOIN 4MCJIEHHOCTHU
HepecTOBOro craga oceHbio 2015 u nocieaymollero
MaJIOYHCJIEHHOTO cKara JIMYMHOK BecHoui 2016 rr.
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(Marepuasnel ..., 2024), MoxeT OBITh O0OYCJIOBJIEHO
BHICOKUM YpOBHeM OpakOHbepcTBa Ha IyTsAX Hepe-
cToBhIX Murpanuii. Mexnay tem, B nepuop ¢ 1999 no
2013 rr. HaO/IomaJych BBICOKHE IOKAaszaTeJIM cKaTa
JIMYMHOK B 11eJioM no Baiikany (MaTepuassi ..., 2024).
JTO CBUAETENIbCTBYEeT O TOM, YTO OpaKOHBEPCTBO Ha
HEpecTOBHIX peKax B 3TO Mepuo[ He MOBJIMAJIO Ha ypo-
BeHb BoclpousBojcTBa. Kpome Toro, nokosieHus Oaii-
KaJIbCKOT'O OMYJISI 3TUX JIeT JOJIKHBI ObLIM 00ecreuyruTh
BBICOKUE IToKa3aTesii 61oMacchl B Hocjaeqyomye 7 Jiet.
BrickazaHa rumnoresa o TOM, UTO Telljlasd 3MMa B Iepruo
WHKyOaluu IpUBOAUT K O0Jiee paHHEMY BBUIYILIEHUIO
JIMYMHOK OOBIKHOBeHHOro cura Coregonus lavaretus
(Linnaeus, 1758) B ycnoBUAX Hepa3BUTON KOPMOBOMH
6a3nl (Straile et al., 2007). st 6afiKaIbCKOTO OMYJIA,
HepecT KOTOPOTO MPOUCXOAUT B peKax, B Terible (apu-
Hble) MepruoAbl BO3MOXEH PaHHUI BBIKJIEB JTUYMHOK B
peKke U UX cKaT B IpUOpeXHO-COPOBYI0 30HY ¢ Hebna-
TONPUATHBIMU YCJIOBUAMU [AJIA Haryjaa. Y4uThiBas,
YTO 3HAYUTEJIbHBIX W3MeHeHUH (PU3UKO-XMMHUYECKUX
ycJioBUI 0OUTaHNA B HEPECTOBHIX pekax He YCTaHOB-
JIEHO, OCHOBaHUs IpeJrnoJiaraTh BJIMsAHNE 3KOJIorhye-
ckux (HakTOpOB Ha ypOBEHb CMEPTHOCTU UKPHI OTCYT-
CTBYIOT. B mpubpexHo-cOpoBOH 30He, rjie MPOUCXOAUT
HaryJ MOJIOAU, BBICOKUII YPOBEHb CMEPTHOCTU MOXET
OBITH CBA3aH C BHICOKUM YPOBHEM XUII[HUYECTBA, B T.d.
poeibosaHex nTUL. CoKpalljeHNe 3amnacoB 6aiiKkaabCKoro
OMYyJIs U pbIO IPUOPEXHO-COPOBOr0 KOMILIEKCA COBIIa-
JaeT ¢ kKaracTpoduiecKUM yBeJHMYeHUEM YHCJIEHHO-
ctu 6oJibiioro 6aksaHa Phalacrocorax carbo (Linnaeus,
1758). OpgHako B AesnbTe peku CejleHrd OH BTOprcs B
KOJIOHMIO cepoil namm Ardea cinerea (Linnaeus, 1758)
tosibko B 2014 r. (IlerxbsaHoB u MokpuauHa, 2023),
a 4YMCJIEHHOCTh THe3AIuxcs ocobein mocturia 1000
toJsibko B 2020 r. (EnaeB u fp., 2021a). B parnuoHe ero
NUTaHUuA MOJIO[b 6alKaJabCKOro OMYJI pa3Mepamu
40-120 MM 3aHuMaet okosio 10% paruoHa (EnaeB u
Ip., 2021b). 3To mpemMmyIeCTBEHHO OCOOU IEPBOIO
rofa *XU3HU, KOTOpble OOUTAIOT B IPUOPEXHOI 30HE U
JOCTYIIHHI AJ1A 0oJibiioro 6akiaana. C Apyroi CTOPOHHI,
B €ro pairuoHe OTMeYeHBbl BUABl PbO, KOTOPhE MOTYT
noTpebsiaTs Mosoap omysia (EmaeB u np., 2021b).
TakuMm oOpa3oM, XUIHUYECTBO OoJiblIOro OakJiaHa,
BEPOSITHO, YACTUYHO KOMIIEHCUPYEeTCH.

4. 3aKknioueHue

AHanmyu3  MHOTOJIETHHUX  T'HAPOaKyCTUYECKUX
JaHHBIX II03BOJIMJI YCTAHOBUTb OCOOEHHOCTHU pac-
npefesieHUsaA 6alikaJbCKOIO OMYyJiA Ha aKBaTOpPUU
CeJIeHTMHCKOI'0 MEeJIKOBOAbSA B YCJIOBUAX 3HAUUTEJIb-
HOI'O CHMXEHUA 3anacoB OOWUTAIONMX 3[eCh IIOIy-
asanquii. Ha ¢doHe o6mieli HeoAHOPOAHOCTU paclipe-
JleJIeHUs, OTHOCHUTEJIbHO IUJIOTHBIe CKOIUIEHHS PBIO
JIOKaJIU3yI0TCA He IO BCell akBaTOpWUM, a KOHIIEHTPH-
pyioTcsa B OOHOM U3 ero udacteil. Pa3zmepHslil cocTtas
6alikaJIbCKOro OMyJjif B TPaJIOBBIX JIOBax NOATBEPAM
KOPPEeKTHOCTb pUMeHeHN, II0JIyYeHHOTO HaMU paHee
COOTHOIIEHNs OCHOBAaHHOI'O Ha MHOTOJIETHHUX JaHHBIX
W=10.9(SL, )*%, T.K. OHO IPUBOAUT K MOTPEIIHOCTH B
pacudeTax cpefHero Beca Bcero B 1.4% co cmeleHueM B
6OJIBIIYIO CTOPOHY.
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CpaBHUTEJIbHBIN aHAIN3 JaHHBIX T0Ka3asl YeThl-
pexKpaTHOe CHIDKeHUe 3aracoB 0aliKajibCKOro OMyJiA
¢ 2007 x 2020 rr. OgHako, yBeJandeHUe YMCJIeHHOCTU
MoJtogu 3a cueT nokoJyieHud 2019-2024 rr. MO3BOJIAET
MIpeAIoJIOKUTh PocT O6uomaccel B mocjeayiomue 4-6
jer. Cpeau npuuyuH obpasoBaHuA AeMorpadpuyeckoi
saMbl 2016-2018 rr. Haubosiee BEPOSITHOU sBJIseTCSA
nepuoa ManoBoabsa 2015-2017 rr. OgHako ero BausA-
HUe Ha CHIXeHUe IIONOJIHeHNA 3anacoB 6aiKaaibCKoro
OMyJii MOXeT peaJIM30BBIBAaTbCA B pe3yJjbTaTe psAa
dakxTOpoB, cpei KOTOPHIX MOXHO BBIAEJIUTH AOCTYII-
HOCTb PHIOOAAHBIM NITULIAM U GPaKOHbEPCKOMY BBLIIOBY
B [IepyoJi HepeCTOBbIX MUTpallli, a TakXe; ITOBBIIIeH-
HBII ypOBeHb CMEPTHOCTH MOJIOAW BCJIECTBUE CKaTa
B IIpUOPEXHO-COPOBYI0 30HY C HU3KHM YPOBHEM pas-
BUTUSA KOPMOBOI 6a3bl U/WUJIN UX r'ubenin B pe3yJibTare
BhleflaHUA XuUI[HUKaMu. 1A dopmupoBaHus OoJiee
TOYHOI'0 IIPOrHO3a HeoOXOOUMO IIPOBECTH KOpPPEeKTH-
POBKY KO03(pOULINEHTOB eCTeCTBeHHON CMEepTHOCTH.

N3yyeHune ocobeHHOCTel paclipefiesleHUs phiO,
CTPYKTYPbl HaryJbHOro CTajia, U3MeHeHHUsA YHUCJIeHHO-
CTH 1 OHOMAacChl BAXKHO He TOJIBKO JJIA peryjIupoBaHUsA
PBIO0OXO35MCTBEHHOI AeATeSIbHOCTH, HO U [AJiA MOHU-
MaHUA (QYHKIMOHMPOBAHUA 3KOCHCTEM, B TOM uuCJIe
peakiuy MONyJIANUI Ha CTPeccoBble BO3JelCTBUA
KJIMMaTA4YeCKUX H3MeHeHHWII M Ha aHTPONOIreHHYI0
Harpysky.
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ABSTRACT. Within the fauna of Lake Baikal, two species of bathynellids are known: Bathynella baical-
ensis Bazikalova, 1954 and Baicalobathynella magna (Bazikalova, 1954), both originally described from
the southern basin of the lake. The authors’ findings indicate that bathynellids are prevalent across all
three basins of the lake, occurring on habitats such as methane seeps, mud volcanoes and hydrothermal
vents. A comprehensive analysis of the COI (mtDNA) and 18S rRNA (nuclear DNA) gene fragments from
bathynellids collected at tectonic fault sites in the northern basin of the lake revealed the absence of
any representatives of the genus Bathynella Vejdovsky, 1882 among them. Instead, individuals identified
as Baicalobathynella cf. magna comprise two genetic lineages at the species level, which diverged from
a common ancestor approximately 7 Ma. The genus Altainella Camacho, 2020, whose representatives
inhabit the interstitial hyporheic zone of the Onon river in Mongolia and Aktru mountain river of Altai,
is designated as the closest relative of the Baikal bathynellids studied.
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1. Introduction

The order Bathynelacea represents one of the old-
est crustacean lineages within the class Malacostraca.
These organisms belong to highly specialized groups
of stygobionts and interstitiobionts, mostly inhabiting
cave, interstitial, ground, capillary, and phreatic waters
of all continents except Antarctica, as well as the Canary
Islands, Fiji, and New Caledonia. Due to their unique
habitats, Bathynelacea are typically eyeless, small, and
possess transparent, worm-like bodies with short, weak
limbs covered in long, sensitive bristles.

Bathynelacea includes three families:
Bathynellidae Grobben, 1905; Parabathynellidae
Noodt, 1965; and Leptobathynellidae Noodt, 1965,
comprising over 330 valid species and subspecies
(Camacho et al.,, 2021). The family Bathynellidae
is widespread throughout the world and includes 36
genera and 109 species (Camacho et al., 2021). In
Russia and adjacent countries (ex USSR), 18 spe-
cies and subspecies from five genera of the family
Bathynellidae have been recorded: Antrobathynella
Serban, 1966; Baicalobathynella Birstein & Ljovuschkin,

*Corresponding author.

1967; Bathynella Vejdovsky, 1882; Altainella Camacho,
2020; and Tianschanobathynella Serban, 1993 (Birstein
and Ljovuschkin, 1967; Turbanov, 2016; Camacho
et al., 2021). In mid-century research, two species of
bathynellids were discovered and described in Lake
Baikal: Bathynella baicalensis Bazikalova, 1954 and
Baicalobathynella magna (Bazikalova, 1954), differing
in size: the length of B. baicalensis is 1.5-2 mm, and in
B. magna, the largest representative of Bathynelacea, it
varies from 2.1 to 3.4 mm; the number of setae on the
pleopods (up to 12 in B. magna and 4-5 in B. baikalen-
sis); a complete reduction of exopod of the antenna
and the presence of two pairs of pleopods in B. magna
(Birstein and Ljovuschkin, 1967). A unique feature of
B. magna is that the morphological characters of this
species do not fully correspond to any of the three
families, and these characters are plesiomorphic for
Bathynellidae (Birstein and Ljovuschkin, 1967; Drewes
and Schminke, 2011; Camacho et al., 2021).
Bazikalova A.Ya. (1949; 1954) reports that the
crustaceans she described were found in Listvenichny
Bay in depth zones of 200-250 and 140-180 m, as well
as at depths of 0.2 and 1440 m in the southern basin of

E-mail address: tatiana.peretolchina@gmail.com (T.E. Peretolchina)

Received: September 12, 2024; Accepted: October 20, 2024;
Avadilable online: October 31, 2024

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution- BY NG

NonCommercial 4.0 International License.


https://www.doi.org/10.31951/2658-3518-2024-A-5-1318
https://orcid.org/0000-0002-2950-9762
https://orcid.org/0000-0002-4430-0705
https://orcid.org/0000-0002-3278-6111
mailto:tatiana.peretolchina@gmail.com

Peretolchina T.E. et al. / Limnology and Freshwater Biology 2024 (5): 1318-

1336

Lake Baikal, but does not mention their cohabitation.
Later, bathynellids were found in several areas of the
deep-water zone (Takhteev et al., 1993) and interstitial
at depths of up to 0.6 m in Bolshiye Koty Bay (south-
western coast) (Weinberg and Kamaltynov, 1998;
Timoshkin et al., 2011).

In the Lake Baikal basin, bathynellids have been
repeatedly found in the upper reaches of rivers that are
tributaries of the southern part of the lake (Chernaya,
Bolshiye Koty, Sennaya, Goloustnaya) and in nearby
pits filled with water. The crustaceans have been found
in the Barguzin and Angara river basins, as well as in
the mountain river Bely Irkut (Eastern Sayan, northern
slope of the Munku-Sardyk ridge on the border with
Mongolia) (Takhteev et al., 2000).

The diversity of bathynellid species in Lake
Baikal and its basin likely exceeds what is currently
known. However, due to their small size and reclusive
lifestyle, gathering material is labor-intensive, leaving
their fauna underexplored not only in Eastern Siberia
but also in Central Asia as a whole.

In recent decades, comprehensive studies of the
world fauna of Bathynellacea have been conducted
using the molecular genetic markers 18S rRNA and
COI (Camacho et al., 2013; 2020; 2021; Ji, 2024, etc.),
which makes it possible to compare Baikal bathynel-
lids with representatives of other faunas, as well as to
obtain a more complete pattern of their biodiversity
and evolutionary history. The 18S gene is most often
used to solve systematic problems at the high taxa level
(genera, families) due to its high conservatism and,
generally, low genetic differentiation between species
(Tang et al., 2012). The molecular genetic marker COI
is widely used to separate species, including cryptic
ones, and for DNA barcoding (Antil et al., 2023; Kabus
et al., 2023).

This study aims to investigate the genetic poly-
morphism and analyze phylogenetic relationships of
Baikal bathynellids with related taxa through compar-
ison of nucleotide sequences of COI (mtDNA) and 18S
rRNA (nuclear DNA) gene fragments, contributing to a
deeper understanding of this intriguing and enigmatic
crustacean group.

500 pm

Fig.1. A — photo of Baicalobathynella cf. magna (Bazikalova, 1954); B — photo of antennae of B. cf. magna (A and B — photo by
Enushchenko 1.V.); C — drawing of antennae (a — antennula, b — antenna), adapted from Drewes and Schminke (2011).
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2. Material and methods

Bathynellids were collected in 25 meioben-
thic samples in the summer periods from 2009 to
2023 using a dredge, a bottom grab, a box grab and
a remotely operated underwater vehicle (RovBuilder)
(Table 1, Fig. 1A) in places of tectonic faults, including
areas with gas and thermal water outlets.

The animals were photographed under an
Olympus BX53 light microscope using an Olympus
SC180 digital camera.

Some of the material was used for molecular
genetic studies. DNA was extracted from the entire ani-
mal body according to the protocol described by Doyle
and Dikson (1987). The amplification conditions and
primer structure are presented in Table 2. The ampl-
icons were analyzed by electrophoresis in 1% agarose
gel. The bands of the expected size were excised and
purified according to T. Maniatis (1982). Sequencing
was performed on a NANOFOR 05 genetic analyzer
using the Brilliant Dye Terminator (v.3.1) Sequencing
kit (NimaGene, Holland). The nucleotide sequences
were edited and aligned using the BioEdit program
(Hall, 2011).

A median-joining network between COI haplo-
types was constructed using the Network v.10 (Fluxus
Technology Ltd. 2008), which is freely available on the
website:  https://www.fluxus-engineering.com/shar-
enet.htm.

Phylogenetic analysis based on the 18S rRNA
gene fragment was performed using the web version
of the IQ-TREE v.1.6.8 program (Nguyen et al., 2015),
available at: http://igtree.cibiv.univie.ac.at/. The most
suitable model of molecular evolution was selected
using the Model Finder module integrated into IQ-TREE
(Kalyaanamoorthy et al., 2017). Branch supports were
estimated using the ultrafast bootstrap approximation
(Minh et al., 2013), as well as the approximate Bayes
test (Anisimova et al., 2011). For phylogenetic analysis
and calculation of genetic distances, 17 COI sequences
and 28 18S gene fragment sequences belonging to dif-
ferent species of the Bathynellidae and one species
of the Leptobathynellidae, which we used as an out-

50 pm

50 pm
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Table 1. Sampling locations of Bathynellinae specimens in Lake Baikal.
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Date of Mecto c6opa Depth, m; Coordinates, N.L., Tun rpyHTa
sample sampler E.L.
27.09.2009 | Krasniy Yar, methane 340 m, 52°24,5496 N, Oxidized brown silt, small pebbles,
seep, 1 km from the coast bottom grab 109°53,4354 E crushed rock and large stones, sand.
“Ocean” Dump.
02.10.2009 | Elokhin-Davsha section 857 m, 54°44,697 N, Oxidized brown silt, layer about 7 cm,
(center) bottom grab 109°05,857 E contains inclusions of hydrotroilite.
“Ocean”
03.10.2009 Academician Ridge, 389 m, 53°62994 N, Oxidized silt, 25 cm thick.
mud volcanoes bottom grab 108°12172 E
“Ocean”
17.06.2010 | Bolshoye Goloustnoye 93 m, 52°00,2084 N, Reduced silt.
bottom grab 105°21,6354 E
“Ocean”
03.07.2015 | Mud volcano Malenkiy 1393 m, 51°92,3788 N, Oxidized silt 2-3 cm thick, iron-manga-
(Bolshoye Goloustnoye box corer 105°63,1519 E nese concretions, diatomaceous (from
area) senerda) detritus.
03.07.2015 Posolskaya Banka, 500 m, 52°03,5767 N, Oxidized silt 0.5 cm, blue clay without
methane seep box corer 105°84,3775 E inclusions or layering.
04.07.2015 Academician Ridge, 531 m, 53°400148 N, Oxidized silt layer 1.5 cm, then very
near gas hydrate box corer 107°891083 E soft floating blue silt, many veins of
sediment hydrotroilite.
05.07.2015 Academician Ridge 536 m, 53°399337 N, Oxidized silt layer 3 cm, then very
box corer 107°891467 E soft floating blue silt, there are layers
of hydrotroilite, iron-manganese
concretions.
29.06.2016. |Kukuysky Canyon, mud 939 m, 52°589665 N, Oxidized silt layer 3 cm, restored blue
volcano K-2 box corer 106°770625 E silt without inclusions.
29.06.2016. |Kukuysky Canyon, mud 939 m, 52°589613 N, Oxidized silt layer 5 cm, reduced blue
volcano K-2 box corer 106°770332 E silt and iron-manganese concretions.
01.07.2016 | Gorevoy Utyos Cape, 885 m, 53°304265 N, Oxidized silt layer 1 cm, in the lower
oil-methane seep box corer 108°391662 E layers of restored silt, oil seepage.
03.07.2016 Begul 1169 m, 52°728098 N, Small oxidized layer, gray sulfur
box corer 106°586247 E crystals.
03.07.2016 Begul 1169 m, 52°728902 N, Iron-manganese concretions, smell of
box corer 106°587093 E hydrogen sulfide.
30.06.2017 |Seaward of Izhimey Cape 1630 m, 53°16542 N, Oxidized silt layer 1-1.5 cm, restored
box corer 107°993352 E blue silt with iron-manganese concre-
tions and sulfur crystals.
30.06.2017 |Seaward of Izhimey Cape 1630 m, 53°275108 N, Oxidized silt layer 3 cm, restored blue
box corer 107°953110 E silt with iron-manganese concretions.
04.07.2017 Hydrothermal vent 330-374 m, 55°517062 N, Sand, brown-orange diatomaceous silt,
Frolikha dredge 109°804481 E plant-wood detritus.
55°520457 N,
109°792553 E
04.07.2017 Hydrothermal vent 413 m, 55°521705 N, Dark brown oxidized silt layer 1-2 mm,
Frolikha box corer 109°776540 E then homogeneous greenish silt.
18.07.2018 Near the Babushkin 39 m, 51°749587 N, Coarse and small sand.
town, bubble gas box corer 105°833133 E
discharge
20.07.2018 | Near the Baikalsk town 375 m, 51°538720 N, Oxidized silt layer 2-3 cm, restored
box corer 104°197605 E silt is grey-black, with mica and clay
crusts, smell of hydrogen sulfide.
19.06.2021 Academician Ridge 513 m, 53°26,260 N, Much oxidized silt, reduced blue silt
Ekman-Burge bot- 107°53,812 E with layers of hydrotroilite.
tom grab
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Date of Mecto c6opa Depth, m; Coordinates, N.L., Tumn rpyHTa
sample sampler E.L.
*10.07.2021 Academician Ridge 517 m, 53°26,260 N, Oxidized silt, fine sand.
(near Bolshoy Ushkany Ekman-Burge 107°53,812 E
Island) bottom grab
*02.07.2023 | North of Shartlay Cape, 58,5 m 53°56,408 N, Silted gray coarse-grained sand.
a ledge near a cliff RovBuilder RB-300 108°11,775 E
*08.07.2023 |Sosnovskaya Banka (the 449 m, 54°08,836 N, Oxidized silt and reduced silt, some
northernmost point of the Ekman-Burge 109°25,046 E sand.
Academician Ridge) bottom grab
*08.07.2023 | Academician Ridge 341-349 m, 53°55,409 N, Oxidized silt, a lot of copepod-diatom
(the bank between the dredge 108°53,135 E detritus.
Upper Head of Svyatoy —
Nos peninsula and 53°55,272 N,
Ushkany Islands) 108°52,866 E
*09.07.2023 [Academician Ridge near 210-208 m, 53°26,235 N, Very fine, heavily silted sand, a lot of
Khoboy Cape dredge 107°48,546 E mica.
53°26,174 N,
107°48,345 E

Note: * — sampling locations of bathynellids for which molecular data were obtained.

group, were additionally retrieved from the GenBank
(Table 3).

The matrix of p-distance between 18S and COI
nucleotide sequences was constructed using the Mega
11 (Tamura et al., 2021).

The divergence time of Baikal bathynellids was
calculated using BEAST v.10.5.0 (Suchard et al., 2018).
The analysis was performed using the Monte Carlo
chain (MCMC) with length 50,000,000 steps. The con-
vergence of the results was assessed using the Tracer
1.7 (Rambaut et al., 2018). Since there are no data on
fossil Bathynellacea to calibrate the molecular clock,
mean COI nucleotide substitution rate was utilized,
calculated on the highest - 1.38% per Ma (Wares and
Cunningham, 2001), and the lowest - 0.7% per Ma
(Knowlton and Weigt, 1998) rates available for this
marker, published for other crustaceans. The ucld.mean
was set as a normal distribution with mean (Mean) =
0.0104 with standard deviation (Stdev) = 0.0016925.
The ucld.Stdev was set as an exponential distribution
with mean = 1.5.

3. Resulits

Bathynellids were found in all three basins of
Lake Baikal, particularly in areas of methane bubble and

jet discharge (Posolskaya Banka, Bolshoe Goloustnoye,
Krasny Yar, Babushkin), on the oil-methane seep
Gorevoy Utes, on active and extinct mud volcanoes
(Malenkiy, Academician Ridge, Kukuysky Canyon), and
also on the hydrothermal vent Frolikha. Remarkably,
specimens were also discovered in the area of the max-
imum depths of the lake (1630 m) near Cape Izhimey
(Table 1). The collected bathynellids inhabited soft
oxidized bottom sediments of light brown and brown
color with a thickness of 0.5 to 5 cm with an admixture
of sand, pebbles, often ferromanganese crusts, detritus
and layers of hydrotroilite. The underlying layer is usu-
ally represented by reduced gray and blue clays.

The collected bathynellids were identified as
Baicalobathynella cf. magna, based on morphological
features (body size from 2.0 to 2.5 mm and antenna
structure) (Fig. 2). Most bathynellids lacked body col-
oration, exept for pink specimens found in the waters
of Cape Izhimei, and red specimens found on the
Academician Ridge (depth 517 m).

Nucleotide sequences of COI of 661 bp long
and 18S rRNA of 1748 bp long were obtained from
11 individuals (nine colorless and two red) and depos-
ited in GenBank under accession numbers PQ476139-
PQ476149 for COI and PQ476288-PQ476298 for 18S.
Analysis revealed six unique haplotypes for the COI

Table 2. Amplification conditions and primers used in this study.

Gene | Amplification conditions, 30 cycles

Primers References

COI DNA denaturation at 95°C — 40 sec
(5 minutes on the first cycle), primer
annealing at 50°C - 60 sec, nucleotide
chain elongation at 72°C - 60 sec (10
minutes on the last cycle)

18S DNA denaturation at 95°C — 60 sec
(5 minutes on the first cycle), primer
annealing at 55°C — 60 sec, nucleotide
chain elongation at 72°C — 60 sec (10
minutes on the last cycle)

LCO1490 (f) 5’-GGT CAA CAA ATC ATA AAG

HCO2198 (r) 5-TAA ACT TCA GGG TGA CCA

SWAM1S8S (f) 5’-GAA TGG CTC ATT AAA TCA
GTC GAG GTT CCT TAG ATG ATC CAA ATC-3’
SWAM1S8S (r) 5-ATC CTC GTT AAA GGG TTT
AAA GTG TAC TC ATT CCA ATT ACG GAG C-3’

Folmer et al.

ATA TTG G-3’ (1994)

AAA AAT CA-3

Palumbi et al.
(1996)
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Table 3. List of taxa used for phylogenetic analysis and calculation of genetic distances with GenBank accession numbers

and references.

Species name 18S GB# COI GB# References
Bathynella sp. MN262083, MN258521 Camacho et al., 2020
MN262082,
MN262079
Bathynella sp. MF094716, MF114308, Camacho et al., 2018b
MF094715 MF114309
B. ruffoi MF436214, MF443327, Camacho et al., 2020
MF436212 MF443329
B. cf. ruffoi MF436213 MF443328 Camacho et al., 2020
Altainella calcarata MN262081, MN258522, Camacho et al., 2020
MN262080 MN258523
A. mongoliensis PQ037633, Ji, 2024
PQ037634
Vejdovskybathynella sp. MF094713 MF114306 Camacho et al., 2018b
Vejdovskybathynella sp. KC469515 KC469534 Camacho et al., 2013
V. caroloi KC469525 KC469538 Camacho et al., 2013
V. vasconica KC469521, KC469535, Camacho et al., 2013
KC469520 KC469536
Antrobathynella stammeri MF094714 Camacho et al., 2018b
Gallobathynella sp. KP999756 Camacho et al., 2017
G. coiffaiti KP999760 Camacho et al., 2017
G. boui KP999758 KP974147, Camacho et al., 2020
KP974146
G. tarissei KP999753 Camacho et al., 2017
Hobbsinella sp. MN262078, MN258519 Camacho et al., 2020
MN262077
H. edwardensis MF443323 Camacho et al., 2018a
Paradoxiclamousella sp. JX121235
P. fideli KC469524 Camacho et al., 2013
Parvulobathynella distincta MF436218 Camacho et al., 2020
(Leptobathynellidae)
Baicalobathynella cf. magna PQ476288- PQ476139- This study
PQ476298 PQ476149;

gene fragment, whereas only two haplotypes were
identified for the 18S gene fragment.

The median-joining network derived from COI
mtDNA demonstrates distinct genetic structuring
among bathynellids, forming two groups (Fig. 1B).
The first group consists of colorless individuals of B.
cf. magna from Cape Shartlay collected at a depth of
58.5 m, while the second group includes colorless
and red specimens from the Academician Ridge near
Cape Khoboy, Bolshoy Ushkany Island, the upper head
of Svyatoy Nos, and Sosnovskaya Banka collected at
depths ranging from 341 to 513 m. Average genetic dis-
tances between these groups were 8.8% to 9.6% nucle-
otide substitutions, with intragroup distances being
negligible.

The phylogenetic tree based on 18S rRNA, with
statistical supports for branch topology, is illustrated
in Figure 3. Small clade supports within larger clus-
ters are omitted for clarity. On the phylogenetic tree,
Baikal bathynellids form a distinct clade within the
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subfamily Bathynellinae, clustering as a sister group to
the European representatives of Bathynella Vejdovsky,
1882, and Altainella Camacho, 2020, from Altai and
Mongolia.

Mean genetic p-distances distances for the family
Bathynellidae, as shown in Table 4, indicate interge-
neric distances based on the COI fragment ranged from
16.3% to 23.0%, whereas 18S distances were lower,
between 1.7% and 6.7%. Intrageneric COI varied from
0.1% to 21%, and for 18S, from 0.1 to 1.9%. According
to molecular data available in GenBank, the closest rel-
atives of the Baikal bathynellids are representatives of
the Altainella inhabiting Aktru mountain river (Altai
Krai, Russia), including Altainella calcarata Camacho,
2019 (Camacho et al., 2020), and Altainella mongoliensis
Ji, Camacho, Lee, and Min, 2024 found in the intersti-
tial hyporheic zone of the Onon River basin (Mongolia)
(Ji, 2024). The average p-distance between species of
the genera Baicalobathynella and Altainella was 20.3%
for COI and 3.1% for 18S molecular markers.
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Bolshoye Goloustnoye
Mud volcano-Maiénk

A

Baikalsk town

‘ Babushkin town

—

50 km
Fig.2. A — Map of sample collection. B — Median joining network constructed based on COI gene fragment sequences. Colors
correspond to collection points. The size of the circle is proportional to the number of nucleotide sequences included in it.

The genus Baicalobathynella originated in the late
Oligocene—early Miocene (around 20.2 Ma), while the
divergence time estimated for the two genetic lineages
of B. cf. magna falls on the late Miocene—early Pliocene
(on average 7.2 Ma) (Fig. 4).

4. Discussion

The data obtained on locations of bathynellid
finds indicate a mosaic distribution across the three
basins of Lake Baikal. It was found that these organ-
isms methane seeps, mud volcanoes, and hydrothermal
vents within zones of active tectonic faults varying in
length and orientation (Seminsky et al., 2022). Some
sites, even without detected methane “flare” discharges,
such as the waters of Academician Ridge devoid of mud
volcanoes (Khlystov et al., 2000), Begul and Izhimey
Capes (Bukharov and Fialkov, 1996), Shartlay Cape
(Lunina et al., 2024), and Sosnovka Bay (Kazmin et al.,
1995), are also associated with tectonic faults.

Analysis of the nucleotide sequences of mtDNA
and 18S rRNA COI gene fragments from bathynellids in
northern Lake Baikal fault zones revealed the absence
of any representatives of the genus Bathynella. Instead,
individuals attributed to B. cf. magna exhibited poly-
morphism in their COI gene sequences, forming two
genetic lineages: “Shartlay” and “Academician Ridge
and Sosnovka.” It should also be noted that the genetic
differences between colorless and red individuals of
this group do not exceed three substitutions per the
COI gene fragment, suggesting intraspecific variabil-
ity. Probably, mosaic distribution implies that active
tectonic faults might influence the genetic structure of
Baikal bathynellid.

% Hydrothermal vent Frolikha

B

1/100 MN262078_Hobbsinella sp.
_IFZGZOW_Hobbsinella sp.
KC469525_Vejdovskybathynella caroloi
KC469521_Vejdovskybathynella vasconica
KC469520_Vejdovskybathynella vasconica
KC469513_Vejdovskybathynella edelweiss
KC469515_Vejdovskybathynella sp.
MF094713_Vejdovskybathynella sp.
KP999756_Gallobathynella sp.
KP999760_Gallobathynella coiffaiti
KP999758_Gallobathynella boui
KP999753_Gallobathynella tarissei
KC469524_Paradoxiclamousella fideli

1/99

JX121235_Paradoxiclamousella sp.
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PQ037634_Altainella mongoliensis
MN262083_Bathynella sp.
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MF094715_Bathynella sp.
MF436214_Bathynella ruffoi
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MF094714_Antrobathynella stammeri
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Fig.3. Phylogenetic tree based on 18S nucleotide
sequences constructed for the family Bathynellidae. Sequences
obtained during this study are highlighted in bright green
(“Academician Ridge and Sosnovka”) and yellow (“Shartlay”).
Bayesian/bootstrap supports are given at tree nodes.

Gallobathynellinae
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Table 4. Matrix of mean pairwise p-distances between different genera of Bathynellidae. 18S and COI genetic distances are
given above and below diagonal, respectively. Mean intragenus pairwise p-distances for the COI/18S gene fragment are in italics
and shown on the diagonal. Minimal genetic distances are shown in bold.

1. 2. 3. 4. 5. 6.

1. Baicalobathynella 5,0/0,1 4,4 3,1 5,4 4,6 4,0

2. Gallobathynella 22,2 0,1/1,0 5,7 3,8 1,7 6,2

20,1 19,7 15'/0,8 6,3 6,0 4,0

4. Hobbsinella 23,0 21,0 20,5 21,0/1,9 4,2 6,6

5. Vejdovskybathynella 21,2 16,4 18,5 20,7 14,0/1,2 6,7
6. Bathynella 20,8 19,7 16,3 20,9 20,4 13,0/0,6

Note: * Since the nucleotide sequences for the species A. mongoliensis are not yet publicly available in GenBank, COI genetic
distances for the genus Altainella were taken from Ji et al., 2024.

Molecular genetic data indicate two genetic lin-
eages of B. cf. magna represent two independent spe-
cies, with a significant COI genetic distance of 9.2%
between them. Determining whether one corresponds
to B. magna and the other represents a new species
requires further study.

The divergence time of these lineages (or spe-
cies) dated to the late Miocene-early Pliocene (Fig.
4), and probably aligns with the geological develop-
ment of Lake Baikal, marked by partial geographical
separation of the Northern and Central basins and the
development of a single deep-water reservoir around
6-7 million years ago (Kuzmin et al., 2001; Mats et al.,
2011). This assumption is based on the fact that the
first lineage resides in the Northern Basin near Cape
Shartlay, while the second is found in various parts of
the Academician Ridge, which serves as the boundary
between the Central and Northern Basins.

Representatives of the genus Altainella from
Altai and Mongolia are identified as the closest rela-
tives to the Baikal bathynellids studied based on 18S

rRNA sequences from GenBank. The genetic distance
between the Altai and Mongolian species of Altainella is
15% of nucleotide substitutions, whereas the distance
between the Baikal genetic lineages “Shartlay” and
“Academician Ridge and Sosnovka” is 9% nucleotide
substitutions. It is important to note that the minimum
geographical distance between Cape Shartlay and the
Academician Ridge near Bolshoy Ushkany Island is
approximately 25 km, which is nearly 100 times less
than the distance between the habitats of two closely
related Altainella species.

The estimated time of existence for the common
ancestor of Altainella and Baikal bathynellids suggests
their widespread distribution across southern Siberia
and northern Mongolia until the late Oligocene—early
Miocene (Fig. 4). This period was characterized by the
onset of significant global changes within the Baikal rift
zone (Logachev, 2003; Mats et al., 2011).

Thus, the bathynellids fauna of Lake Baikal is
ancient in origin, and exceeds the two species described
in the middle of the last century, is distributed in three

MN258522 A/

12|

20,19)

I. MN258523 A/

0,38

0,42

7,23

0,42 _[0,14
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Baicalobathynella cf. magna
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0,06
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0,11| Bath9d
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Bath11
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0

Fig.4. Divergence times derived from a relaxed molecular clock analysis based on COI sequences for Baicalobathynella and
Altainella. Genetic lineage “Academician Ridge and Sosnovka” is bright green, and genetic lineage “Shartlay” is yellow. Blue bars
at nodes indicate the 95% highest posterior density (HPD) intervals.
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basins of the lake from the interstitial to maximum
depths, including regions with gas and thermal water
outlets. Future studies should focus on accurately char-
acterizing the species composition of bathynellids in
both interstitial and open waters of Baikal and its trib-
utaries, employing a comprehensive approach integrat-
ing morphological and molecular genetics data.

5. Conclusions

The data on the locations of bathynellid finds
indicate their mosaic distribution in three basins of
Lake Baikal. Bathynellids sampled from tectonic fault
sites have been identified as Baicalobathynella cf.
magna. Molecular phylogenetic analysis suggests that
their closest relative is the genus Altainella Camacho,
2020. Representatives of this genus are found in the
interstitial water of the Aktru mountain river in Altai
and the Onon river in Mongolia. The study revealed the
presence of two distinct lineages of B. cf. magna; the
average genetic distance between them, measured at
9.2% of nucleotide substitutions, is indicative of diver-
gence at the species level. The evolution of genetic lin-
eages aligns with the geological period of partial geo-
graphical separation between the Northern and Central
basins of Lake Baikal during the formation of a single
deep-water reservoir, occurring in the late Miocene-
early Pliocene.
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lNepBble CBEAEHHUA O TeHeTHYECKOM
pa3Hoobpa3zum u pUrOreHeTHYECKHX
B3aMMOOTHOLUEHUAX 6aTuHeAnnA
(Malacostraca: Bathynellidae) u3 ozepa
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JlumHostoeuyeckuti uHcmumym Cubupckoco omdesteHus Poccutickoti akademuu Hayk, YiiaH-Bamopckas, 3, Hpkymck, 664033,

Poccua

AHHOTAILIUA. B dpayHe 03. Batikas u3BecTHH Ba Buaa 6atunesuing: Bathynella baicalensis Bazikalova,
1954 u Baicalobathynella magna (Bazikalova, 1954), onrcaHHbIX U3 10)KHOW KOTJIOBUHBI 03epa. ABTOpamMu
BBISICHEHO, YTO OaTHHEJUINIbl PaCIPOCTPAHEHH! B TPEX KOTJIOBUHAX 03€Pa, BCTPEYATCsA HA METAaHOBBIX
cunax, rpsA3eBbIX ByJIKaHaX U ruporepMax. AHAIN3 HYKJIEOTUIHBIX [TOCJIeJoBaTeIbHOCTeN (pparMeH-
ToB reHoB COI mT/IHK u 18S pPHK 6aTuHennn, oOUTaOIMUX B MECTaX TEKTOHWYECKUX Pa3IOMOB B
CEBEPHOI YaCTU 03€epa, BBIABUJI OTCYTCTBUE TpeAcTaBuTesei poga Bathynella Vejdovsky, 1882. Pauku,
oTHeceHHbIe K Baicalobathynella cf. magna, npeacTaByieHb OBYyMs F€HETHYECKUMHU JIMHUAMU, YPOBHA
CaMOCTOATEIBHBIX BUIOB, Pa3oLIeAIINMUCA OT obiiero mpeaka okoyio 7 Ma. Pog Altainella Camacho,
2020, mpeficTaBUTENIN KOTOPOTO OOMTAIOT B MHTEPCTUI[UAJIA TOPHOM peku AKTpY Antas u peku OHOH B
MoHnrosiuu, 0603HaueH OJIKalIIuM pPoJICTBEHHMKOM KCCJIe/JoBaHHbIX OaTtuHe g baiikaa.

Kiouegwie ciioga: 6atunesiapl, 18S pPHK, COI, Batikan, pacnpocTpaneHue, pujioreHeTHYeCKU aHaJIu3, BpeMs

JIBEpreHInu

Jia nutupoBaHus: IleperosunHa T.E., Haymosa T.B., CutHukoBa T.f. [lepBble cBefeHHs O FeHETUYECKOM pa3HOOOpasnu
U GUIOTeHeTUYeCKUX B3aMMOOTHOIIeHUsX OatuHesunn (Malacostraca: Bathynellidae) us osepa Batikan // Limnology and
Freshwater Biology. 2024. - Ne 5. - C. 1318-1336. DOI: 10.31951/2658-3518-2024-A-5-1318

1. Beeaenue

Otpsig Bathynelacea otHOcuTca k HaumboJiee
JPEeBHUM TIPeICTAaBUTEAM BBICIIMX PaKOOOPa3HBIX
(Malacostraca). IlpencraButenu Bathynelacea mpu-
HaZJleXxaT BBICOKOCIENUAM3UPOBAHHBIM  T'pylIaM
CTUTOOMOHTOB U HHTEPCTULMOOUOHTOB, MO OOJIbIIEN
YacTH HACEJAIIIUX IellepHble, UHTEPCTUI[HAIbHEIE,
IPYHTOBbIE, KaMJUIAPHBIE U (PpeaTHyecKyie BOIBI BCEX
KOHTHMHEHTOB 32 HUCKJII0UeHHeM AHTapKTUIBI, a TaKKe
Kanapckux octposoB, ®umku u Hosoil Kanegonuu.
U3-3a ocobeHHOCTell MecT oOWTaHUA Bce NpeACTaBU-
TeJIW MOPsAAKa JINIIEHHI IJ1a3, UMEIOT MeJIKUe pa3Mephl
U IPO3pavHoe, YepBeoOpa3Hoe TeJIO ¢ KOPOTKUMU CJIa-
OBIMA KOHEYHOCTSIMU, MOKPBITBIMM TOHKHUMMU JJIUH-
HBIMHU YyBCTBUTEJIbHBIMU IETUHKAMHU.

B cocTtaBe oTpsAga BBIAEJIAIOT TPU CEMEMCTBA —
Bathynellidae Grobben, 1905; Parabathynellidae Noodt,
1965 u Leptobathynellidae Noodt, 1965 — ¢ 6oJiee uem
330 BasmaHbpIMU BumaMu u noxsugamu (Camacho et
al., 2021). Cem. Bathynellidae Grobben, 1905 mupoko
pacrpocTpaHeHo [0 BCeMy MHpY, U3BECTHO 36 poJIOB

*ABTOp JJI MIEPENUCKU.

u 109 BumoB (Camacho et al.,, 2020). Ha TteppwuTo-
pun Poccuu u compenesbHBIX rocyAapcTB (ObIBIIEro
CCCP) xoHcTaTHpoBaHO 18 BHIOB U MOJABUAOB MATU
pomno ceMm. Bathynellidae: Antrobathynella Serban,
1966; Baicalobathynella Birstein & Ljovuschkin, 1967;
Bathynella Vejdovsky, 1882; Altainella Camacho, 2020
u Tianschanobathynella Serban, 1993 (BupmreiiH
u JlepymkuH, 1967, TypbanoB, 2016; Camacho
et al.,, 2021). B o3. Balikan B cepeauHe IMpPOIIJIOTO
cToJieThss OOHApyXeHBHl M ONMCaHb 2 BHAA OaTu-
Hesump: Bathynella baicalensis Bazikalova, 1954 wu
Baicalobathynella magna (ba3ukasnosa, 1954), pasniuua-
omuecs pasMepamMu: AjvHa B. baicalensis cocraBisaer
1,5-2 MM u y B. magna — camoro KpymnHoro Ipejcra-
Butesia Bathynelacea — oHa Bapeupyer ot 2,1 no 3,4
MM; KOJIMYeCTBOM IIEeTUHOK Ha Iuieonofax (mo 12 y B.
magna u 4-5 y B. baikalensis); moJIHOI peyKI[leH 3K30-
noauta Il anTeHHBI 1 HaJIMYMeM 2 nap IJ1eonofoB y B.
magna (Bupmiteiin u JleBymkuH, 1967). YHuKasbpHasd
0co0eHHOCTh B. magna 3akJio4aeTcsa B TOM, 4TO MOpdo-
JIoru4ecKre IMPHU3HAKU 3TOTO BHJIA HE COOTBETCTBYIOT
MIOJTHOCTBI0O HU OAHOMY U3 3-X ceMeHNCTB, U 3TU NpU-
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3HAKW ABJIAITCA ieanoMopdHeiMU 171 Bathynellidae
(BupiureiiH u JleBymkuH, 1967; Drewes and Schminke,
2011; Camacho et al., 2021).

BasukasoBa A.fA. (1949; 1954) coobmiaer, 4TO
OTMICAaHHBIE el0 payky HalJeHHl B 3aJl. JINCTBEHUYHBIHN
(yctpe p. KpectoBka) B 30Hax riybun 200-250 u 140-
180 M, a Takxe Ha riyouHe 0,2 1 1440 M B 10KHOI KOT-
JoBuHe Baiikasa, HO He yIOMHHaeT 00 UX COBMECTHOM
obutanuu. [lozaHee 6aTUHEIIN/B OBLJIU OOHAPYKEHBI
B HECKOJIBKUX palioHax riTybokoBoAHOM 30HH (TaxTees
u 1p., 1993) u uHTepcTunmanu Ha riyouse go 0,6 m
B Oyxrte Bosbmue KoThl (1oro-zamajjHoe mnobepexbe)
(Beitn6epr u KamanrteiHoB, 1998; TuMowmKuH u [1p.,
2011).

B BogocbopHOM 6accetiHe 03. Baiikan 6aTtuHen-
Juabl OBLIM HEO[JHOKPATHO HaHJEeHH B BEpXHEM Teue-
HUU peK — MPUTOKOB I0XHOH dacTu o3epa (UépHoii,
Bonbminie Kotwl, CeHHOM, ['ojloycTHOI) U B pacmoJio-
KeHHBIX PANOM C HUMU H1ypdax, 3aroTHeHHBIX BOAO.
Pauku o6HapyxeHHI B 6acceiiHax pek BaprysuH, AHrapa,
a Takke B ropHoil peke Benbiii WpkyT (BocTouHBIN
CasH, ceBepHBIH cKJIOH xpebra MyHKy-Cap/sIk Ha rpa-
Hulle ¢ Monrosueii) (Taxrees u ap., 2000).

Pa3znoobpasue BunoB GatuHetua B balikanie u
ero bacceliHe, BeposiTHee BCero, HAMHOI'O OOJIbllle, YeM
M3BECTHO celyac, OJHAKO B CBA3W C MAaJIBIMU pa3Me-
paMU XKHBOTHBIX U UX 00pa3oM XU3HH, cO0p MaTepu-
aJia npejicraBiisieT co00l OYeHb TPYOOEeMKHUIT Ipoliecc,
mo3ToMy ux (ayHa Io-IpexHeMy cjabo HccieoBaHa
He TOJIbKO B BocTounoii Cubupu, HO u B LleHTpasibHOI
A3un B 11eJIOM.

B nocsiegHue mecsATHIETHS BeIyTCsl KOMILIEKC-
HbBle uccieqoBaHUsA MUpoBo (ayHsl Bathynellacea c
HCII0JIb30BaHUEM MOJIEKYJISIPHO-TEHETUYECKUX Map-
kepoB 18S pPHK u COI (Camacho et al., 2013; 2020;
2021; Ji, 2024 etc), 4yTO MO3BOJIAET CPABHUTH HaliKab-
CKUX OaTHHEJUIN]] C IpelCTaBUTeNIsIMU Apyrux dayH,
a Takxe IOJY4YUTh OoJiee IOJIHOE IIpeJCTaBJIeHHE O
ux 61M0opa3HO00pa3uu U 3BOJIIOLMOHHON uctopuu. I'eH
18S ucnonp3yT yalie BCEro AJjiA pelleHus cucreMa-
TUYECKUX 3aJ]a4 Ha yPOBHE BBHICOKHUX TaKCOHOB (POJIOB,
ceMelCTB) 13-3a BBICOKOI KOHCEPBAaTUBHOCTH 3TOTO
Mapkepa U, Kak IpaBUJIO, HU3KOH reHeTUYecKoH nud-

500 pm

gl

Puc.1. A - doto Baicalobathynella cf. magna (basukasoa, 1954); B — poto antenH B. cf. magna (A u B - poto Enymienko U.B.);
C — pUCYHOK aHTEHH: a — aHTeHHYJ1a, b — aHTeHHa (pucyHOK agantupoBaH u3 Drewes and Schminke, 2011).
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depennuanym mexny sBugamu (Tang et al.,, 2012).
MounekyssapHo-reHeTuueckuii Mapkep COI mmpoko
HCMOJIB3YIOT AJIA pa3fieJleHus BUJOB, B TOM 4HCJIe,
KPUIITUYECKUX, U MIMPOKO npuMeHswT i JHK 6ap-
konupoBanuA (Antil et al., 2023; Kabus et al., 2023).

Lesnpio faHHOU paboThl OBLIIO MCCJIeJOBaTh reHe-
TUYeCKUM mosuMopdu3M U NMpoaHaJIu3upoBaTh Guio-
reHeTUYeCcKre B3aMMOOTHOIIEHMs OalKaJbCKUX OaTu-
He/UTUu[ ¢ APYTUMU NPeACTABUTESIAMU 3TOU TPYIIILL
Ha OCHOBe CpaBHeHUs HYKJIEOTHUIHBIX MOCJIeJoBaTeIb-
HocTtell pparmenToB reHos COI (MTHK) u 18S pPHK
(amepnoti [THK). HoBble naHHBIe obJieryat fajbHeliliee
HU3yueHHe 3TOU MHTEepPecHON M BO MHOI'OM 3araJoyHoOun
rpynImsl pakooOpa3HbBIX.

2. MaTtepuanbl 1 MEeTOADI

batunemnuas cobpaHbl B 25 MeHOOGEeHTOCHBIX
npobax B jeTHue mepuonsl ¢ 2009 mo 2023 ¢ nomo-
b0 Jparu, JHodeprnaressa, kopobuaToro rpeiidepa u
yIpaBJiieMOro HeoOuTaeMoro IOJBOJHOIO ammnapara
(Tabnumna 1, Puc. 1A) B MecTax TEKTOHUYECKUX Pa3Jio-
MOB, BKJII0YasA payioHbI C BBIXOAAaMU ra3oB U TepMaJlb-
HBIX BOJ.

XKupotHele ObIM coTorpadupoBaHsl NOJ CBe-
TOBBIM MUKpockornoM Olympus BX53 ¢ momoIpio 1ud-
poBoii kamepsl Olympus SC180.

YacTh MaTepuajia HCIOJIb30BaHa AJIA MOJIEKY-
JIApHO-TeHeTHYecKux wucciegosanuil. JHK akcrpa-
rupoBaHa M3 BCEro TeJja >XMBOTHOIO IO MPOTOKOJIY,
onucanHoMy Jloisiom u JukcoH (Doyle and Dickson,
1987). YcnoBua amruymmdukanquu U CTPyKTypa mIpaii-
MepoB npuBedeHbl B Tabsune 2. IIpogyKThl peakiuu
MIpoaHaJIU3UpOBaHbl 3JjieKTpodopeTuyecku B 1%-HoM
araposHoM rese. ITosochsl 0Xx11aeMoro pasMepa BbIpe-
3aHBl U ouuieHsl corjacHo T. Manuatuc (Maniatis,
1982). CekBeHNpOBaHUE NPOBEJIEHO Ha reHeTUYeCcKOM
aHanuzatope «HAHO®OP 05» ¢ momoibio Habopa pea-
reHToB Brilliant Dye Terminator (v.3.1) Sequencing kit
(NimaGene, Tomnanaus). HyxkieoTujHble nocjefno-
BaTeJIbHOCTU OTPeJaKTUPOBAaHHI M BBIPABHEHHI B IIPO-
rpamme BioEdit (Hall, 2011).

50 pm
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Jata MecTo c6opa I'mybuna, M; opy-| KoopauHarsl, Tumn rpyHTa
cbopa aue coopa N.L., E.L.
27.09.2009 Kpacusiii fAp, meTa- 340 M, 52°24,5496 N, OKUCIEHHBIN KOPUYHEBHIN WJI, MeJIKVEe
HOBBIH cum, 1 KM oT JHouepnareJsib 109°53,4354 E |kamemky, me6GeHb U KPYIHBIE KAMHH, TECOK.
6epera «Oxean» Cpas.
02.10.2009 |Pa3pe3 EnoxuH-/{aBima 857 M, 54°44,697 N, |OKuCJIEHHBIA KOPUYHEBHIH WJI, CJIO OKOJIO 7
(ueHTp) JHOueprnareyb 109°05,857 E CM, €CTb BKpaIJIeHUs TUAPOTPOUINTA.
«OkeaH»
03.10.2009 AxageMuYecKHui 389 M, 53°62994 N, OKWCJIEHHBIN WJI, TOJIIMUHON 25 cM.
xpebeT, rpsa3eBbie JHouepnareJyb 108°12172 E
BYJIKaHbI «Oxean»
17.06.2010 | Bospmoe I'osioycTHOE 93 M, 52°00,2084 N, BoccTaHOBIEHHBIN WJI.
JHOYepIaTesb 105°21,6354 E
«OkeaH»
03.07.2015 I'psa3eBoii ByJIKaH 1393 M, 51°92,3788 N, OKMCJIEHHBIN WJT TOJIIMHOM 2-3 CM,
MaJieHbKHI rpetidpep 105°63,1519 E JKeJie30-MapraHiieBble KOPOUYKH, AeTPUT
(p-u Bosbmioro JaTOMOBO-CeHeJPOBHII.
T'onoycTHOrO)
03.07.2015 INocosibckas G6aHKa, 500 M, 52°03,5767 N, | Oxucnennsiii uia 0.5 cMm, rosy6as riavHa 6e3
METaHOBHIH CHUIl rpetidpep 105°84,3775 E BKpaIUIeHU! U CJIONCTOCTH.
04.07.2015 AxaneMu4ecKui 531 m, 53°400148 N, | OkucieHHBIN cJIoH wiia 1.5 cM, ajiee oueHb
xpebeT, psAIoM ¢ rpetidpep 107°891083 E | MArkuii IBIBy4Uii roy0oi 1, MHOTO IIPO-
ras3oryipaTom ’KUJIOK TUAPOTPOMJIUTA.
05.07.2015 AxagmeMHuYeCKHHI 536 M, 53°399337 N, OKUCJIEHHBIN cJIO uja 3 ¢M, fajiee OYeHb
xpebeT rpetidpep 107°891467 E MATKUH IJIBIBY YU roJiy0oH Wi, ecTh Npo-
CJIOVIKY TUPOTPOUIINTA, XeJle30-MapraHiie-
Bble KOPOUKH.
29.06.2016. | Kykyiickuii KaHbOH, 939 M, 52°589665 N, |OxwuciieHHbIH cjioH nia 3 ¢cM, BOCCTaHOBJIEH-
rpsa3eBoll ByJikaH K-2 rpetipep 106°770625 E HBIN roy1y0oii 11 6e3 BKparsleHU.
29.06.2016. | Kykyiickuii KaHbOH, 939 M, 52°589613 N, |OxmuciieHHBII CJIOH Mja 5 ¢M, BOCCTAHOBJIEH-
rpsA3eBoli ByJikaH K-2 rpetipep 106°770332 E HBII IoJIy0OH WJI U XeJjie30-MapraHiieBble
KOPOUYKH.
01.07.2016 T'opesoii YTec, 885 M, 53°304265 N, OKucJIeHHBIN cjol uia 1 ¢M, B HUXKHUX
He(dTe-MeTaHOBBII CUI rpetidpep 108°391662 E CJIOAX BOCCTAHOBJIEHHOI'O MJla COYEHUA
HedTHU.
03.07.2016 Beryn 1169 M, 52°728098 N, He601b111011 OKMCIIEHHBIN CJIOH, cepble KpU-
rperidep 106°586247 E CTaJLJIbl CEpHI.
03.07.2016 Beryn 1169 M, 52°728902 N, XKeseso-MapraniieBsie KOPOYKH, 3amax
rperidep 106°587093 E CepoBOAOPOAA.
30.06.2017 MopucTee MbIca 1630 M, 53°16542 N, |OxwucsyieHHsIi cjioi mia 1-1,5 cMm, BoccTaHOB-
WxuMmeit rperidep 107°993352 E JIEHHBIH TOJIy0O! WJI C XKejle30-MapraHiie-
BBIMM KOPOYKaMU M KPUCTAJLJIAMU CEPBI.
30.06.2017 MopucTee Mbica 1630 M, 53°275108 N, |OxwuciieHHBII CJIOH 1jia 3 ¢M, BOCCTAHOBJIEH-
Hxumeit rpeiibep 107°953110 E HBIU roJIy0Ol UJI C XXeJie30-MapraHleBbIMU
KOPOYKaMHU.
04.07.2017 T'uaporepMasibHBIN 330-374 m, 55°517062 N, |Ilecok, KOpUYHEBO-OPAHXEBBI AUATOMOBHII
BeHT dposmxa apara 109°804481 E WJI, paCTUTEJIbHO-IPEBECHBIN JETPUT.
55°520457 N,
109°792553 E
04.07.2017 T'uaporepMasibHBIN 413 M, 55°521705 N, TeMHO-KOPUYHEBBIY OKUCJIEHHBIH CJION mjia
BeHT dposmxa rpetibep 109°776540 E 1-2 MM, fajiee OAHOPOHBIN 3eJIeHOBATOTO
LBETa HJI.
18.07.2018 Boase r. BabymkuH, 39 M, 51°749587 N, KpyIHEIN 1 MEJIKUI MTEeCOK.
My3bIPbKOBAsi pa3rpy3ka rpeiidpep 105°833133 E
rasoB
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Jara MecTo c6opa I'my6una, M; opy-| Koopaunartsi, Tumn rpyHTa
cbopa aue cbopa N.L., E.L.
20.07.2018 BosJie r. BaiikaJbck 375 ™, 51°538720 N, OKHCJIEHHBIH CJION uiia 2-3 ¢M, BOCCTaHOB-
rpetidpep 104°197605 E | IeHHBII WJI cepo-YepHBIl, CO CITIONOM U TJIN-
HUCTHIMM KOPOYKaMH, 3allax CepoBOJIOPOAA.
19.06.2021 AxaneMH4ecKHui 513 m, 53°26,260 N, I'pyHT — MHOTO OKHCJIEHHOTO UJjIa, BOC-
xpebeT JHOuepIaTesb 107°53,812 E CTaHOBJIEHHHBIN I'0JIy60 WJI CO CJI0OAMU
OxmaHa-bepaxa TUAPOTPOMIIUTA.
*10.07.2021 Axanemuueckuit 517 m, 53°26,260 N, OKUCJIEHHBIH WJI, MEJIKUH [TeCOK
xpebeT (0K0JI0 0-Ba JHOouepnareJib 107°53,812 E
Bosbiion YiikaHmii) SxMaHa-Bepmka
*02.07.2023 CeBepHee MbIca 58,5 M, 53°56,408 N, |3awnsieHHBIH cepbiii KPYITHO3EPHUCTHII MECOK.
Ilaptiai, ycryn Bo3sie | HITA PoB6uinep 108°11,775 E
CKaJIbl RB-300
*08.07.2023 | CocHoBckasa 6aHKa 449 M, 54°08,836 N, OKUCJIEHHBIH MJI U BOCCTAHOBJIEHHBIN WJI,
(camas ceBepHas Touka | [AHoOuYepHaTeJib 109°25,046 E HEMHOTro Iiecka.
AxaeMHr4ecKoro JxmaHa-bepmxa
xpe6Ta)
*08.07.2023 AxanemMuyeckuit 341-349 m, 53°55,409 N, OKMCJIEHHBIH WJI, 0O4eHb MHOT'0 KOIIENoA-
xpebert (6aHka MexAay Apara 108°53,135 E HO-IaTOMOBOT'O JETPUTA.
Bepxaum H3rosiosbeM —
Cesaroro Hoca u 53°55,272 N,
YiKaHbMMU O-BaMU) 108°52,866 E
*09.07.2023 Axanemuyeckuit 210-208 m, 53°26,235 N, OueHb MeJIKHUIi, CUJIbHO 3auJIeHHBIN 11eCOK
xpebet y M. X0001i1 Apara 107°48,546 E
53°26,174 N,
107°48,345 E

IIpumeuanue: * — mecTta c6opa 6aTUHE TN, AJI KOTOPBIX [TOJIy4YeHbl MOJIeKyJIApHble NaHHbIe.

MeauaHHasA CeTh TaIUJIOTHUIIOB IO (PparMeHTy
reHa COI nmocTpoeHa ¢ MOMOIIbI0 porpamMmel Network
v.10 (Fluxus Technology Ltd. 2008), Haxopnsecsa B
cBOOGOJHOM JOCTyme Ha caure: https://www.fluxus-
engineering.com/sharenet.htm.

OUIIOTeHETUYECKUA aHaiu3 1o (GparMeHTy
resa 18S pPHK npoBefeH c¢ momoiipio Be6 Bepcuu
nporpammbl IQ-TREE v.1.6.8. (Nguyen et al., 2015),
JOCTYMHOM TO cchUIKe: http://igtree.cibiv.univie.
ac.at/. HauboJsiee noaxofAias MoJieib MOJIEKYJIIPHON
3BOJTIONINM BeIOpaHa ¢ momoInsio moAyJia Model Finder,
nHTerpupoBanHoro B IQ-TREE (Kalyaanamoorthy et
al., 2017). Tlogaep>XKy BeTBEH OLleHEHBI OBICTPHIM OYT-
crpen-MetonoM (Minh et al., 2013), a Takke ¢ mOMoO-
11bI0 GariecoBckoro Tecra (Anisimova et al., 2011). [{1s
(duoreHeTHYECKOTO aHAIM3a U pacyeTa reHeTUYeCKUX
QUCTAHII OOIOJJHUTEILHO 13 6a3bl faHHBIX GenBank
npuBJiedyeHo 17 nocsyenosarenbHocTeli COI u 28 nmoce-
JoBaTespHOCTel ¢parMmeHTa reHa 18S, mpuHajiexa-

MUX pa3HbeIM Buam cem. Bathynellidae u ogHomMy BuAy
ceM. Leptobathynellidae, koTopbIii MBI HCITOJTB30BAIH B
kavectBe ayTrpynnsl (Tabmuna 3).

Marpurna p-OqucTaHIui MeXAy HYKJIeOTUIHbBIMU
nocaegoBatesbHOCTAMU 18S u COI nocTpoeHna ¢ moMo-
mpto mporpaMmsel Mega 11 (Tamura et al., 2021).

Bpemsa guBepreHnuu 6aiikajibCKUX OaTUHEJTN[
paccuutado ¢ momoisio BEAST v.10.5.0 (Suchard et
al., 2018). Jlyia aHaM3a 3ammyCcKaJid IporpaMMy C JIJTH-
Hoil nen MonTe-Kapso (MCMC) 50 000 000 miaros.
CXOJMOCTh Pe3yJIbTaTOB OIleHEHA C IOMOIIBI0 IIPO-
rpammbl Tracer 1.7 (Rambaut et al., 2018). ITocKoJIbKY
cBenleHnA 00 uckomaemsix Bathynellacea oTcyTcTByIoT,
I KAJIMGPOBKY MOJIEKYJISIPHBIX YaCcOB KCIIOIb30BAHEI
cpegHUe CKOPOCTH HyKJIeOTAHBIX 3ameH COI, paccuu-
TaHHBIe Ha OCHOBe caMoM BbICOKOH — 1,38% 3ameH 3a
mutH jieT (Wares and Cunningham, 2001), 1 camoii Hu3-
ko# — 0,7% 3ameH 3a MutH JieT (Knowlton and Weigt,
1998) pocTymHBIX CKOpOCTell [AJA 3TOro Mapkepa,

Ta6sauna 2. Yciaosusa aMindUKanuu U CTPYKTypa npaiiMepoB.

I'en YeaoBua ammngukanuy, 30 HUKIJIOB CTpyKTypa IpaiMepoB CcbuIKH
COI nenarypanusa JJHK: 95°C — 40c (5 munyT Ha | LCO1490 (f) 5-GGT CAA CAA ATC ATA AAG | Folmer et al.
IepBOM LIUKJIE), ATA TTG G-3’ (1994)
oTxur npaiiMmepoB — 50°C - 60c, 3j10HTauA HCO2198 (r) 5-TAA ACT TCA GGG TGA CCA
HyKjleoTuAHOH Lenu — 72°C — 60c (10 MuHyT AAA AAT CA-3’
Ha I0CJIeHEM I[HUKJIE)
18S nenarypanua JJHK: 95°C — 60c (5 munyT Ha | SWAM1S8S (f) 5’-GAA TGG CTC ATT AAA TCA | Palumbi et al.
MEPBOM ILIUKJIE), GTC GAG GTT CCT TAG ATG ATC CAA ATC-3’ (1996)
oTxur npaimepos: 55°C - 60c, 310HranuA SWAM1S8S (r) 5-ATC CTC GTT AAA GGG TTT
HykJeoTugHOH nenu: 72°C — 60c (10 munyT Ha|AAA GTG TAC TC ATT CCA ATT ACG GAG C-3’
MoCJIEHEM LUKJIE)
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Ta6suna 3. Ciyicok TaKCOHOB, MCIOJIb30BAHHBIX AJ1A GUIJIOreHeTUUeCckoro aHaii3a U pacueTra reHeTUUeCKUX AUCTAHIUN C

HOMepaMmu AocTyma B GenBank u ccpuikamu.

HasBaHue BHOa 18S GB# COI GB# CChLIKH
Bathynella sp. MN262083, MN258521 Camacho et al., 2020
MN262082,
MN262079
Bathynella sp. MF094716, MF114308, Camacho et al., 2018b
MF094715 MF114309
B. ruffoi MF436214, MF443327, Camacho et al., 2020
MF436212 MF443329
B. cf. ruffoi MF436213 MF443328 Camacho et al., 2020
Altainella calcarata MN262081, MN258522, Camacho et al., 2020
MN262080 MN258523
A. mongoliensis PQ037633, Ji, 2024
PQ037634
Vejdovskybathynella sp. MF094713 MF114306 Camacho et al., 2018b
Vejdovskybathynella sp. KC469515 KC469534 Camacho et al., 2013
V. caroloi KC469525 KC469538 Camacho et al., 2013
V. vasconica KC469521, KC469535, Camacho et al., 2013
KC469520 KC469536
Antrobathynella stammeri MF(094714 Camacho et al., 2018b
Gallobathynella sp. KP999756 Camacho et al., 2017
G. coiffaiti KP999760 Camacho et al., 2017
G. boui KP999758 KP974147, Camacho et al., 2020
KP974146
G. tarissei KP999753 Camacho et al., 2017
Hobbsinella sp. MN262078, MN258519 Camacho et al., 2020
MN262077
H. edwardensis MF443323 Camacho et al., 2018a
Paradoxiclamousella sp. JX121235
P. fideli KC469524 Camacho et al., 2013
Parvulobathynella distincta MF436218 Camacho et al., 2020
(Leptobathynellidae)
Baicalobathynella cf. magna PQ476288- PQ476139- Hame uccnepnosanue
PQ476298 PQ476149;

OnyOJIMKOBaHHBIX IO APYTHMM pakooOpasHbIM. UTOOHI
3a7jaTh mapaMmeTphl Ay ucld.mean BrIOpaHO HOPMaJIb-
HOe pacmpefiejieHre co cpeqHUM noka3aresiem (Mean)
= 0,0104 u craHmapTHRIM OTKJIOHeHUeM (Stdev) =
0,0016925. B xauectBe mapamerpoB mis ucld.Stdev
BHIOPAHO IKCIOHEHI[UAJIBHOE pacIipefieieHue CO cpel-
HUM 3HayeHueM = 1,5.

3. Pe3ynbTaTthbl

BatuHesumiapl HalileHBl B 3-X  KOTJIOBU-
Hax o3epa, B TOM uHCJIe B MecTaxX Ny3bIPbKOBOH U
cTpyiiHou pasrpy3ku MetaHa (Ilocosibckass 0GaHKa,
Bospmoe T'onoyctHoe, Kpacuseiii flp, BabymkuH), Ha
HedTe-MeTaHOBOM curne ['opeBoil YTec, Ha OelNCTBY-
I0IIUX W MOTYXIIUX I'pA3eBHIX ByJkaHax (MasieHbKuM,
Axagemuyeckuii xpebet, Kykyiickuii KaHbOH), a TaKxe
Ha ruapoTrepMasbHOM BeHTe ®Dposmxa. OOHapyXeHbI
pauku U B palioHe MaKCHMaJIbHBIX TJIyOUH o3epa
(1630 m) — y M. Mxumett (Tabsuna 1). BatuHe st
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coOpaHbl Ha MATKWUX OKMCJIEHHBIX AOHHBIX OcCaJKax
CBeTJIO-KODUYHEBOI0 M KOPHUYHEBOI'O IBeTa TOJIIIU-
Hoit ot 0,5 10 5 ¢M ¢ IpUMeChI0 Tecka, rajabKu, 4acTo
XKeJjle30-MapraHIileBbIMH KOpOYKaMH, JeTPUTOM U Ipo-
cyioaMu rugpoTpousiuTa. IlofcTUamIUi CJI0M npef-
CTaBJjieH, Kak IPaBUJIO, BOCCTAHOBJIEHHBIMU CEphIMU U
roJiyObIMU UJIaMU.

[lo MopdosoruyeckuM npuszHakam (pas-
MepHl Tesa oT 2,0 o 2,5 MM U CTPOEHHIO aHTEHH)
coOpaHHBle OaTUHEUITMAB WUAeHTUDUIUPOBAHBI Kak
Baicalobathynella cf. magna (Puc. 2). BoJBIIUHCTBO
O6aTHHe/ UM He NMeJId OKpacky TeJa, JIMIIb B aKBa-
Topuu M. MxxumMelt 66111 0OOGHAPYXKeHBI 0COOH PO30BOTO
1[BeTa, a Ha AkajJieMuyeckoM xpebrte (ryrybuna 517 m)
— 0co0u KpacHOro nBera.

HyxieoTuHble nocjiefoBaTesIbHOCTH pparmeH-
toB reHoB COI mt JJHK mguHo#i 661 m.H., a Takxe 18S
pPHK pnuHoit 1748 n.H. noiyveHH oT 11 6aTtuHesina
(meBATH OeclBETHHIX U ABYX KpacCHBIX) U AEIOHUPO-
BaHHI B 0a3y fmaHHbx GenBank ¢ Homepamu fmoctyma:
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BonbLuoe lonoyctHoe
rpsizeBovt ByrnkaH ManexERi

N
A

r. Bavikanbck

r. BabyLwkuH

50 km

¢ rnapoTepmarbHbIi BEHT Pponvixa

CBSITOI HOC, BEpXHEE U3r0NoBbEe
2 0. bonbLuow YiwkaHui

5 ®

Puc.2. A - Kapra-cxema ¢ o603HaueHHeM MecT c6opa 06pasiioB. PO30BEIM 1[BeTOM 0003HaUYeHbl MecTa cO0POB MpeCTaBUTe-
new Altainella (Camacho et al., 2020; Ji, 2024). B — CeTb raryioTUIIOB, IOCTPOEHHAA Ha OCHOBE IOCJIe[IOBaTEJIbBHOCTEN (hparMeHTa
rera COL LiBeTa COOTBETCTBYIOT TOUKaM cOGopa. BesnurHa Kpyra mponopuuoHaabHa KOJMYECTBY BXOLSIINX B HETO HYKJIEOTUI-

HBIX [TOCJIeJOBATEIbHOCTEN.

PQ476139-PQ476149 (COI) u PQ476288-PQ476298
(18S). Mo pparmenty reHa COI BoIsABJIEHO 6 YHUKAJIb-
HBIX TaIllJIOTUIIOB, Toraa Kak 1o 18S — Bcero aBa.

Ha wmemuanHO# cetm ramiorumoB mno COI
MTJHK mnokazaHo, 4TO uccjiegyeMble OaTUHEJIN[IbI
UMeIOT 4YeTKyI0 I'eHeTHYecKyl CTPYKTypy u dhopmu-
pyioT ase rpymmsl (Puc. 1B). B mepsyio rpymmy BXOOAT
ocobu B. cf. magna, cobpanusie y M. Illaptiai (riy-
6una 58,5 M), BTOopas rpymnna chopMupoBaHa GaTu-
HeJumgaMu (B TOM yHcJjle KpacHOro IBera), cobpaH-
HBIMM Ha AkajaemMudeckoM Xxpebre y M. Xo6o#, o.
Bospmioit YmikaHuii, BepXHero m3roJioBbsa CBATOro
Hoca u B CocHoBckoll 6aHke (ryiyomHsl 341-513 m).
leHeTnueckye AUCTAaHLUUM MeXAy TpyIIamMu cocTa-
Buiu 8,8-9,6% HyKJICOTUAHBIX 3aMeH, TOrJa Kak BHY-
TPUTPYIIIIOBbIE JUCTAHIMHU OJIM3KU K HYJIIO.

dunoreHernyeckoe gepeso o 18S pPHK co cra-
TUCTUYECKUMU TOAJEPXKaMH TOIOJIOTUU BeTBJIEHUs
npuBesieHo Ha Pucynke 3. [logmepXxu A MeJIKHUX

KJ1af] BHYTPpHU OOJIBIINX KJIACTEPOB He yKa3aHbl, TaK KaK
OHU He HecyT 6oblION MHGOPMANMOHHON HarpysKu
U 3aTPYAHAIOT YTeHHe pucyHka. Ha JepeBe mokasaHo,
4To Gatikasbckue 6aTuHes AR GOPMUPYIOT CAMOCTO-
ATEJIBHYIO KJIaJly BHYTpH mojiceMericTBa Bathynellinae
M KJIaCTepU3YIOTCS B KauecTBe CECTPUHCKON TI'PYIIIBI
[I0 OTHOLIEHUIO K KJIajle, BKJIIOYAIOUIeH eBpOIelicKuX
npencraButesieir poga Bathynella Vejdovsky, 1882 u
pona Altainella Camacho, 2020 u3 Antasg u MOHromu.

BHyTpUpo#OBHle U  MEXpOJOBBIE MAaTPHUIIBI
reHeTUYeCKUX JAWCTaHUUM 1Jia ceMm. Bathynellidae,
BBIYMCJIEHHBIE II0 MOJIEKYJIAPHO-(UIOreHeTHYeCKUM
MapkepaM IpefcTaBjeHs B Tabsune 4. MexpoaoBse
p-AViCTaHIMM, paccunTaHHble o ¢parmeHTy reHa COI,
BapbUpyloT OT 16,3% 10 23,0%, Torga kak o 18S p-auc-
TaHLMU CyLlecTBeHHO Huxe, 1,7%-6,7%. 3HauyeHus
BHYTPUPOAOBHIX nucraHuuii mo COI BappUpPYyIOT OT
0,1% go 21%, 18S — ot 0,1 mo 1,9%. Bmkadmmmu
pOJCTBEHHUKAaMM OGaliKaJIbCKUX OaTUHeIUIU[, IO

Ta6smna 4. MaTtpuiia p-qucTaHIui MeXAy pasHeIMu pojaMu ceM. Bathynellidae. I'eHeTueckue auctaHmm no pparmMeHTy
reHa 18S mpuBefeHbl B BepXHel 4acTH MaTpulbl, o ¢pparMeHTy reHa COI — B HuKHel YacTh MaTpuupl. CpeqHue 3Ha4eHUA
D-AYCTaHIMI BHYTpHU Kaxaoro poja no dparmenty reHa COI/18S BriiesieHBl KypCUBOM U IPHBeJIeHB Ha AUaroHaau. JKupHeIM
prUGTOM BhI[eJIEHB MUHKMAaJIbHbIE 'eHeTHYeCKUe JUCTaHIUMN.

1. 2. 3. 4. 5. 6.
1. Baicalobathynella 5,0/0,1 4,4 3,1 5,4 4,6 4,0
2. Gallobathynella 22,2 0,1/1,0 5,7 3,8 1,7 6,2
3. Altainella 20,1 19,7 15/0,8 6,3 6,0 4,0
4. Hobbsinella 23,0 21,0 20,5 21,0/1,9 4,2 6,6
5. Vejdovskybathynella 21,2 16,4 18,5 20,7 14,0/1,2 6,7
6. Bathynella 20,8 19,7 16,3 20,9 20,4 13,0/0,6

IIpumeuanue: * l'eHeTHYecKue AUCTAaHIMM 1A poja Altainella mo ¢dparmenty reHa COI B3aTe u3 Ji et al., 2024, Tak kak B

GenBank HykJIEOTHU/IHbIE [TOCJIEOBATEIBHOCTH A1 Bua A. mongoliensis ellle He OTKPBITHI [J1A CBOOOAHOrO OCTYIIA.
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JocTynHEIM B GenBank MoJieKyJIApHEIM —OaHHBIM,
ABJIAIOTCA TpencTaBuTenn poja Altainella, oburaro-
11e B TOpHOU peke AkTpy (AnTaiickuii kpaii, Poccus)
— Altainella calcarata (Camacho et al., 2020), a Takxe
obHapyXeHHble B MHTEPCTUIMAJIbHON 00JIaCTU THIIO-
peasu GacceiiHa peku OHoH (Mourosus) — Altainella
mongoliensis (Ji, 2024). CpenHsasA p-TUCTAHIUA MEXAY
BuAaMu poJioB Baicalobathynella n Altainella coctaBuiia
20,3%/3,1% nyryieotuaHbx 3aMeH o COI/18S moie-
KYJIApHBIM MapKepaM.

Pox Baicalobathynella Hawyanm ¢opMUpoOBaThCs
B IIO3JHEM OJIUTOIleHe—paHHeM MuolieHe (B cpegHeM
20,2 Ma), Tora Kak paccuMTaHHOe BpeMs ANBepreH-
UM [IByX TeHeTwdyecKux JMHUHN B. cf. magna npuxo-
AUTCSA Ha MO3JHUN MUOLleH—paHHUH IJhoLleH (B cpen-
HeM 7,2 Ma) (Puc. 4).

4. 06cyxpeHue

[TosiyuenHBle JaHHBIE O MecCTax Haxo[oK OaTu-
HeJUINJ CBHAETeJIbcTByeT 00 MX MO3auvyHOM pac-
IpocTpaHeHUM B 3-X KOTJIOBMHaxX o3epa balikaj.
BeiicHeHO, 4TO OaTWHesIUABI MOTyT OOHUTaTh Ha
MeTaHOBBIX CHUIIaX, I'PA3eBBIX ByJIKaHax U TUApPOTep-
Max. OTH palioHbl HaxOoAATCA B 30HE aKTHUBHBIX TeEK-
TOHWYECKUX Pas3jIOMOB Pa3jIM4YHOI NPOTAXKEHHOCTU U
HanpaBJyieHHocTH (Seminsky et al., 2022). HekoTopsie
MecTa HaXxO[OK, Iie He oOHapyxXeHa «(dakeJbHasA» pas-
rpy3ka MeTaHa, Takke NPUYypOYeHbl K TeKTOHUYEeCKUM
pasjioMaM — 3TO akBaTOpuu AKaJeMHUYecKoro xpe0Ta
B MeCTax OTCYTCTBUA TIpPA3€BbIX BYJIKAHOB (XJIBICTOB
u ap., 2000), y meicoB Beryn u Wxumeit (Byxapos
u ®uankos, 1996), u meica [laptnait (Lunina et al.,
2024), 6yxTtel CocHOBKa (BKJII0Yas MMOJBOJHYI0 BO3BHI-
meHHoOCTh — 6anky) (KaspmuH u fp., 1995). Ananus
HyKJICOTUAHBIX IOcjlefjoBaTeJIbHOCTel (parMeHTOB
reroB COI mT/IHK u 18S pPHK 6aTunesmif, oburao-
IUX B MecTaX TeKTOHHMYEeCKHX pa3JIOMOB B CeBEepHOH
yacTH O3epa, BBIABUJI OTCYTCTBHE IIpeAcTaBUTesIei
poaa Bathynella. Tlpu 3TOM payky, OTHECEHHBIE K B.
cf. magna, okaszanuce nosuMopdHBMHU N0 GparMeHTy
reHa COI u mpencraBjieHBl ABYMA TI'eHeTHYECKUMU
muauaMmu: «IlapTiaii» u «AkageMuieckuil xpebeT u
CocHoBKa». CiefyeT TakXe OTMETHUTb, YTO reHeTHYe-
CKMe pasjndusa MexAy 6ecliBeTHBIMM M KPacHBIMHU 0CO-
6sAMu TUHUM «AKafeMudeckuil xpebeT 1 COCHOBKa» He
npesbimaer 3 3aMeH B rede COI, 4TO cOOTBeTCTByeT
BHYTPHUBHJOBOM U3MEeHYMBOCTHU. BeposATHO, Mo3anuHOe
pacrpocTpaHeHne 6aTUHeJUIN B 30HaX aKTUBHBIX TeK-
TOHWYECKUX Pas3jiOMOB BjuAeT Ha (opMHUpOBaHUE UX
reHeTU4eCcKOU CTPYKTYPHL.

MorekyiapHO-TeHeTHYecKre  AaHHblE  CBU-
JeTeJIbCTBYIOT, YTO [Be TIeHeTUYecKue JIMHUU
HCC/IeIOBaHHBIX OaTHMHe/UI IpUHAaaIexaT [ByM
CaMOCTOATeJIbHBIM BUAaM C BBICOKUM ypoBHeM qudde-
peHuuanuu (COI guctaHua MexXAy HAMH COCTaBAeT
9,2%). Kakoii u3 3Tux BUJ0OB IpUHAJIEXUT K B. magna,
a Kakoy ABJIAeTCA HOBBIM [JJIA HayKH, ellé MpefCTOUT
BBIAICHUTb.

PaccuutanHoe BpeMs AuBepreHIy ABYyX reHeTu-
YyecKuX JUHUHN (UM BUOB), COOTBETCTBYET MO3THEMY
MHoOLleHy—paHHeMy IuimoneHy (Puc. 4) u, BepoATHO,

1/100 MN262078_Hobbsinella sp.
_IFZGZOW_Hobbsinella sp.
KC469525_Vejdovskybathynella caroloi
KC469521_Vejdovskybathynella vasconica
KC469520_Vejdovskybathynella vasconica
KC469513_Vejdovskybathynella edelweiss
KC469515_Vejdovskybathynella sp.
MF094713_Vejdovskybathynella sp.
KP999756_Gallobathynella sp.
KP999760_Gallobathynella coiffaiti
KP999758_Gallobathynella boui
KP999753_Gallobathynella tarissei

1/99

Bath11
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Bath9
Bath8
Bath7
Bath10

1/98] Bath6

Baicalobathynella cf. magna

MN262081_Altainella calcarata

1/100]' MN262080_Al/tainella calcarata
PQ037633_Altainella mongoliensis
PQO037634_Altainella mongoliensi:
MN262083_Bathynella sp.
MF094716_Bathynella sp.
MN262082_Bathynella sp.
MF094715_Bathynella sp.
MF436214_Bathynella ruffoi
MN262079_Bathynella sp.
MF436213_Bathynella cf. ruffoi
MF436212_Bathynella ruffoi
MF094714_Antrobathynella stammeri
MF436218_Parvulobathynella distincta

0.94/84]

1/92|

0.02

Puc.3. OwusoreHernuyeckoe AepeBO, IOCTPOEHHOE
0 HyKJIEOTUAHBIM IOcJiefoBaTesIbHOCTAM 18S A cem.
Bathynellidae. fpxo-3enensiM («AkameMuyeckuil xpeGeT u
CocHOBKa») n xenteiM («IllapTiiaii») BbIIEJEHBI TOCJIENO-
BaTeJIbHOCTH, MOJIyYeHHBIe B XOA€ AAHHOI'O KCCJIEAOBAHUS.
BaiiecoBckue/OyTCTpen-nOIepX KU MpUBEAEHB B y3J1ax
Jepesa.

CONpsXKEHO C TreoJIorMyeckMM pasBuTueM baiikaina,
T.e. NPOMCXOAWJIA B Iepuoj 4YacTH4YHOU reorpadu-
yeckoil pazobmeHHocTu CeBepHoll u lleHTpasbHOMI
KOTJIOBUH oO3epa M (OpPMHUPOBaHUA €AUHOro TIJiybo-
KOBOJHOro BojoeMa (He paHee 6-7 MJIH JIeT Hasajn)
(KyspmuH u mp., 2001; Man u ap., 2011). 3to npen-
[I0JIOXKEeHWe OCHOBAHO Ha TOM, YTO IIpeACTaBUTEIN
MepBoOil reHeTHYeckoll JUHUU obutailoT B CeBepHOU
KkoTI0BHHe y MbIca lllapTsaii, npeacTaBuTe I BTOPOH
reHeTUYeCcKol JIMHUY HaceJIAI0T pasjiMyHble y4acTKU
AxafeMudeckoro xpe0Ta, ABJAIIIErocsa TIpaHUIlEH,
pasgessmomei LlenTpaibHyio 1 CeBepHYI0 KOTJIOBUHBL.

lpeacraBurenu popa Altainella w3 Antasa u
MouHrosuu, cyaa no uMmeronMcs B 'enbaHke HyKJIeo-
TUAHBIM NocaenoBaTesibHOCTAM reHa 18S pPHK, aBmisa-
10TcA OGIXalIIiMU pOACTBEHHUKaMU MCCIIeJOBAaHHBIX
Oalikasibckux OaTuHesuA. 'eHeTmyeckas AUCTaHIUA
MeXJy aJTaliCKuM M MOHTOJIbCKMM BHJAaMHU 3TOrO
pona cocraBusia 15% HYKJI€OTHAHBIX 3aMeH, Torga
Kak MexJy OalikaJbCKUMHU IeHeTUYeCKUMU JIMHUAMU
«[MapTtnaii» u «AxkageMudeckuii xpedbet u COCHOBKa» —
9% 3ameH. OgHAaKO OTMETHM, YTO MUHUMAJIbHOE reo-

KC469524_Paradoxiclamousella fideli
JX121235_Paradoxiclamousella sp.

Bathynellinae

Gallobathynellinae
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Puc.4. BpemeHa quBepreHNnY, OlleHEHHBIE C IIOMOIIbI0 paccjaabieHHBIX MOJIEKYJIAPHBIX YacOB Ha OCHOBE HYKJIEOTHUIHBIX
nocsyiegoBaresbHocTer COI i npencrasuresiell Baicalobathynella u Altainella. fIpko-3esieHBIM 0003HaYeHa reHeTUYeCKas JINHUSA
«Axazemuueckuii xpebetr 1 COCHOBKa», XKeJITBIM — reHeTuueckas JuHuA «[llapriai». B rosyosix NpAMOYrojibHUKax gaHbel 95%

JAOBEPUTEJIbHBIE NMHTEPBAJIbI BDEMEHU JUBEPI€HIIVN.

rpaduueckoe paccrosgHue Mexay MbeicoM laprtiail u
AxanemuueckuMm xpe6toMm (y Bosbmioro YmikaHbero
OCTPOBAa) COCTaBJIAET BCEro OKOJIO 25 KM, YTO IIOYTHU B
100 pa3 MmeHblIe, YeM MeXy apeajamMu JBYX OJIN3KO-
POACTBEHHBIX BUIOB poxa Altainella.

Bpewms cymiecTBoBaHuUs ob1ero mpeaka Altainella
U OalikaJIbCKUX GaTUHEJUIN[, CBUAETEJbCTBYEeT O UX
HIIMPOKOM pacipocTpaHeHun B HOxHoii Cubupu u
CeBepHOI1 MoHrosnu BIUIOTH O NO3AHEro oJIMrolneHa—
panHero muoneHa (Puc. 4). 3To reosioruueckoe Bpems
O3HaMEHOBAHO HayajioM IJI00aJIbHBIX WM3MEeHEeHUH B
Batikanbckoil pudToBoil 3oHe (Jloraues, 2003; Mar u
ap., 2011).

Takum o6pa3om, (¢ayHa OatuHesup batikasna
ABJIAETCA [JpeBHEN M0 MPOMCXOXJEHUIO0, BKJIIOYaeT
OoJibllle, 4YeM ABa ONMCAHHBIX B cepeuHe IPOILIJIOr0o
BeKa BH[a, pacIpocTpaHeHa B TpeX KOTJIOBUHAaX o3epa
OT MHTepCTULIMAIN 0 MaKCHMaJIbHbIX IJIyOMH, BKJIIO-
yasg palioHbl C BBIXOJaMH{ I'a30B M TepMaJIbHBIX BOJ.
JlanpHelmue uccaeqOBaHUA OJDKHBI OBITH Hampas-
JIeHBl Ha BBIACHEHHE BHJIOBOTO COCTaBa OaTUHeIUINA,
o0UTaOIX B HHTEPCTUIMAJN U OTKPHITHIX BOJax
Balikasa 1 ero nNpuTOKOB C NpUMeHeHHeM KOMILIeKC-
HOTI'O IIOJXOJa, OCHOBAaHHOTO Kak Ha Mopdosoruye-
CKUX, TaK U Ha MOJIEKYJIIPDHO-TeHeTUYeCKUX JaHHBIX.

5. BoiBOADBI

[TosryyeHHBIE CBefeHUs O MeCcTaX Haxo[oK
OaTUHEIUIN] CBUETEJbCTByeT 00 UX MO3auYHOM
pacmpocTpaHeHU: B 3-X KOTJIOBUHaX o3epa Baiikair.
Barunennuapl, coOpaHHBIE B MeECTaX TEKTOHUYECKHX
pa3yioMOB, OTHeceHBl K BuAy Baicalobathynella cf.
magna. MoJieKyJIApHO-GUIOTeHEeTUYeCKUH  aHaIn3
rnokasaji, 4To uxX OJIMKAWIIMM POACTBEHHUKOM SBJIA-
ercs pof Altainella Camacho, 2020, npencraBuTen
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KOTOpOTO OOMTAalT B MHTepCTULMAIN TOPHON peKu
AxTpy Antas n pexu OHOH B MoHnroysmu. BeiasieHo
CyllleCTBOBAHME [BYX HUBEPreHTHBIX JIMHUEA B. cf.
magna, reHeTH4ecKas QUCTAHIMA MeXay KOTOPBIMU B
cpenHeM cocTaBuia 9,2% HYKJIEOTHUOHBIX 3aMeH, 4TO
COOTBETCTBYeT pa3JjINuMaAM Ha YpOBHEe Pa3HBIX BUJOB.
OBOJIIOLIMA TeHeTHYeCKuX JIMHUK [pUXoAuTcA Ha
Mepuo[] 4acTUYHOH reorpaduveckoil pa3obIeHHOCTU
CeBepHoll 1 lleHTpasbHOI KOTJIOBUH oO3epa balikan
u GOopMHUPOBaHUA €UHOr0 TJIyOOKOBOAHOTO BOJoeMa
(mo3mHMIT MUOLIEH — PaHHUI TJTUOLEH).
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Current assessment of nitrogen and
phosphorus content in the river water and
snow cover of the Southern Baikal basin
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ABSTRACT. The paper presents the results of long-term studies of chemical composition of water of
tributaries and snow cover of the south-eastern and south-western coasts of Lake Baikal. The content
of different forms of nitrogen and phosphorus in river water and snow cover was analyzed. A quanti-
tative assessment of total nitrogen and phosphorus input from the atmosphere to the Southern Baikal
catchment area for 2019-2023 is given. The south-western coast of the lake experiences a great load
in terms of the content of various forms of nitrogen and phosphorus in the snow cover and water of
tributaries. Nitrogen in the snow cover and tributaries of Southern Baikal is represented mainly by its
mineral form. The rivers of the south-eastern coast, which are exclusively atmosphere-fed, are generally
not subjected to anthropogenic impact. In contrast, the minor watercourses of the south-western coast
of the lake (Listvyanka settlement) are significantly influenced by economic activities. The organic form
of phosphorus predominates in the snow cover of Southern Baikal and in river waters of the south-east-
ern coast. In the water of tributaries of the south-west coast phosphorus is found in its mineral form. A

comparison of current data with the results of previous years was carried out.
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1. Introduction

The most detailed hydrochemical studies of the
Southern Baikal tributaries were carried out in the
1950s, in the pre-industrial period. Votintsev et al.
(1965) characterized the ionic and gas composition
and concentrations of biogenic elements. The results
of these studies reflect the natural background in the
region and can be used for comparison with current
data. Recent studies indicated an increase in the input
of phosphorus and nitrogen compounds into the litto-
ral water of Lake Baikal, which can be attributed to an
increased anthropogenic load on the nearshore areas of
the lake. The work showed that high concentrations of
nitrate, ammonium, and phosphate were recorded in
urbanized areas of the lake and in the water of rivers
flowing through settlements and cities (Malnik et al.,
2022; Onishchuk et al., 2022). The input of biogenic
elements resulted in a significant increase in the pro-
ductivity of the biocenoses of the Baikal littoral waters.
This led to the proliferation of macroalgae species that
are not typically found in the lake, a shift in the dom-

*Corresponding author.
E-mail address: onischuk@lin.irk.ru (N.A. Onishchuk)

Received: September 27, 2024; Accepted: October 28, 2024;
Avadilable online: October 31, 2024

1337

inant species at the lake bottom, and a disruption in
the natural distribution of species within the ecosystem
(Kravtsova et al., 2014; Timoshkin et al., 2016).

The settlement of Listvyanka, a well-known tour-
ist destination with a well-developed infrastructure that
includes numerous hotels, cafes, and a large number of
motor and river transports, is one of the most import-
ant sources of nitrogen and phosphorus inputs on the
south-western coast of Lake Baikal. The study of water-
courses (Krestovka River, Bol. and M. Cheremshanka
and Kamenushka streams) flowing through the settle-
ment is being conducted in response to the increasing
anthropogenic load and the threat of eutrophication of
Listvennichny Bay. According to Zagorulko et al. (2014),
Vorobyeva et al. (2017), and Kostyukova (2022), the
water composition of the Krestovka River has changed
significantly over the last 50 years towards a decrease
in water quality. Comprehensive research has demon-
strated that human activity affects not only ground-
water and surface water but also soils, vegetation,
and atmospheric precipitation (Monitoring..., 2010;
Vorobyova et al., 2016; Suturin et al., 2016; Chebunina
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et al., 2018; Yanchuk et al., 2021). In Listvyanka settle-
ment, sustainable pollution of groundwater by nitrate
ions, less frequently by ammonium ions, has been
noted (Naprasnikova et al., 2007; Alekseev et al., 2016;
Alekseev et al., 2018; Alekseeva et al., 2023; Alekseeva
and Alekseev, 2023).

River waters on the south-eastern coast of Lake
Baikal are subjected to nitrogen acidification under
the influence of atmospheric precipitation. The main
sources of atmospheric pollution in this area are the
railway and motorway, as well as the transfer of pol-
lutants from the Irkutsk-Angarsk industrial complex
(Sorokovikova et al., 2015; Sorokovikova et al., 2020;
Sorokovikova et al., 2021). Currently, most of the nitro-
gen compounds entering terrestrial systems with precip-
itation are of anthropogenic origin and are associated
with nitrogen emissions from industrial enterprises and
motor transport. Throughout Russia, emissions of these
gases from stationary sources increased by 11% for the
period 2018-2022 and in Irkutsk region by 3% (State
Review..., 2023; State Report..., 2023).

As it is known, snow cover is a convenient indi-
cator of atmospheric air pollution. The sensitivity of
snow cover to changes in the level of anthropogenic
load in the region enables us to assess the impact of
atmospheric fallout, including nitrogen and phospho-
rus, on the chemical composition of surface waters.

The aim of this work is to assess the current input
of nitrogen and phosphorus compounds from the atmo-
sphere, to study the seasonal and interannual dynam-
ics of these components in the water of the Southern
Baikal tributaries.

2. Materials and methods

The content of nitrogen and phosphorus com-
pounds in the water of 2 groups of the Southern Baikal
tributaries was studied. The first group includes riv-
ers originating on the northern slope of the Khamar-
Daban ridge, which are the most representative of the
changes in chemical composition of river water caused
by pollutants from the atmosphere (Sorokovikova et
al., 2020). These tributaries are fed only by precipita-
tion. The river basins are highly humidified due to their
favorable position in relation to the direction of the
prevailing moisture transport. The largest amount of
precipitation for the Southern Baikal region falls here,
up to 1060-1720 mm, and snow cover thickness can
reach 2 m (Obolkin, 1989).

The second group of rivers flows through the set-
tlement of Listvyanka, which is situated on the western
coast of Southern Baikal on the right bank of the Angara
River source. The streets of the settlement stretch along
the creek valley, where small watercourses flow, the
most abundant of which is the Krestovka River.

Samples were collected from the tributaries of
Southern Baikal, which flow from the north-western
slope of the Khamar-Daban Range, at the river mouths
in different hydrological seasons (March, May, July,
and September) 2019-2023. Taking into account high
pollution of littoral territories of the western coast of
Southern Baikal, observations were carried out monthly
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at watercourses in Listvyanka settlement in two sta-
tions: above the settlement (background station) and
in the estuary part. Snow cover samples were taken
in February (maximum moisture content in the snow
cover) to quantify nitrogen and phosphorus inputs from
the atmosphere. The content of nitrogen and phospho-
rus in snow water was determined and their accumula-
tion in the basins of the studied rivers was calculated.
The scheme of sampling of snow cover and tributaries
of Southern Baikal is presented in Figure 1.

The mineral forms of nitrogen - N . (nitrates,
nitrites, ammonium ions) and phosphorus (phosphates)
P . and their total content (N, P, ) were determined
in river water. From the difference of total and mineral
forms, the organic part (N_, Porg) was calculated. The
concentrations of mineral forms in river water were
determined using a spectrophotometer (PE-5400VI,
Russia). The analysis of nitrite was conducted with
Griess reagent, nitrate with sodium salicylic acid,
ammonium nitrogen by the indophenol method, and
phosphate by the Deniger-Atkins method with tin chlo-
ride as a reducing agent. In snow melts, nitrite and
phosphate were determined in the same way as in river
water, ammonium nitrogen was measured spectropho-
tometrically with Nessler's reagent, and nitrate was
measured by ion chromatography. The total phospho-
rus and nitrogen contents of the samples were deter-
mined on a spectrophotometer following persulfate oxi-
dation to phosphate and nitrate, respectively (Wetzel
and Likens, 2000; Khodzher et al., 2016; Analytical...,
2017).

3. Results and discussion

3.1. Content of nitrogen and phosphorus
compounds in snow cover of the studied
areas

As illustrated, the mean annual concentration of
Ntot in the snow cover of the south-eastern coast of
the lake was 0.66 mg/L, with variations from 0.45 to
1.13 mg/L. The highest mean value was observed in the
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Fig.1. Sampling scheme.
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Pereemnaya River basin (0.78 = 0.21 mg/L), which
is subjected to additional anthropogenic impact due to
the transfer of gas components and impurities (nitrogen
oxides) from industrial sources located in the Irkutsk
agglomeration (Irkutsk, Angarsk, Shelekhov). Snow
cover in the Khara-Murin River basin is characterized
by the lowest content of Ntot (average 0.56%0.09
mg/L). The most “clean” snow cover in terms of the
content of Ntot was recorded in this area in 2020 (0.55
mg/L), while the most “polluted” was recorded in 2019
(0.74 mg/L). Table 1 shows that the majority of the
nitrogen in the snow cover is in its mineral form (on
average, 73%). The highest concentration of this form
of nitrogen in the snow cover was found at the mouth
of the Mishiha River.

The mean long-term P content in the snow
cover of this area was found to vary significantly, from
9 to 109 ug/L (Table 1), with a mean value of 27 =12
ug/L.The Pereemnaya River basin had the highest aver-
age content at 44 pg/L, while the Khara-Murin River
area had the lowest at 2.6 times less. The highest con-
centrations of P_, as well as N_, on the south-eastern
coast were recorded in 2019. Table 1 indicates that
the organic form of phosphorus predominates in the
snow cover of this territory. Its content is on average
76%. The maximum content of P_ was recorded in the
Snezhnaya River basin. The share of mineral P in the
snow cover of the area did not exceed 30%, its maxi-
mum content was recorded in the Utulik River basin.

The mean long-term concentration of N, in the
snow cover of the south-western coast of Lake Baikal
was 1.1 mg/L, with fluctuations from 0.6 to 2.0 mg/L.
The highest average value was observed at the mouth
of the Bol. Cheremshanka River, with concentration of
1.53 = 0.46 mg/L. The atmospheric air in the area of
Listvyanka settlement is subjected to a considerable
anthropogenic load during the cold period. This is due
to the functioning of the local boiler facility burning
fuel oil residue, stove heating and a high volume of
traffic on the automobile road along the settlement
and on the lake ice in this tourist area. Besides, it has
been established that under certain meteorological
conditions, polluted air masses with north-westward
air transfer enter this region from the nearest indus-
trial towns of the Baikal region (Obolkin et al., 2021;
Shikhovtsev et al., 2022). The lowest N, content was
recorded in the snow cover in the upper reaches of the

Bol. Cheremshanka River, 2 times lower than at the
mouth. The same trend can be observed for the snow
cover sampled in the upper and lower reaches of the
other rivers studied in the settlement. The lowest con-
centrations of N in Listvyanka were observed in 2021.
Compared to the south-eastern coast, the N, content
on the south-western coast of Lake Baikal is 1.6 times
higher, which is related to the greater anthropogenic
load on the air environment in the settlement.

Table 2 demonstrates that nitrogen in the snow
cover of Listvyanka settlement, as well as on the
south-eastern coast, is represented predominantly by its
mineral form. The highest content of this form of nitro-
gen was recorded at the mouth of M. Cheremshanka
stream. The maximum content of N, was determined
in the snow cover at the mouth of the Krestovka River.
On both coasts, nitrate nitrogen is the predominant
form of nitrogen in the mineral form. Its content varies
between 71-98%. The share of N__ in the total nitrogen
content in the snow cover of the western coast is anal-
ogous to that of the eastern coast (74%).

The mean long-term concentration of P in the
snow cover of the south-western coast is 61 =32 pg/L,
which is 2.3 times more than on the south-eastern coast.
This value fluctuates considerably, ranging from 10 to
610 pg/L The maximum content was registered in the
lower reaches of the Kamenushka River. The highest
average value was noted in 2022, 2 times higher than
the mean long-term value. The lowest content of P, (26
ug/L) was found in the snow cover of the upper reaches
of the M. and Bol. Cheremshanka streams above the
settlement in the forest zone. We should note that in
the upper reaches of the studied watercourses, above
the settlement, the content of P in the snow cover is
two to four times lower than in the lower reaches of the
rivers, on the territory of the settlement itself.

The calculation of the ratios of different forms
of phosphorus in the snow cover in the upper reaches
of the rivers on the south-western coast of Lake Baikal
revealed that P was the dominant form (Table 2),
as well as on the south-eastern coast. The average P__
content represented 78% of the total phosphorus con-
tent, which was in line with the figure observed on the
south-eastern coast (76%). The highest recorded value
was observed at the mouth of the Bol. Cheremshanka
stream. The highest contribution of P_, was recorded
in the snow cover at the mouth of the Krestovka River.

Table 1. Content of different forms of phosphorus and nitrogen in snow cover in the basin of tributaries of the south-eastern

coast of Lake Baikal, 2019-2023.

Rivers Range of % from P, Range of % from N,
concentrations concentrations
P, . ug/L P .. org N, mg/L N NOrg
Utulik 9-88 29 71 0.58-0.83 72 28
Solzan 12-88 18 82 0.54-0.78 74 26
Khara-Murin 9-31 23 77 0.45-0.64 72 28
Snezhnaya 10-46 14 86 0.49-0.70 69 31
Pereemnaya 14-109 20 80 0.58-1.13 73 27
Mishiha 10-60 26 74 0.61-0.78 78 22
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Table 2. Content of different forms of phosphorus and nitrogen in snow cover in the basin of tributaries of the south-western

coast of Lake Baikal, 2019-2023.

Watercourses Range of % from P, Range of % from N,
concentrations concentrations
P g /L P P N, mg/L N N
Bol. Cheremshanka, estuary 40-127 6 94 0.78-2.00 80 20
Bol. Cheremshanka, beyond the 22-29 25 75 0.60-0.86 72 28
settlement
M. Cheremshanka, estuary 10-75 13 87 0.76-1.87 88 18
M. Cheremshanka, beyond the 22-30 20 80 0.67-0.81 69 31
settlement
Krestovka, estuary 23-127 37 63 0.73-1.51 65 35
Krestovka, beyond the settlement 17-59 23 77 0.69-0.79 76 24
Kamenushka, estuary 60-610 32 68 0.89-1.65 67 33
Kamenushka, beyond the 34-70 23 77 0.76-1.91 77 23
settlement
Based on long-term data, the accumulation of According to the data of snow measurement sur-
P . and N _ in the snow cover of the studied areas was veys and monitoring of atmospheric precipitation at
calculated. Figure 2 illustrates that the accumulation Listvyanka station in 2019-2023 and at Tankhoy station
of total nitrogen varies in the range of 28-103 mg/m?. (south-eastern coast of the lake) in 2023, the annual
The accumulation of this compound is, on average, fallout of total nitrogen and phosphorus from the atmo-
1.5 times higher on the south-eastern coast due to a sphere to the underlying surface was calculated and
greater moisture content (2-3 times), with a maximum their input to the water area of Southern Baikal was
at the estuary of the Snezhnaya River. In Listvyanka, estimated (Table 3). The values of fallout of P, do not
the basin of the Kamenushka River exhibits the highest differ much on the studied coasts of Southern Baikal,
accumulation of N_. The accumulation of P_, in snow as can be seen. Precipitation of N on the eastern coast
cover was found to vary from 1.1 to 8.3 mg/m? The is 34 % higher due to a greater (2 times) amount of
lowest accumulation was recorded at the estuary of precipitation.
the Mishiha River, while the highest was found in the We made certain assumptions to enable com-
lower reaches of the Kamenushka River. A comparison parison of our data with those obtained previously (in
of the average values of phosphorus accumulation in 1986-1987) for the entire lake. The analysis of data
two areas of Southern Baikal revealed a higher accu- from long-term monitoring of atmospheric precipita-
mulation (1.9 times) on the south-western coast, which tion at Listvyanka station showed that the concentra-
can be attributed to higher concentrations in the lower tions of N in snow and rainfall fallout do not differ
reaches of the Kamenushka River. With the exception much. The content of P in warm periods is, as a rule,
of this area, the accumulation of this compound in the two times higher. Therefore, due to the lack of data on
snow cover on the two coasts is at the same level and the content of the studied compounds in the rainfall in
does not exceed 3 mg/m?. Middle and Northern Baikal, their average concentra-
N
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Fig.2. Accumulation of total phosphorus and total nitrogen in the snow cover of the south-eastern and south-western coasts

of Lake Baikal, mg/m? (2019-2023).
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Table 3. Atmospheric inputs of total phosphorus and nitrogen to the Lake Baikal water area (in the numerator, range of
fluctuations, in the denominator, average values), 2019-2023.

Study area

Annual fallout,
t/km? per year

Southern basin
(7,432 km?), ths. t/year

Water area of Lake Baikal
(31,722 km?), ths. t/year

L A

P Nig L™

0.027 0.50
0.030 0.67

Whole lake 0.008-0.057 0.16-1.1
(2019-2023) 0.017 0.33

Whole lake - -
(1986-1987) *

South- western coast

South- eastern coast

0.20 3.7 - -
0.22 5.0 - -

e
&
—

° o
o

(o]

o
> o

£
|

Note: * - Atlas of Lake Baikal, 1993.

tions in the snow cover sampled in different locations
of the lake’s coast and water area were taken to calcu-
late annual nitrogen fallout. The mean annual content
of P, in moist fallout was found taking into account
its large values in warm periods. The concentrations
determined in this way were multiplied by the annual
amount of precipitation in different regions of the lake,
1320 mm for Khamar-Daban station (Southern Baikal)
and 190 mm for Uzur station (Olkhon Island, Middle
Baikal). The precipitation amount was taken from the
work by Obolkin and Khodzher (1990). Table 3 pres-
ents the minimum and maximum values of inputs to the
lake water area. Due to a significant difference in pre-
cipitation amount at the selected stations (7 times), the
range of fluctuations is rather wide. The mean values,
which seem to be more reliable, are calculated from
the average for Lake Baikal precipitation (400 mm)
(Obolkin, 1989).

Our findings show that over the past 35 years, the
input of N, from the atmosphere to the Baikal water
area has increased by an average of 1.5 times, while
the P input has not changed (Table 3). It is important
to note that these are the first estimates of the input
of selected compounds to the water area of the whole
lake. Therefore, they are preliminary and require fur-
ther, more detailed studies of the content of organic
forms of phosphorus and nitrogen in atmospheric fall-
out in Middle and Northern Baikal area. The observed
increase in fallout of N, from the atmosphere com-
pared to the 1980s is probably caused by an increase in
nitrogen oxide emissions from stationary sources and in
the number of motor vehicles, as they now occupy the
leading place in environmental pollution.

3.2. Content of nitrogen and phosphorus
compounds in the water of tributaries of
the south-eastern coast of Lake Baikal

Analysis of long-term data showed that the con-
tent of P_ in the water of tributaries of the south-eastern
coast of Lake Baikal is mainly low, at 1-12 ug/L. Higher
concentrations were registered only in the water of the
Snezhnaya River in summer (up to 23 pg/L) (Fig. 3).
This river is the largest and most abundant watercourse
in the area, with a length of more than 170 km. An
increase in the concentrations of P in summer in the
water of this river and in other rivers (Utulik, Mishiha)
is probably linked to the increase in the content of
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Fig.3. Seasonal and interannual dynamics of the content
of total phosphorus and total nitrogen in the water of tribu-
taries of the south-eastern coast of Lake Baikal, 2019-2023.

organic matter as a result of summer phytoplankton
vegetation. No seasonal dynamics could be detected in
other tributaries of this area. A decrease in the concen-
tration of P in 2022-2023 is probably related to the
high water content of rivers in these years.

As is the case with snow cover, the organic form
of phosphorus dominates in tributary water, account-
ing for 58-97% of the total phosphorus content (aver-
age 73%); therefore, the mean annual values of P and
the dynamics of concentrations basically coincide with
those of P, The mineral form of P in rivers has a very
low content, with an average annual value of 1 pg/L
Maximum concentrations of P_. were recorded in win-
ter and spring reaching up to 5 pg/L, while in summer,
due to bioaccumulation by algae, they decreased to
trace values (Table 4).

The content of N, in the water of tributaries var-
ied from 0.12 to 0.51 mg/L. The highest concentrations
were recorded in the Utulik and Solzan rivers, with
mean annual values of 0.45 and 0.39 mg/L, respec-
tively. The lowest recorded concentration, with mean
annual values of 0.21 and 0.24 mg/L, was observed in
the Pereemnaya and rivers (Fig. 3).
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Table 4. Seasonal dynamics of the content of different forms of phosphorus in the water of tributaries of the south-eastern

coast of Lake Baikal, 2019-2023.

Rivers Winter Spring Summer Autumn
Pt Poin Pog P Poin Pog P Poin Po P Poin ng_
pg/L | %fromP, | pg/L| %fromP, | pg/L | %fromP, | pg/L | % fromP,
Utulik 1-10 18 82 4-9 3 97 3-11 22 78 1-5 31 69
Solzan 1-11 11 89 2-6 42 58 3-8 37 63 1-5 23 77

Khara-Murin 3-13 25 75 4-9 16

84 3-10 19 81 1-4 20 80

Snezhnaya 2-10 [ 30 70 | 2-12 9 91 | 6-23 9 91 1-3 26 74
Pereemnaya | 3-12 | 21 79 3-5 25 75 3-9 30 70 2-6 28 72
Mishiha 6-13 | 42 58 3-9 20 80 | 311 | 35 65 4-6 13 87
Selenga* 36-52 26-198 52-112 21-43
41 84 79 31

Note: *Sorokovikova et al. (2018), in the numerator is the range of concentrations, in the denominator is the mean

concentration.

In contrast to phosphorus, which was predom-
inantly in its organic form for the majority of the
year, the mineral component (on average, 70% of
N, ) was the dominant in the composition of nitrogen.
Concentrations of N_. during the study period varied
from 0.07 to 0.47 mg/L. In winter, the share of N_.
reached 79-92 % of the total content. In summer, plank-
ton development and input of organic matter from the
basin caused some decrease in concentrations of N_.
and increase in N,/L to 0.29 mg/L); however, mineral
nitrogen prevailed in the water of most rivers even in
this period (Table 5).

The contribution of nitrates (90-100% of the
content of N_. ) is the primary cause of the high relative
content of N_. in the water of rivers that flow from the
Khamar-Daban ridge. Nitrate nitrogen concentrations
in the water of rivers during the study period varied
from 0.08 to 0.47 mg/L. The highest values of this com-
ponent were observed in winter and during the flood
period, while the lowest values were recorded in sum-
mer. Content of ammonia nitrogen in tributary water
was usually below 0.01 mg/L, and only during high
water or high summer floods concentrations increased
up to 0.04 mg/L (about 10% of N__ ). Nitrite nitrogen
in the river water was either absent or recorded in trace
amounts (below 1 pg/L).

Compared to the data of the 1950s (Votintsev et
al., 1965), nitrate nitrogen concentrations in the waters

of tributaries of the south-eastern coast have increased
by 40-60 % in the present period. The content of phos-
phate phosphorus remained almost unchanged.

3.3. Content of nitrogen and phosphorus
compounds in the water of tributaries of
the south-western coast of Lake Baikal

In Bol. and Mal. Cheremshanka, streams show
higher concentrations of P_, in the estuaries than in the
upper reaches between 2019 and 2023 (Fig. 4). The
Krestovka River and Kamenushka Stream statistics,
however, show a different trend. Certain years (2020
and 2023 for the Krestovka River, 2021 and 2023 for
Kamenushka Stream) have a higher content of P, in
the upper reaches.

The results of our study indicate that the con-
centration of P_ in the estuary of the Krestovka River
ranged from 3 to 190 ng/L, with an average value of 19
ug/L; above the settlement, the concentration ranged
from 3 to 74 pg/L, with an average value of 18 ug/L
(Table 6). Based on the available literature, the con-
centration of this component in the Krestovka water
between 2008 and 2011 was within the range of 10 to
360 ug/L From January to August 2012, the average
total phosphorus content was 37 pg/L, with a maxi-
mum of 90 pg/L (Zagorulko et al., 2014).

Table 5. Seasonal dynamics of the content of different forms of nitrogen in the water of tributaries of the south-eastern coast

of Lake Baikal, 2019-2023.

Rivers Winter Spring Summer Autumn
N, [N | N N, [N | N N, [N, | N N, [N | N
mg/L | o from N . mg/L | o from N . mg/L | o from N . mg/L | o from N, .
Utulik 0.44-0.51| 91 9 10.42-0.44| 53 47 10.39-0.50| 71 29 10.39-0.50| 82 18
Solzan 0.37-0.45| 92 8 10.37-0.50| 80 20 10.31-0.40| 60 40 10.31-0.37| 67 33
Khara-Murin |0.26-0.53| 79 21 10.25-0.37| 56 44 10.20-0.31| 57 43 10.19-0.24| 78 22
Snezhnaya |0.29-0.37| 88 12 10.26-0.43| 57 43 10.27-0.43| 48 52 10.19-0.23| 81 19
Pereemnaya |0.20-0.31| 87 13 10.24-0.37| 73 27 10.14-0.47| 52 48 10.15-0.39| 56 44
Mishiha 0.19-0.22| 84 16 ]0.23-0.25| 52 48 10.12-0.31| 40 60 |0.18-0.34| 47 53
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Fig.4. Interannual dynamics of total phosphorus content in the water of tributaries of the south-western coast of Lake Baikal,

2019-2023.

Our data indicate a direct correlation between
the interannual dynamics of phosphorus (P, ) content
in tributaries of the south-western coast of Lake Baikal
and tourist traffic. In 2020, there was a significant
decrease in total phosphorus in the water of all water-
courses of Listvyanka settlement, which was most likely
related to restrictive measures on visiting tourist loca-
tions because of the COVID-19 incidence. The decrease
in the concentration of P_, in all watercourses in this
period compared to 2019 was 2-fold (Fig. 4). According
to the data (State Report..., 2023), the number of tour-
ists visiting Irkutsk region decreased from 1728 thou-
sand in 2019 to just 938 thousand in 2020. In 2021,
after the removal of restrictive measures, the annual

average concentration of total phosphorus in water-
courses increased coupled with the growth of tourist
flow (1241 thousand) in Listvyanka settlement.

The concentration of P in the water of the trib-
utaries on the south-western coast is 3-17 times higher
than on the south-eastern coast of the lake. The content
of this component in the water of the Selenga River (the
main tributary of the lake) in the period 2010-2016
was as follows: 31 pg/L in autumn, 84 pg/L in spring,
with a mean annual value of 59 pg/L (Table 4). These
concentrations are comparable to those in the streams
of Listvyanka settlement (Table 6). The average annual
concentration in the Krestovka River was three times
higher.

Table 6. Content of different forms of phosphorus and nitrogen in the water of tributaries of the south-western coast of Lake Baikal,
2019-2023. In the numerator is the range of concentrations, in the denominator is the average content for the observation period.

Watercourses Range of % from P, Range of % from N,
concentrations concentrations
P o hg/L P P N, mg/L Noio N

Bol. Cheremshanka, beyond the 1-62 37 63 0.12-2.57 59 41
settlement 15 0.74

Bol. Cheremshanka, estuary 5-221 71 29 0.5-28 78 22
3.15

M. Cheremshanka, beyond the -140 41 59 0.12-2.56 28 72
settlement 31 0.66

M. Cheremshanka, estuary 5-400 66 44 0.23-14 70 30

71

Krestovka, beyond the settlement 3-74 40 60 - 31 69
18 0.40

Krestovka, estuary 3-190 39 61 0.15-4 45 55
19 0.60

Kamenushka, beyond the 11-190 60 40 0.19-5.57 55 45
settlement 38 0.72

Kamenushka, estuary 16-235 71 29 0.18-4.68 65 35
70 1.20
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Figure 5 presents the dynamics of the total nitro-
gen content in the water of the tributaries of Listvyanka
settlement. Concentrations in the water of watercourses
have decreased compared to 2019, which is proba-
bly linked to a reduction in tourist activity. The con-
tent of N was definitively decreasing in Bol. and M.
Cheremshanka streams in 2021. In terms of total phos-
phorus, there is a clear increase in the concentration
of N, downstream of the river. The content of N, in
Bol. and M. Cheremshanka streams increases by 5-10
times from upstream to the estuary. In the Krestovka
river, its concentration changes insignificantly along
the river flow, increasing 1.5 times to the estuary
and 2 times in the Kamenushka stream. The results of
the groundwater study in Listvyanka settlement also
revealed a decrease in nitrate nitrogen concentrations
in water over the period 2018-2021. The authors attri-
bute this to two factors: an increase in precipitation in
the region, which resulted in increased groundwater
aquifer recharge and groundwater surface water eleva-
tion, and the elimination of anthropogenic sources of
groundwater contamination (Alekseeva et al., 2023).

The concentration of total phosphorus and nitro-
gen increases along the course of streams, as does the
change in their form of location (Table 6). The share of
mineral forms of phosphorus and nitrogen increases in
all streams upstream of the estuary. In the watercourses
of M. and Bol. Cheremshanka, N_, is represented by
91% and 98% nitrate nitrogen, respectively. For the
waters of the Krestovka River, the share of nitrate nitro-
gen is 79% and ammonium nitrogen is 20% of the total
content of N_. in the waters of the Krestovka River, and
for the waters of the Kamenushka River, 75 and 24%,
respectively.

The concentration of N in the waters of the trib-
utaries on the south-western coast is 2-10 times higher
than that observed in the south-eastern coast of the
lake.

Krestovka
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0.6
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2 o0s
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mbeyond the settlement

mg N/L

mg N/
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Determination of total nitrogen in the water of
tributaries of the south-western coast of Lake Baikal
was not carried out before, therefore the nitrate con-
tent as a component of mineral nitrogen is compared.
The nitrate nitrogen content of the Krestovka River
in 1950-1955 was found to vary from O to 0.14 mg/L
with an average value of 0.05 mg/L (Votintsev et al.,
1965). The concentrations of this component were
higher in 2007-2012, at 0.02 - 0.23 mg/L, averaging
0.08 mg/L (Zagorulko et al., 2014). The range of vari-
ation for the period 2019-2023 was 0.02-1.01 mg/L.
The average nitrate concentration was found to be five
times higher than that observed 70 years ago, and three
times higher than that observed 10 years ago. For Bol.
Cheremshanka stream, nitrate content was recorded at
a range of 0.02-0.81 mg/L between 1950-1955, with
an average value of 0.33 mg/L. In 2019-2023, the con-
centration of this component ranged from 0.18 to 5.4
mg/L. The average value was six times higher than that
recorded in the 1950s.

4. Conclusion

Thus, a comprehensive assessment of the air and
water environment in the Southern Baikal basin, based
on a long-term study of river and snow waters, allowed
us to conclude on the factors of formation of the chemi-
cal composition of the waters of Lake Baikal tributaries
on the south-western and south-eastern coasts, identify
the causes affecting the spatial and temporal dynamics
of concentrations of total phosphorus and nitrogen in
snow and river waters, and quantify the levels of N and
P accumulation in the snow cover of the studied areas.

The content of N, on the south-western coast of
Lake Baikal is 1.6 times higher than on the south-east-
ern coast, this fact is correlated to the greater anthropo-
genic load on the air environment in Listvyanka settle-
ment. The mean annual concentration of P in the snow

Bolshaya Cheremshanka

w

2019 2020 2021 2022

Malaya Cheremshanka

2019 2020
= estuary

2021

(=]

0;

o
[
[*]
f=]
]
i

Fig.5. Interannual dynamics of total nitrogen content in the water of tributaries of the south-western coast of Lake Baikal,

2019-2023.
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cover of the south-western coast is 2.3 times higher than
on the south-eastern coast. Since the 1980s, the atmo-
spheric input of N from the atmosphere to the Baikal
water area has increased on average by 1.5 times, while
the input of P has not changed significantly.

Low concentrations of total phosphorus and
nitrogen were detected in the waters of tributaries on
the south-eastern coast of the lake because of their
higher water flow and less anthropogenic load on
their catchment area. Changes in the content in differ-
ent years are mainly determined by climatic changes
of regional origin. Seasonal dynamics of nitrogen and
phosphorus concentrations for these rivers is primarily
related to natural processes occurring in water bodies.

On the south-western coast, the anthropogenic
factor has a great influence on the formation of the
chemical composition of water of the lake tributaries
and snow cover. The content of total phosphorus and
nitrogen in the water downstream of the rivers in the
territory of Listvyanka settlement increases, and in the
snow cover at the estuary areas the concentrations
increase 2-4 times.

The Krestovka River, with the largest water flow
of all the watercourses in the Listvyanka settlement, is
the least affected by anthropogenic impact. This leads
to a reduction in pollutant concentrations in the water
due to dilution.

The inter-annual dynamics of phosphorus and
nitrogen content in the watercourses of Listvyanka set-
tlement revealed a direct correlation of tourist load on
the chemical composition of water in this area. With
restrictions on tourist visits to Listvyanka settlement
during the pandemic in 2020-2021, the content of
total phosphorus and nitrogen in rivers and snow cover
decreased.

When comparing the relative composition of
river waters of the two coasts of Southern Baikal, the
predominance of mineral forms of nitrogen and phos-
phorus in the estuaries of the rivers of the south-western
coast was noted, which can be considered an indicator
of the influence of human activity on the processes of
water formation. The predominance of organic forms
of phosphorus in the river waters of the south-eastern
coast is an indicator of natural processes in the river
catchment.

The study revealed an increase in nitrate nitro-
gen concentrations in the waters of the tributaries in
the present period. The total amount of nitrogen enter-
ing Lake Baikal from the atmosphere has increased.
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CoBpemeHHan OLeHKa coaep)XaHUA a3oTa
u docPpopa B peuHou BoAe H CHEIXHOM
nokpose B 6accenHe l0O)xnoro bankana

Onumyk H.A.", TomGepr U.B.", Hepetaesa O.T'.

JIumHostoeuneckuti uHcmumym Cubupckozo omdesteHua Poccuiickoti akademuu Hayk, Yian-Bamopckas, 3, Hpkymck, 664033,
Poccusa

AHHOTAILIUA. B craTtbe nprBefeHbl pe3yJIbTaThl MHOTOJIETHUX HCCJIeOBAaHUIN XMMHYECKOT0 COCTaBa
BOABl IIPUTOKOB M CHEXHOTO IIOKpPOBa IOT0-BOCTOYHOIO U IOro-3amafgHOro nobepexuii o3. Baiikai.
[TpoaHaIM3KMpOBaHO coAepXaHue pasHbX Gpopm a3oTa u pocdopa B peuHBIX BOJAX U CHEXXHOM IIOKPOBE.
JlaHa KojiuecTBeHHas OljeHKa OCTyIUIeHNs obmero azora u pocdopa 13 atmocdepsl Ha BOOOCOOPHEII
6accelit I0xHoro batikasa 3a 2019-2023 rr. BoJiblitylo HarpysKky 1o cofepkaHuio pasHbex GopM a3oTa
u pocdopa B CHEKHOM IIOKPOBE U BOJie IPUTOKOB MCIBITBIBAET I0T0-3anafHoe obepexbe o3epa. A30T
B CHEXHOM IIOKpOBe U npurtokax IOxHoro Balikayia npefcTaBjieH IIpeHMYyIIeCTBEHHO ero MUHepaJsib-
HOU (opMoii. Peku 10ro-BOCTOYHOI'O MOOEPEXbsi, UMEOIIME UCKIIIOYNUTEIFHO aTMOCchepHOe MUTaHUE, B
OCHOBHOM MaJIO NIOJBepXKeHbl aHTPOIIOIreHHOMY BO3/elCTBUIO, B TO BpeMs Kak MaJible BOJOTOKU I0ro-3a-
najHoro mnob6epexpsa o3epa (moc. JIMCTBAHKA) KCHOBITHIBAIOT 3HAYMTEJIbHOE BJIMAHNE XO3AMCTBEHHOMN
JeATesIbHOCTU. B cHexxHOM nokpoBe HOxHoro balikasia 1 B peuyHBIX BOJax I0r0-BOCTOYHOI'O Iobepexbs
npeobiamaer opraHndeckas ¢opma ¢ochopa. B Boe MpUTOKOB H0ro-3anagHoro nodepexnsa docdop
IIpeficTaBjIieH ero MuHepajabHON GopMmoii. [IpoBejeHO cpaBHeHNEe COBPEMEHHBIX NAaHHBIX C pe3yJbTa-
TaM¥ IIPOILIBIX JIET.

Kioueawie cnioea: nputoku I0xHoro batikana, CHexXHBIN TOKPOB, pocdop, a3oT, noc. JIncTesaHka

Jla nutupoBaHusa: OHumyk H.A., Tom6epr U.B., Henpertaesa O.I'. CoBpeMeHHas oIleHKa cojiepaHus azoTa 1 ¢pocdopa B ped-
HO BOJIe I CHEXXHOM ITOKpoBe B OacceriHe FOxHoro Bafikasna // Limnology and Freshwater Biology. 2024. - No 5. - C. 1337-1356.
DOI: 10.31951/2658-3518-2024-A-5-1337

1. Beepenue BIJI BBICOKYI0 ITPOAYKTUBHOCTh OMOLIEHO30B IIpubpex-

HBIX BoJ Balikasia, 4To mprBeJIo K MacCOBOMY Pa3BUTHIO
He CBOMCTBEHHBIX JIJIs1 03epa BUOB MAaKPOBOIOPOCJIEN,
CMeHe [JOHHBIX abOpUTreHHBIX BUOB-JOMUHAHTOB U
HapylmIeHNI0 €CTEeCTBEHHOM [JIi SKOCHUCTEMBI TOSIC-
HOCTH B ux pacmpefeneHun (Kravtsova et al.,, 2014;

Hawubosiee noapoOHbIe THAPOXUMUYECKHE UCCIIe-
JoBaHuA NpuTokos HOxHoro Balikana MpoBOOWINCH B
50-x ropgax DIpoOLLJIOr0 BeKa, B AOWHAYCTpHUAJIbHBIN
nepuoA: OblJIa JaHa XapaKTepUCTHKAa MOHHOIO, raso-

BOI'0 COCTaBa W KOHIIEHTpaluil OMOTeHHEBIX 3JIEMEHTOB
(BoruHIieB u ap.,1965). Pe3yabTaTsl 3TUX KUCCIIEI0BA-
HHUI OTPaXarmT eCTeCTBEHHHBIN IPUPOJHBIN (POH B peru-
OHe U MOTyT OBIThb MCIOJIb30BaHBI AJIA CPaBHEHUs C
COBpeMeHHBIMM AaHHBIMU. McciefoBaHUA NOCTIeIHUX
JIeT CBUJETEJIbCTBYIOT O YBEJMYEHUM MOCTYIUJIeHUs B
npubpexHylo BoAy balikana coenuHenuii ¢ocdopa
U a3oTa B pe3yJibTaTe MOBBIIEHUA aHTPOIOTe€HHOU
Harpy3ku Ha IpuOpexHble palioHbl o3epa. PaboTh
MoKasajiM, 4To B ypOaHM3MPOBAHHBIX palloOHax 03epa,
B BOJIe PeK, MPOTeKawINX Yepe3 MOCeJKU U ropofa,
perucTpupoBaIn BBICOKME KOHIIEHTpalu{d HUTPAaTOB,
ammonus u ¢ocdaros (Malnik et al., 2022; Onishchuk
et al., 2022). IIpUTOK GMOTEHHBIX DJIEMEHTOB 06YCIIO-
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Timoshkin et al., 2016).

Ha 1oro-3anagaom nob6epexsbe o03. batikan oqHuM
n3 HauboJiee 3HAYMMBIX MCTOYHUKOB IOCTYILJICHUA
asora u ¢pocdopa sABAeTCA nocesiok JINCTBAHKA - HOMy-
JIIpHOE TYpUCTHUYECKOE MeCTO, rjae pasBuTta uHdpa-
CTPYKTypa € OOJIBIINM KOJIMYeCTBOM TOCTHUHUIL], Kade
U C BBICOKMM TpapuKOM aBTOMOOWJIBHOTO U PEYHOIO
TpaHcnopTa. VccienoBaHus BogoTokos (p. Kpecroska,
pyublu Bou. u M. Uepemmianka, Kamenymika), nporeka-
IOIIMX 4Yepe3 MOCEJIOK, IPOBOAATCA B CBA3U C BO3pac-
TaHHeM aHTPONOreHHOU Harpy3ku U yIpo30i 3BTPO-
¢dukanuu 3anuBa JlncTBeHHUYHBI. [1o TuTepaTypHEIM
naHHBM (3aropyJssko u np., 2014; BopobeeBa u Aap.,
2017; KocTtiokoBa, 2022), coctaB BoAsl p. KpecToBka

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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3a mocienHue 50 JieT 3HAYUTEJIBHO U3MEHWJICA B
CTOPOHY CHIXEHHUsS KadecTBa BOJbl. B KOMILIEKCHBIX
HccieIoBaHUAX ObLIO MOKa3aHo, YTO aHTPOIIOreHHOMY
BO3/IeHICTBUIO MOJBEPraTCcsA He TOJbKO MOA3eMHbIE U
MOBEPXHOCTHBIE BOABI, HO U aTMocdepHble ocajiku, pac-
TUTEJIbHOCTB, nouBkl (Heuaesa u ap., 2010; BopobréBa
u ap., 2016; CyrypuH u ap., 2016; YebynuHa u ap.,
2018; fAnuyk u ap., 2021). OrMmevaercs, YTO B TOC.
JIucTBAHKA NPOUCXOOUT YCTOWUYMBOE 3arps3HeHUe
TPYHTOBBIX BOJ HUTpAT-UOHaMH, pexe MOHaMU aMMO-
Hua (HampachHuxoBa u fp., 2007; AnekceeB u Ap.,
2016; AnekceeB u ap., 2018; AsnekceeBa U AJieKcees,
2023; AnekceeBa u Jip., 2023).

Ha roro-soctouHoMm mnobepexbe Baiikana peu-
Hble BOJBI IOJBEPXXEHBl A30THOMY 3aKHCJIEHUI0 MO
Bo3JeiicTBueM aTMocdepHBIXx ocagkoB. OCHOBHBIMU
WCTOYHMKaMM 3arpsi3HeHus atMocdepsl B 3TOM pali-
OHe ABJIAIOTCA Xeje3Has Jopora U aBTOMOOUJIbHAA
Tpacca, a Takxe IepeHOC 3arps3HsAIINX BelecTB OT
VpkyTcko-AHrapcKoro IpPOMBIILIEHHOTO KOMILJIeKca
(CopokoBukoBa u Ap., 2015; Sorokovikova et al., 2020;
Sorokovikova et al., 2021). B HacTosmee BpeMs 60J1b-
mas 4acTh COeJUHEeHUI a30Ta, NOCTYMAaoNINX B Ha3eM-
Hble CHUCTeMbl ¢ aTrMochepHBIMU OcajJKaMu, HMeeT
TeXHOTeHHOe IPOMCXOXJeHUe U CBs3aHa C 3MUCCHell
a30Ta MPOMBIILJIEHHBIMU IPeAIpUATUAMUI U aBTOTPaH-
crioptoM. [To Poccuu BBIGPOCH 3TUX ra30B OT CTAIMO-
HapHBIX UCTOYHUKOB 3a nepuon 2018-2022 rr. ysesnu-
ynnck Ha 11%, B pkyTckoii obsactu — Ha 3% (O630p
cocTosHuA..., 2023; T'oc. Jlokia..., 2023).

Kak 13BecTHO, CHEXXHBIN IOKPOB fABJIAETCA Y00-
HBIM MHAUKATOPOM 3arpsi3HeHUs aTMochepHOro BO3-
ayxa. YUyBCTBUTEJIBHOCTb CHEXHOrO MOKPOBa K HM3Me-
HEHUI0 YPOBHs aHTPONOTreHHON Harpy3Ku B pervoHe
MO3BOJIAET OLIEHUTh BJIMSAHUE aTMOc(epHBIX BhHIIafe-
HUI, B TOM uucJie a3oTta u pocdopa, Ha XUMUUECKUIT
COCTaB NMOBEPXHOCTHBIX BO/I.

Llenpio paboTHl cTaja OIeHKAa COBPEMEHHOIO
MOCTYIJIEHUs coeIUHeHNII a3ota U pocdopa us aTMmoc-
(depsl, U3yueHre CE30HHON U MeXroJJ0BOU JUHAMUKU
3TUX KOMIIOHEHTOB COJEepXaHUs B BOJe IPUTOKOB
IOxHoro Batikaa.

2. MaTepuanbl U MeTOAbI MCCAEAOBAHMA.

HM3yueHO coAepkaHue coeUHEHUH asoTa u Qoc-
dopa B Bome 2 rpymm mpurokoB HOxHoro Baiikama.
IlepBas rpynna — peky, Oepylire Hayajio Ha CeBepHOM
ckjoHe xpebra Xamap-/labaH, HauboJiee penpeseHTa-
TUBHO OTpaxaliye N3MeHeHUs XMMUYeCcKoro cocraBa
PEeYHBIX BOJI, BEI3BaHHBIE NOCTYyIJIEHNUEM 3arpA3HAIOLIINX
BemecTB u3 atmocdepsl (Sorokovikova et al., 2020).
[lutanye 5TUX IPUTOKOB OCYIIECTBJIAETCS UCKIIIO-
YnTeJbHO arMocgepHBIMH ocaAkamu. bacceliHbl pek
OTJIM4YaeTcs BBICOKOHM YBJIQXXHEHHOCTBIO BCJIEICTBHE
6J1aronprATHON OPHEHTAalMy 10 OTHOIIEHHIO K HallpaB-
JleHuIo IpeobJiafaloliero BjaaromnepeHoca. 3aech BhIIIa-
JaeT HauboJibniee A K0xuHoro Ilpubaiikaiba Kojnye-
cTBO ocajkoB A0 1060-1720 MM, TOJIMHA CHEXHOI'O
okposa MoxeT gocturatb 2 M (O6oskuH, 1989).

Bropas rpynma pek IpoTekaeT IO IIOC.
JIncTBsAHKA, KOTOPHII pacloJIoXXeH Ha 3araJHoM Oepery

1348

IOxHoro Baiikana 1o npaByl0 CTOPOHY OT MCTOKa p.
AHxrapa. Yaunsl mocejka TSAHYTCA BJAOJIb PaclagKoB,
rje IpoTeKkanT HeboJbIIKie BOOJOTOKH, CAMBIM MHOTO-
BOJHBIM U3 KOTOPHIX fABjAeTcA p. KpecToBka.

B mputokax IOxHoro Baiikasna, cTekamlmux C
ceBepo-3allalHOro0 CKJIOHA Xp. Xamap-ZlabaH, mpoObl
0oTOMpAaJKCh B YCThAX pPeK B pa3Hble TMAPOJIOTNYecKue
ce30HH (MapT, Mai, Hi0Jib, ceHTsA0pb) 2019-2023 rr.
YuuThiBasg BBICOKYI0 3arpsA3HEHHOCTb NPUOpPEeXHBIX
TeppuTOpHil 3anagHoro nodepexsbsa I0xHoro Baiikana,
Ha BOJOTOKax B Ioc. JINCTBAHKA HaOI0AeHUsA IPOBO-
JWINCh eXeMeCAYHO B ABYX CTBOpax: BHIIIE IIOCeJKa
(dboHOBRBINT CTBOpP) U B yCTheBO 4dacTu. [[JisA Kojmye-
CTBEHHOMH OIleHKH IOCTYIUIeHus asoTra u ¢ocdopa us
armocdepsl B ¢eBpane (MakCHMaJIbHBIM BJarosamnac
B CHEXHOM IIOKpOBe) OTOMpaIncCh NPOOBI CHEXHOT'O
IIOKpoBa. B cHeroBoil Bojie olipefesisjioch cofepXXaHue
asoTta u ¢ocdopa, pacCUMTEHIBAJIOCh UX HaKOIJIeHNUe B
bacceiiHax u3ydaeMbix pek. Cxema oTbopa mpob cHex-
HOro nokposa u nputokos H0xHoro batikana npeacras-
JeHa Ha PucyHke 1.

B peuHoll Boge ompedesAJNCh MHHepaJIbHbIE
dopmsbl azoTa (HUTpaThl, HUTPUTH], MOHB aMMOHUA) U
docdopa (pocdaTsl), a Takke Ux oblllee coAepKaHue.
[To pasHuie oOUMX U MUHepaJIbHBIX (GOPM pacCUUTHI-
BaJI OpraHuYecKylo YacTb. KoHIleHTpanuu MuHepab-
HBIX GOpPM B peuHOH Bojie U3MepsIu Ha creKTpodoTo-
metpe I13-5400BU (Poccusi): HUTPUTHI — C peaKTUBOM
I'pucca, HUTpaATH — € CaAJMIUJIOBOKHMCJIBIM HaTpueM,
aMMOHUUHBIN a30T — MHAO(QEHOJIbHEIM MeToI0M, doc-
datel — MmeToAoM JleHMXKe-ATKUHCA C XJIOPUCTHIM OJIO-
BOM B KauecTBe BOCCTaHOBUTesA. B pacmiaBax cHera
HUTPUTH U ¢ocdaTkl onpefesisain Tak Xe, Kak U B ped-
HOMU BoJle, aMMOHMIHBIN a30T U3MepsIU creKTpodoTo-
MeTpuyecKu ¢ peakTuBoM Hecciiepa, HUTpaTh— MeTO-
JIoM HOHHOHN xpoMartorpaduu. ComepxkaHue oOIero
docdopa u azota B npobax ompeAesisAivd Ha CIEKTPO-
dotomeTpe mnocisie mnepcyabdaTHOTO OKUCJIEHUA [0
docdaroB u HuTpatoB coorBeTcTBeHHO (Wetzel and
Likens, 2000; Khodzher et al., 2016; AHamuTHYeCKHE. . .,
2017).

p- Kamenymea

P- M. Uepemmanka

p. KpecroBka

p- b. Uepemmanka
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p- Yryaik
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3. Pe3yAabTaTtbl M 06Ccy)xpeHue

3.1. Coaep)xaHue COeAMHEHHMH a30Ta
u ¢pocdopa B CHEXXHOM NOKPOEBeE B
HCCAeAYyeMbIX paloHaXx

Kak nokasanu uccsefoBaHusA, cpeJHeMHOT0JIeT-
HAA KoHIleHTpauusa NoOIl B CHEe)KHOM ITOKPOBe 10r0-BOC-
TOYHOrO mnobepexbs o3epa cocraswia 0,66 mr/mm®
npu kosie6anusax ot 0,45 mo 1,13 mr/mme. Hauboostee
BBICOKOE cpe/lHee 3HaUeHHe OTMeueHO B OacceliHe p.
Iepeemuas (0,78+0,21 wmr/mm°), HOABEPKEHHOM
JIOIIOJTHUTEJIbHOMY AHTPOIIOTeHHOMY BO3AelCTBUIO
BCJIE/ICTBHE IlepeHOca ra3oBbIX KOMIIOHEHTOB INpHMe-
ceii (OKCHIOB a30Ta) OT IPOMBIILIEHHBIX HCTOYHU-
KOB, pacmnoJjIo)XeHHBIX B MpkyTckoii arsiomepauuu (IT.
UpkyTck, AHrapck, IllesnexoB). HanmensmmM cofiepxa-
HueM NobII| XxapakTepu3yeTcsi CHEeXHBIH IMOKPOB B 6ac-
ceiiHe p. Xapa-MypuH (8 cpeguem 0,56 = 0,09 mr/aom3).
B MexrogoBodl AgUHAMHKE HauOOJIee «UHCTBIN» IIO
coaepxaHu0 NoOIl. CHeXHBII IIOKPOB OTMe4eH B 3TOM
paiione B 2020 r. (0,55 mr/mm®), Haubosiee «3arpss-
HeHHbII» - B 2019 1. (0,74 mr/am®). Kak cienyer u3
Tabnunsl 1, 6obmIas yacTh a30Ta B CHEXXHOM IIOKPOBE
npejcTaBjeHa ero MUHepaJibHOU popmoii (B cpegHeM
73%). Hanbosiee BbICOKOE cofiepxaHue JaHHOU (GOpMBI
asoTa B CHEXHOM IIOKpOBE 3aperucTpupoBaHO B yCThbe
p- Mumwnxa.

CpenHeMHOrosIeTHee COfepxaHue P . B CHex-
HOM [IOKPOBe JaHHOT'0 palioHa BapbHpPOBAJIO B IKPOKUX
npefesiax, 9-109 mkr/am® (Tabauia 1) mpu cpegHeM
3HaueHuu 27 *+ 12 mkr/ame. MakcuMaJibHOe cojiepxa-
HUe oTMeueHO B Oaccelite p. [lepeemnas, B cpegHeM 44
MKT/OM3, MUHUMAaJIbHOE (B 2,6 pa3 HIXe) — B paiioHe p.
Xapa-MypuH. HauboJiee BbICOKHE KOHI[eHTPALUU P ow
TaKXe, Kak 1 N ; , Ha I0r0-BOCTOYHOM I0G€epexbe OTMe-
yensl B 2019 r. Kak ciienyer uz Tabsuiisl 1, B CHEXXHOM
MOKPOBe JJaHHOW TEeppUTOpUM IpeobsajaeT OpraHu-
yeckaa ¢dopma docdopa. Ee comepxkaHue B cpegHeM
cocTasiAeT 76 %. MakcuMyM cofepXaHus P 3adpukK-
cupoBaH B 6acceliHe p. CHexxHas. J[0J11 MUHepaJbHOTO
P B cHexHOM IOKpOBe paiioHa He npeBbimaina 30%,
MakCUMyM ero cojepxaHus perucTpupoBaju B Oac-
celiHe p. YTYJIUK.

B cHexHOM ©OKpOBe IOro-zamnagHoro mnobepe-
Xbs1 Balikasia cpeJTHEMHOTOJIETHAS KOHI[eHTpaIus Noﬁm
coctaBwia 1,1 mr/am® npu kosebanusx ot 0,6 go 2,0
mr/nM3. Hanbostee BBICOKOE cpeflHee 3HaueHUE OTMe-

yeHO B ycTbe p. bosa. Yepemmanka (1,53+0,46 mr/
nM3). ATMocdepHBIil BO3[IyX B palioHe moc. JINCTBAHKA
B XOJIOOHBIY MepuoJl HCHBITHIBAeT 3HAUYUTEJIbHYIO
aHTPOIIOTeHHYI0 HarpysKy BcJIe[icTBUEe pabOTHl MecCT-
HOUM KOTeJIbHOM, CXuraioieil ma3syT, [e4YHOro OTo-
IJIeHUsA, a Takxke OOJIBIIOrO MOTOKA TPAaHCIOPTHBIX
CpeICTB [0 aBTOMOOMJIBHOM Tpacce BAOJIb IIOCEJIKA U
Ha JIbly 03epa B 3TOM TypUCTHYeCKOM parioHe. Kpome
TOTO YCTAHOBJIEHO, YTO IpU OINpeJesIeHHBIX MeTeo-
pOJIOTHYECKUX YCJIOBUAX 3arpsA3HeHHble BO3YILIHbIE
Macchl IIpU ceBepo-3alagHOM IlepeHoce IONajaiT B
3TOT palioH M3 OJIMXAMIINX NPOMBIIUIEHHBIX T'OPOJIOB
[Mpubatikanesa (Obolkin et al., 2021; Shikhovtsev et al.,
2022). Haumenblree cofepxaHue N & 3apericTpupo-
BAHO B CHEXHOM IIOKpPOBe B BepxHeM TeueHUU p. boi.
YepeMinaHka, B 2 pa3a HIKe, 4eM B ycTbe. Takas xe
TeHJIeHI1A IPOCJIeXUBAETCA U AJ1A CHEXXHOI'O IIOKPOBa,
0TOOpaHHOI'0 B BepXHEM U HIXXHEM TeYeHUAX OCTalb-
HBIX HCCJeQyeMBIX peK B mnoceske. Haubosiee Hu3kue
KOHILIeHTpaluu NoGu.] B JIucTBsiHke oTMeueHH B 2021 1.
B cpaBHeHUM ¢ 10ro-BOCTOYHBIM NOOEepexxbeM cofepxka-
Hue N Ha foro-3anagHoMm noGepexse Baiikana B 1,6
pa3 BBIIlE, YTO CBA3AHO C OOJIbIIEN aHTPOIIOT€HHOM
HarpysKoH Ha BO3JYIIHYIO Ccpelly B IIOCeJIKe.

Kak cienyer n3 Tabmuipl 2, a3oT B CHEXHOM
oKpoBe Moc. JIMCTBAHKA, TakXke Kak M Ha IOro-BOC-
TOYHOM I0Oepexbe, IpefACTaBjieH IperMYyIlecTBeHHO
ero MUHepaJibHOI dopMmoii. Hauboblllee cosiepxaHue
JaHHOH (PopMHI asoTa 3aUKCUPOBAHO B yCThe pyd. M.
Yepeminanka. MakcuMajibHOe cofepXxaHue Nopr orpe-
JleJIeHO B CHEXHOM IIOKpoBe B ycTbe p. KpecroBka.
B mMuHepasnbHOU ¢popme a3oTa Ha 000uX MOOepeXbax
OTMeueHO IpeobsafaHue aszoTra HuUTpatHoro. Ero
cofepxaHue kosiebserca B mnpefenax 71-98%. Hoia
N . B OOLIeM coepXaHUU a30Ta B CHEXHOM IOKPOBE
3anagHoro nobepexnps cxoxee ¢ BOCTOYHBIM (74%).

CpenHeMHOroJIeTHsAA KOHLEHTpalysA P B CHeX-
HOM IIOKpOBe I0ro-3amafgHoro nobepexbsA COCTaBjAET
61 = 32 mxr/aM®, 4To B 2,3 pa3a BHIIIE, Y4eM Ha FOr0-BOC-
TOYHOM IoOepexbe. 3HAUMUTEJIbHO IIMpe U Auana3oH
Kojiebanumii gaHHoi BeymuuHbl (10-610 Mkr/am®).
MakcuMyM coAepkaHuA 3aperucTpUupoBaH B HIXXKHEM
TeueHnu p. Kamenymka. HauboJsiee BbICOKOe cpefHee
3HayeHUe oTMedeHO B 2022 r., B 2 pa3a IpeBHIIa-
Imlee CcpeJHEMHOIOJIETHIOI BeJnuynHy. HauMeHsblee
copepxaHue P, (26 MKr/AM®) onpefieieHO B CHEXHOM
IIOKPOBE B BEpXOBbsAX pyubeB M. u bos. UepeminaHka
BHIIIIE [TOCesIKA B JIeCcHOM 30He. CiiefyeT OTMeTUTh, 4TO

Ta6smmna 1. Comepxanue pasHsx popMm docdopa 1 a3oTa B CHEXHOM IIOKPOBE B GacceiiHe IPUTOKOB I0T0-BOCTOYHOrO mobe-

pexbs 03. batikai, 2019-2023 rr.

Pexn Jlunanazon %orP Jluanason % or N
KOHI[eHTPanHi KOHI[eHTPaIMi
P oo MKT/InM° P P N, » Mr/am? N, N__
Vryauk 9-88 29 71 0,58-0,83 72 28
CoJizaH 12-88 18 82 0,54-0,78 74 26
Xapa-MypunH 9-31 23 77 0,45-0,64 72 28
CHexHas 10-46 14 86 0,49-0,70 69 31
[Tepeemnasn 14-109 20 80 0,58-1,13 73 27
Mumixa 10-60 26 74 0,61-0,78 78 22
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Ta6suna 2. Conepxanue pasHbix GopM docdopa u a3oTa B CHEXXHOM IOKPOBe B HacceliHe IPUTOKOB I0r0-3amnagHoro nobe-

pexbs 03. batikas, 2019-2023 rr.

BogoToku JuanasoH ) % oT Poﬁm JuanasoHn ) % oT Noﬁm
KOHI[eHTpauuu KOHI[eHTpauuui

Pow MKT/am3 P P Noow mr/am® N N, |
bos. YepemmaHka, ycTbe 40-127 6 94 0,78-2,00 80 20
Bous. YepemmiaHKa, BhIlIe IOCEJIKA 22-29 25 75 0,60-0,86 72 28
M. YepemiiaHka, yCTbe 10-75 13 87 0,76-1,87 88 18
M. YepeminaHka, BBIIIE [TOCEJIKA 22-30 20 80 0,67-0,81 69 31
KpecTtoBka, ycTbe 23-127 37 63 0,73-1,51 65 35
KpecTtoBka, BhIlle nIOCEJIKA 17-59 23 77 0,69-0,79 76 24
Kamenyuika, ycTbe 60-610 32 68 0,89-1,65 67 33
Kamenyka, Bpllle roceska 34-70 23 77 0,76-1,91 77 23

B BEPXOBbAX HCCJIEAyEeMbIX BOJOTOKOB, BHILIE II0CEJIKA,
copepxanue P . B CHEXHOM IIOKpOBe OT 2 10 4 pa3
HIXe, YeM B HM30BbAX peK, Ha TeppUTOPUU CaMOro
roceJIka.

Pacuer cooTHomeHuii pasHbix popm docdopa
B CHEXHOM IIOKpOBE B BEPXOBbSX PeK I0ro-3anaJHOro
nobepexxps Baiikama mokasan AOMHHMpOBaHMe P
(Tabauna 2), Takxke, Kak 1 Ha I0r0-BOCTOYHOM Mobe-
pexne. B cpenHeM conepxaHue POpr coctasysaeT 78 %
oT obmiero coaepxaHus Qocdopa, 4To 6JIU3KO K aHa-
JIOTUYHOM BeJIMYMHE Ha 0ro-BOCTOYHOM Io0epexbe
(76%). MakcumyM JaHHOHN BeTWYMHBI 3aUKCHPOBaH B
ycTbe pyd. Bosi. Yepemiuanka. HanGosbiuuii Bkaag P
OTMeueH B CHE’KHOM IIOKpOBe B ycThe p. KpecToBka.

[lo MHOroJIETHUM JaHHBIM pacCiuTaHO HaKo-
mienve P, u N B CHEXHOM IIOKPOBE H3y4YaeMbIX
Teppuropuil. Kak cienyer us Puc. 2, BelmunHa akKy-
MyJIALUM 0011jero a3oTa BapbupyeT B npefesax 28-103
mr/m2% Ha oro-socToyHoMm noGepexbe HaKOIUJIEHHe
JaHHOTO KOMIIOHEHTa B cpefqHeM Bbille B 1,5 pasa 3a
cyeT OoJiplllero Bjarosamaca (B 2-3 pasa), ¢ Makcu-
MyMoOM B ycTbe p. CHexHasA. B JlucTBsaHke HauboOJIb-
muM HakoluleHMeM N _  xapakTepusyercs OacceliH

o611y
p- KaMeHYH.IKa. HakormieHue Poﬁm B CHEXHOM IIOKPOBE

YTyNMK
ConsaH
CHemHan
MuLmxa
Bon.
KpecToBka

Kapa-MypuH
HepemwaHka

MNepeemHan
M. HYepemwarka
KameHywra

M2

nsMmeHsutock ot 1,1 mo 8,3 mr/m2. MuHuMasbHas
aKKyMyJIALUA 3aperucTprupoBaHa B ycThe p. Mumuxa,
MakcuMaJbHas — Takxe B OacceiiHe p. KameHymika,
B HUXHeM ee TeueHuu. CpaBHeHUe CpeJHUX BeJIU-
yiH HakomeHusa ¢ocdopa B ABYyX paiioHax HOxHoro
Batikana nokazasio GoJibiiee (B 1,9 pa3) HakoIieHUe
Ha [Oro-amajgHoM mnoOepexbe BcJe[CTBHE OOJIBIINX
KOHI[eHTpauuil B HU30Bbe p. KameHymika. 3a HCKIIO-
YeHUeM 3TOTO y4YacTKa, HaKOILIEHWe [aHHOr0 KOMIIO-
HEHTAa B CHE’)KHOM ITOKPOBeE [IBYX Iobepexuil HaXoAUTCs
Ha OJJHOM YPOBHE U He IpeBbIIIaeT 3 Mr/m>2.

[To gaHHBIM CHErOMEepHBIX CheMOK U MOHUTO-
puHra artMoc@epHbIX OCaJKOB Ha CT. JIMCTBSHKA B
2019-2023 rr. u cT. Ta"xoi (1oro-BocTOUHOE IMObGepe-
Xbe o3epa) B 2023 r. paccuuTaHO I'OJ0BOE BBINA/IeHUE
u3 atMocdepsl obmiero azora u ¢gochopa Ha NMOACTU-
JIaIoIIyI0 TIOBEPXHOCTh U OIleHeHO UX IMOCTyIUJIeHre Ha
akBaTopuio FOxHoro Batikasna (Ta6auna 3). Kak BugHo,
BEJINYMHBI BBIIAZIEHUH P | MaJIo OT/INYAI0TCs Ha HCCITe-
nyeMbix mobepexbsax HOxHoro Batikana. BeimageHus xe
N, Ha BocToyHOM Gepery Ha 34 % Bbilie 3a c4eT GOJIb-
mero (B 2 p) KoJmMyecTBa 0CaKOB.

71 BO3MOXHOCTM CpPaBHUTb Halll JaHHBIE C
noJjlyueHHbBIMU paHee (B 1986-1987 rr.) asna Bcero

9,0 P
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7.0
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3,0
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YTYNMKE
ComsaH
CHemHan
MuLmxa

Kapa-MypuH
MepeemHan
Bon.
HepemwaHka
KpecToBka
Kamerylwka

M. HepemwaHka

Puc.2. Hakorutenue o6miero ¢pocdopa u obiiero a3ora B CHEXXHOM IOKPOBE I0I'0-BOCTOYHOTO U I0r0-3araHOro nobepexuil

03. Batikan, mr/m? (2019-2023 rr.).
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Ta6suna 3. IoctynneHue obiero pocdopa u azora us armocdepsl Ha akBaTopuio 03. batika (B unciuTesie - pa3Max KoJjie-

6aHull, B 3HaMeHaTeJie - cpeqHue BeJInunHbl), 2019-2023 rT.

Paiion uccieqoBauuii| I'omoBoe BhIajfieHHE, IToctynsieHue u3 atMocdepsl, ThIC. T/TOX
2
YR D I I0xHas kotsioBuHa (7432| AxBatopus o3. Baiikan
KM?2) (31722 xm?)
Pon Noﬁm Poém Noém Poﬁm Noﬁm
IOro-3amajzHoe 0,027 0,50 0,20 3,7 - -
nobepexne
IOro-BoctouHoe 0,030 0,67 0,22 5,0 - -
nobepexne
Bce o3epo 0,008-0,057 0,16-1,1 - - 0,3-1.8 5,0-34,9
(2019-2023 rT.) 0,017 0,33 0,6 10,6
Bce o3epo - - - - 0,6-0,8 5,9-8.3
(1986-1987 rT.) * 0,7 7,1

IIpumeuanme: *- Atiac o3epa baiikan, 1993.

o3epa ObUIM NPUHATH HEKOTOPBIE AOMyIleHuA. AHaIN3
JaHHBIX MHOTOJIETHET0 MOHUTOPHHIa aTMochepHBIX
ocagkoB Ha cT. JIMCTBAHKA MOKa3aJj, 4YTO KOHIIeHTpa-
uuu N B CHEXHBIX U JOX/EBBIX BBIMTAJIEHUAX MaJIo
pasmuuarorcea. Conepxanue P B TeIUJIBIN IepHUo/, Kak
npaBuJio, 0 2 pa3 Bhime. [103ToMy B CBA3U C OTCYT-
CTBHEM JAaHHBIX O COJIep’KaHUU U3y4aeMbIX KOMIIOHEH-
TOB B IOXAAX B paiioHe CpefHero u CeBepHoro batikana
OJiA pacueTa TOAOBBIX BBIIaJEeHUI a3oTa Opajiuch UX
cpegHUe KOHIIEHTpalMuy B CHEXHOM IIOKpPOBE, OTO-
OpaHHOM B pa3HBIX palioHax Mmobepexbs U aKBaTOPUU
osepa. CpefiHerofioBoe cojepxkanue P, BO BJIaXHbBIX
BBIMAJIeHUAX HaXOAUJIOCh C YUYeTOM ero OOJIbIINX BeJiu-
YUH B TeIUIBIN nepuof. OnpeneeHHbIe TAKUM 00pa3om
KOHIIEHTpalu yMHOXaJICh Ha TOAOBOE KOJIMYECTBO
0CaJKOB B pa3HBIX MO yBJIaXHEHHOCTH palioHax 03epa,
1320 mm qus cr. Xamap-Ha6an (FOxwubii Batikai) u
190 MM g1 ct. Y3yp (o-B OsnbxoH, Cpeguuii Baiikai).
KosmuecTBO ocazkoB B3ATO u3 paboTel (OOOJIKMH U
Xomxep, 1990). IlosryyeHHBIE MUHUMAJIbHBIE W MAaK-
cUMaJibHble BeJIMYMHBI IMOCTYIUIEHMA Ha aKBaTOPUIO
o3epa mnpexcraBjeHsl B Tabiure 3. /[nana3oH KoJie-
6aHull UX JOBOJIbHO IIMPOK M3-3a 3HAYMTEJIBbHOU pas-
HUIIBI B KOJIMYECTBE OCAAKOB Ha BBIOPAHHBIX CTAHIIMAX
(B 7 pa3). CpenHue 3HAUYeHUs, KOTOPbIE TPEJCTABJIS-
TcA 0oJiee OOCTOBEPHBIMM, pacCUUTaHBI MO Cpenl-
HeMy 1A Balikasa koJjudecTBy aTMochepHBIX Ocaj-
k0B (400 mMm) (O6oskuH, 1989). ITosyueHo, uro 3a 35
NpoIIeAMNX JIeT HocTynaeHne N o 13 atMocdephl Ha
akBaropuio balikasa yBeauuyunioch B cpegHeM B 1,5 p,
NOCTYyIJICHUE P06Lu ocob6o He usMmeHusioch (Tabaura 3).
CrieqyeT cpa3y OrOBOPUTHCA, UTO 3TO IHEpPBBIE OIeHKU
MOCTYMJIeHUs BEIOpaHHBIX KOMIIOHEHTOB Ha aKBaTOPUIO
Bcero o3epa. IIoaToMy OHM HOCAT NpeABapUTEJIbHBIN
xapakTep U TpeOylOT AajibHelmux, OoJiee JeTaJbHBIX
UccJieJOBaHUN cofiepXkaHuA opraHudeckux Gopm doc-
dopa u azora B atmMochepHEIX BhHINAAEHUAX B palioHe
Cpennero u CeBepHoro batikama. OTMeUYeHHBIII POCT
BBITAJIeHUI N 6., 113 atMocdepsl B cpaBHeHnu ¢ 1980-
MU IT. BEPOATHO, 00YCJIOBJIEH yBeJMUYeHeM BEIOPOCOB
OKCHJIOB a30Ta OT CTallMIOHAPHBIX UCTOYHUKOB U KOJIU-
yecTBa aBTOTPAHCIIOPTa, IOCKOJBKY OH 3aHHMAaeT B
HacTosdllee BpeMsA JUANpPYIoIliee MeCcTO B 3arpsA3HeHUNn
OKpYXalolei cpeJbl.
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3.2. Coaep)XxaHue COeAMHEHHH a30Ta u
docdopa B BoAe NPUTOKOB HOro-BOCTOUHOIO
nob6epexbs o3epa bankan

AHanu3 MHOTOJIETHHUX [AaHHBIX I[IOKas3ajl, YTO
cofepxxanne P . B BOAE MPUTOKOB 0r0-BOCTOYHOTO
noGepexbs baiikasia B OCHOBHOM Hu3koe — 1-12 MKr/
ame, BoJiee BBICOKHE KOHIIEHTPAIUM PETHCTPUPOBAJIA
TOJIBKO B Bofe p. CHexHasd B JileTHUHM mepuof (mo 23
mkr/am®) (Puc. 3). DTa peka — caMblil KPYITHBIH 1 MHO-
TOBOAHBIN BOAOTOK B 3TOM paiioHe, JJIMHOI 6ojiee 170
kM. [loBbilleHe KOHIEHTpauui P o -~ JsileToM B BOZe
JaHHOU peku U Ha Apyrux pekax (YTynauk, Mumuxa),
BEPOATHO, CBA3AaHO C yBeJIMUeHHeM COJepXXaHuA opra-
HUYECKOro BellleCTBa B pe3yJbTaTe BereTaluu JieT-
Hero duromaaHkToHa. Ha ocTajbHBIX IPUTOKAX 3TOTO
parioHa Ce30HHOM JOUHAMWKU BBIABUTHh He YOAjoCh.
CHUXXeHUe KOHILeHTpauuu Poﬁm B 2022-2023 rT., BO3-
MOXHO, CBSI3aHO C BBICOKOI BOJJHOCTBIO PEK B 3T T'OMBIL.

Kak 1 B CHeXHOM IIOKpPOBe, B BOJl€ MPUTOKOB
JoMHUHUpyeT opranudeckas Gopma ¢pocdopa — 58-97%
oT obmero conepxanus (cpegHee 73%), MO3TOMY Cpefi-
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Puc.3. Ce30HHaA u MeXrofosas AUHAMUKa COAEPXKaHUA
obmero ¢ocdopa u obiiero azora B Bojie IPUTOKOB I0r0-BOC-
TouHOTro nobepexsbs 03. batikasn, 2019-2023 rT.
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HEMHOroJIeTHUEe 3HauyeHUs PDpr U JUHAMMKa KOHIIEH-
Tpaluii B OCHOBHOM COBNAJaeT C TaKOBBIMU JJIs P
Conepxanue MuHepanabHOU GopMbl P B pekax oueHb
HU3KOe - CpeJHEMHOTOJieTHee 3HadyeHue 1 MKr/mms.
MakcumasibHble KOHLEHTpauuu P perncrpupoBain
3UMOH U BECHOU - 0 5 MKr/OM3, JIETOM Xe B pe3yJib-
TaTe OMOAKKyMYJIAIIMU BOLOPOC/AMU OHU CHUXAJIUCh
10 cJieqoBbIX 3HaueHun (Tabsuna 4).

ConepxaHnue N B BOJie IPUTOKOB BapbHPOBAJIO
ot 0,12 ;o 0,51 mr/mm®. MakcuMaJsibHble KOHI[EHTpA-
LIUM PerucTprupoBajid B pekax YTysiauk u CoszaH, rie
cpeJlHEMHOTrOJIeTHHe 3HauyeHus cocTtaBsuim 0,45 u
0,39 mr/mM3, cOOTBETCTBEHHO. MUHUMAJIBHOE COAEP-
’KaHue, co cpefHeMHoroseTHUMM 3HadyeHusamu 0,21 u
0,24 mr/nm3, oTMeveHo B pekax [lepeemHas u Mumunxa
(Puc. 3).

B oTnnuum ot pocdopa, B cocTraBe KOTOPOTo 60JIb-
IIy10 YacTh rofja npeobJafjaia opraHudeckas gopma, B
coCTaBe a30Ta JOMUHHUPOBaJia MUHepaJibHasi COCTABJISA-
omas (B cpegHeMm 70% ot Noﬁm). Konnenrpaiyu N B
nepuon ucciaegosaHuA Bapbuposanu ot 0,07 mo 0,47
mr/aM3. B 3uMHUE nepuof JoJ1s N Jocrurana 79-92
% ot obijero comepxaHusa. JleToM pa3BuUTHE ILIaH-
KTOHA U MOCTYILJIEeHHe OpraHnyeckoro BellecTBa ¢ 6ac-
celiHa 0OyCJIOBJIMBAJIO HEKOTOpPOE CHIKEHMEe KOHIIeH-
Tpauuii N ¥ yBeJM4eHre COJepXaHusA L\ (mo 0,29
mr/nM3), oJTHaKO, B Bojle OOJIBIIMHCTBA PEK U B 3TOT
nepuo npeobyagan MuHepasbHbIN azot (Tabsura 5).

BbicoKOoe OTHOCHUTENIbHOE cofepxanue N B
BOJle pek, crekatomux c Xamap-/labaHckoro xpeGTa
0o6ycJIOBJIeHO, B OCHOBHOM, BKJIaJoM HuTpaToB (90-
100% ot comepxanusa N ). KoHIeHTpanuuu HUTpPAT-
HOT0 a30Ta B BOJIe pPeK B MeEpPUOJ] UCCIeOBaHUs Bapbu-
poBaym ot 0,08 mo 0,47 wmr/am®. MakcuMasbHbIE
3HAUYEeHMs ITOr0 KOMIIOHEHTa HabJiofau 3UMOH U B
repuoj MoJIOBO/IbsI, MUHMMAJIbHbIE — B JIETHUI MepUOA.
CopepxaHrue aMMOHUIHOIO a3oTa B BOJEe IMPUTOKOB
00b1yHO 6BLI0 Hike 0,01 mMr/am®, ¥ TOJIBKO B IIOJIOBO-
Jbe WU BO BpeMs BBICOKUX JIETHUX ITaBOJKOB KOHI[eH-
Tpauuu yeauuyuBaiuchk Ao 0,04 mr/am® (oxosio 10 %
or N ). HUTpUTHBIA a30T B BOJE PEK JIMGO OTCYTCTBO-
BaJI, INOO PErrCTPUPOBAJICA B CJIENOBBIX KOJIMUECTBaxX
(rmxe 1 mMixr/ome).

B cpaBHeHuu c¢ ganHbeiMu 1950-x rr. (BoTuHIes
U Jip., 1965) KOHILleHTpauryu HUTPATHOT'O a30Ta B BoAax
IIPUTOKOB I0I0-BOCTOYHOT'0O II0OepeXbs B COBPEeMEeHHBIN
nepuof yseanuuianch Ha 40-60 %. ComepxaHue ¢oc-
datHOro pocdopa npakTUueCcKu He U3MEHUJIOCH.

3.3. Copep)xaHue COeAHHEeHHH a30Ta u
docdopa B BoAe NPUTOKOB IOro-3anapHoro
no6epexba o3epa baukan

B pyupsax bos. u Maj. YepeMiiaHka B NEPUOL C
2019 no 2023 rT. B yCThEBBIX yUyacTKaX KOHI[eHTpalnus
Poﬁm OBLIN BBIIIE, YeM B BepxHeM TeueHuu (Puc. 4). lna
p- KpecroBka u pyu. Kamenyiika cutyanus obpaTHas:
cofepxaHue P . B OT[ieJIbHbIE TOJbI BbIllle B BEPXHEM
tedeHuu (2020 u 2023 rr. gns p. Kpecroska, 2021 u
2023 rr. ana py4. Kamenymika).

[To pesysjbraraM Hallero HCCJIeJOBAHUA, KOH-
neHtpauuu P B ycTbe p. KpecToBKa M3MEHANNCh OT
3 mo 190 mkr/mMm® co cpegHUM 3HavueHuUeM 19 MKr/
IM°, BBIIIE rocesika — oT 3 10 74 MKr/am® co cpeqHuM
3HayeHueMm 18 mkr/mm® (Tabswmma 6). Ilo smTepartyp-
HBIM JaHHBIM, cOojJiepKaHue B BoAe KpecToBkY JaHHOIO
koMnoHeHTa B 2008-2011 rr. 6p110 B pefesnax 10-360
Mkr/ame. C ssHBaps mo aeryct 2012 r. cpeHee cofep-
xkaHue obmero ¢ocdopa cocraysino 37 MKr/am® c
Makcumymom 90 Mkr/am® (3aropysibko u Ap., 2014).

[To mammM pAaHHBIM, MeEXTrojoBas AUHAMUKAa
cofepxxanus P, B MPUTOKAax Iro-3anafHoro mnotepe-
Xbsl o3epa balikasm AeMOHCTpUpYeT IpsAMYI0 3aBHUCH-
MOCTb OT Typuctudeckoro tpaduka. B 2020 r. B Bofe
BCeX BOAOTOKOB IIOC. JIMCTBAHKA NPOU3OLLIO 3HAYU-
TeJIbHOe yMeHbllleHue coAepkaHus obuiero ¢gocdopa,
4TO, BEPOATHE! BCero, ObIJIO CBA3aHO C OrpaHUYUTEJIb-
HBIMM MepaMHU II0 NOCEIeHUI0 TYPUCTUYECKUX MeCT B
cBA3U ¢ 3abosieBaeMocTbio COVID-19. CHuXeHue KOH-
HeHTpanuu P . BO BCeX BOJOTOKAX B 9TOT MEPHOJ IO
cpasHeHuto ¢ 2019 r. npousonuio B 2 pa3a (Puc. 4). Ilo
nauaeM (Foc. Jokunafg..., 2023), B 2019 r. HpkyTckyto
obnacte mocetusio 1728 Thic. TypuctoB, B 2020 T.
- Bcero 938 teic. B 2021 r. mocjsie CHATHUA OrpaHUYU-
TeJIbHBIX Mep CpefHerofoBas KOHIleHTpalusa oOIiero

Ta6sauna 4. Ce3oHHas AMHAMUKA COAEPXXaHMUA pasHbIX GopM ¢ocdopa B BoJe NPUTOKOB H0r0-BOCTOYHOTO MOOEPEXbs 03.

Batikai, 2019-2023 rr.

Pexu 3uma Becna Jleto Ocenn
e TeTe o [e o [ v [e e | e Je Te |
Mkr/am® | % orP . [ mkr/am®| %orP . | mkr/am®| %orP . | Mkr/am®| %orP . |
YTyauk 1-10 18 82 4-9 3 97 3-11 22 78 1-5 31 69
CozaH 1-11 11 89 2-6 42 58 3-8 37 63 1-5 23 77
Xapa-MypuH 3-13 25 75 4-9 16 84 3-10 19 81 1-4 20 80
CHexHast 2-10 30 70 2-12 9 91 6-23 9 91 1-3 26 74
IlepeemHasn 3-12 21 79 3-5 25 75 3-9 30 70 2-6 28 72
Mummnxa 6-13 42 58 3-9 20 80 3-11 35 65 4-6 13 87
Cenenra® 36-52 26-198 52-112 21-43
41 84 79 31

IIpumeuanme: *- COpOKOBUKOBa U Jp., 2018, B unciuTesie- pa3Max KOHI[eHTpalui, B 3HaMeHaTesle CpeqHssA KOHIeHTpaLusl.
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Ta6suna 5. Ce3oHHasA AUHAMHUKa cofepkaHus pa3HBIX GOpPM a3oTa B BOJle NMPUTOKOB IOI0-BOCTOYHOTO NoGepexbs 03.
baiikas, 2019-2023 rr.

Pexu 3uma Becna Jleto Ocenb
Neow [N | N Now |N | N Now |N | N New |N | N
Mr/ %OorN .. AT %OorN .. Mr/ I %orN_ ST %orN, . |
YTynuk 0,44-0,51 | 91 9 [0,42-0,44| 53 | 47 |0,39-0,50( 71 29 10,39-0,50( 82 18
Cosizan 0,37-0,45 | 92 8 [0,37-0,50| 80 | 20 |0,31-0,40( 60 | 40 |0,31-0,37| 67 33
Xapa-Mypun |0,26-0,53( 79 | 21 |0,25-0,37| 56 | 44 |0,20-0,31( 57 | 43 |0,19-0,24| 78 | 22
Cuexnas |0,29-0,37 | 88 12 10,26-0,43| 57 | 43 |0,27-0,43| 48 | 52 |0,19-0,23| 81 19
Ilepeemuas |0,20-0,31| 87 13 10,24-0,37| 73 | 27 (0,14-0,47| 52 | 48 |0,15-0,39| 56 | 44
Mummxa | 0,19-0,22 | 84 16 ]0,23-0,25| 52 | 48 [0,12-0,31| 40 | 60 |0,18-0,34| 47 | 53

docdopa B BOAOTOKAX yBeJIUYUJIACh BMECTe C POCTOM
TypucTtudeckoro noroka (1241 Tteic.) B noc. JIMCTBAHKA.

B Bome mpuTOKOB IOro-zanagHoro mnobepe-
Kb KOHIeHTpanuu P -~ Bbine B 3-17 pas, yeM Ha
I0r0-BOCTOYHOM IoOepexbe o3epa. [{jiA cpaBHeHWUH,
cojiepXaHue JaHHOTO KOMIIOHeHTa B BoAe p. CesjeHru
(ocHoBHOro mpurtoka o3epa) B nepuon 2010-2016
n3MeHssI0ch oT 31 MKr/ame oceHbio 1o 84 MKr/oM® Bec-
HOH, IIpU cpeJHeMHOroJjIeTHeM 3HaueHuHu 59 MKr/am?
(Tabsmria 4). OTH KOHIIEHTPAIMU COMTOCTaBUMEBI C TaKO-
BBIMU B pyubsx noc. Jlucreanka (Tabsuna 6). B Bone
p. KpecTtoBka cpefHerofioBble KOHLIEHTpaluy OBLINA B
3 pasa.

JluHaMuKa copaepxaHUA oOIlero asora B Bofe
IIPUTOKOB noc. JINCTBAHKA IpeAcTaBjieHa Ha PucyHke
5. OTMeYeHO CHIKeHHe KOHIIeHTpalliil B BOJie BOJOTO-
KOB I0 cpaBHeHUIo ¢ 2019 r., YToO MOXeT OBITh CBA3aHO
CO CHMXXeHHEM TypHCTUYecKON akTuBHocTU. B 2021 1.
NPOJIOJDKIIIOCH CHIDKEHHE cofepxaHusa N o B pyubsx
Bon. u M. Yepemmanka. Kak u fiyis obiiero ¢gocdopa,
B OCHOBHOM Ha0JIf0fiaeTcsi pocT cofepxkanus N ; BHU3
110 TeYeHUIo peku. B pyubsax bos. u M. Uepemiianka ot
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BEPXHEro TeYeHHs K yCTbIo cofiepxaHue N A —Bo3spac-
Taet oT 5 7o 10 pas, a B Boge p. KpecTtoBka ero KoHIieH-
TpaLysA 0 TeYeHUI0 PeKU U3MeHAeTCs He3HAaUUTeJIbHO,
K yCTbIO Bo3pacTtaeT B 1,5 pasa, pyuy. Kamenymka B 2
pasa, Ho He BO Bce roapl. Ilo pesyspTatam uccjiefosa-
HUA IOA3eMHBIX BOA B 110C. JINCTBAHKA TaKKe BEIABJIEHO
CHIDKeHHe KOHIIeHTpallil HUTPATHOTO a3oTa B BoJe 3a
nepuon 2018-2021 rr. ABTOpHI CBA3BIBAIOT 3TO KakK C
POCTOM KOJIM4YecTBa aTMOC(hEpHBIX 0CaJAKOB B perioHe,
YTO NPUBEJIO K IMOBBHIIIEHHOMY IHUTAaHHUI0 I'PYHTOBOTO
BOJOHOCHOI'O T'OPU30HTA U NOJHATHUIO 3epKaJia TPyHTO-
BHIX BOJ, TaK M C yCTpaHEHHEM TEeXHOTeHHBIX HCTOY-
HUKOB 3arpsA3HeHNA I'PYHTOBBIX BoA (AJjlekceeBa U Ap.,
2023A).

[To TeyeHuio pyubeB HaOJIOgaeTcss He TOJIBKO
yBeJINueHNe KOHILeHTpanuu obuero gocdopa 1 a3ora,
HO U u3MeHeHHe GopMbl ux HaxoxaeHus (Tabiauna 6)
Tak BO Bcex pyubsAX K yCTBIO BO3pacTaeT O0JII MUHe-
panbHBIX dopm Pocdhopa u aszota. B Boge BOOOTOKOB
M. u Bon. Yepemmanka N npeqcraeieH Ha 91% u
98% HUTpaTHBIM a30TOM, COOTBETCTBEHHO. [lid BOJX
p. KpecToBka Ha OJII0 HUTPAaTHOTO a30Ta IPUXOAUTCA

Bou. Uepemmanka
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Puc.4. MexronoBas AVHaMUKa cojepxaHus obujero ¢ocdopa B BoJe MPUTOKOB Ioro-3amnaaHoro nobepexns o3. baiikai,

2019-2023 rr.
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Ta6suna 6. Copepxxanue pasHbix dopm docdopa U a3oTa B BoJe NMPUTOKOB I0ro-3amnagHoro nobepexss o3. Barikain, 2019-
2023 rr. B yncsnuTesie - pa3Max KOHI[eHTpaluli, B 3HaMeHaTeJle cpe/lHee cojiepkaHue 3a llepro] HabJofeHuA.

Boagoroku Juana3zoH % oT PoGm Junana3zoH % oT Noﬁm
KOHI[EHTPaIHE KOHI[eHTPaui
Poﬁm’ MKT / AM3 Pwmn Popr Noﬁm’ Ml"/ 'T"Ms anm Nopr
Bou. Yepemiuanka, Bbille 1-62 37 63 0,12-2,57 59 41
noceJjika 15 0,74
Bbos. YepeminaHka, ycTbe 5-221 71 29 0,5-28 78 22
52 3,15
M. YepemiuaHka, BBILIE [TO0CEJIKA 3-140 41 59 0,12-2,56 28 72
31 0,66
M. YepemiiaHka, yCcTbe 5-400 66 44 0,23-14 70 30
71 2,87
KpecrtoBka, Bhille nIocesika 3-74 40 60 0,05-3 31 69
18 0,40
KpectoBka, ycTbe 3-190 39 61 0,15-4 45 55
19 0,60
Kameny1ka, Bullle roceyka 11-190 60 40 0,19-5,57 55 45
38 0,72
Kamenyuika, ycTbe 16-235 71 29 0,18-4.68 65 35
70 1,20

79%, aMMOHUIHOTO - 20% OT o61Iero cogepxanuaN
asia Boa p. Kamenymika - 75 u 24 %, cOOTBETCTBEHHO.

B BoAe IpPUTOKOB I0ro-3anagHOro NoOepexbA
KoHIleHTparmu N Bbillle B 2-10 pas, 4eM Ha 10ro-Boc-
TOYHOM II00epexbe o3epa.

OmnpepesieHre o0uiero asora B BoAe IIPUTOKOB
Ioro-zanagHoro nobdepexbsa o3. balikan paHee He Ipo-
BOJMJIOCH, II03TOMY CpPaBHUBAaeTCA COAepXaHue HUTpa-
TOB, KaK COCTAaBJIAIOLIEr0 KOMIIOHEHTa MUHEpPaIbHOI'o
asora. [{ia p. KpecroBka B 1950-1955 roasl cogepxa-
HUe a30Ta HUTpaTHoro musMeHsiocsk ot 0 go 0,14 mr/
ave npu cpegHeM 3HaveHuwn 0,05 mr/am® (BoTuHIEB
u ap., 1965). B 2007-2012 rr. KOHLEHTpaUuu [OaH-
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HOro KOMIIOHeHTa Obliu Bhimie, 0,02 — 0,23 mr/am?, B
cpeqHeM coctaeysia 0,08 mr/nm® (3aropyJibko u 1p.,
2014). B 2019-2023 rr. pa3max kojiebaHUil COCTaBUJI
0,02-1,01 mr/mm3. CpenHee 3HaYeHHE KOHIEHTPALUI
HUTPATOB ObLIIO B 5 1 3 pa3a COOTBETCTBEHHO BBHIIIIE,
yeM 70 u 10 ner Hazaa. g pyd. bosa. Yepemmanka
B 1950-1955 roasl cofiepxxaHue HUTPAToB Kojebayioch
B nuanaszoHe 0,02-0,81 mr/mm°, cpenHee 3HaveHHe
coctaBwio 0,33 mr/am°. B 2019-2023 rr. KOHI[eHTpa-
I[Usl paccMaTpHBaeMoro KOMIIOHEHTa BapbUpoBaja OT
0,18 mo 5,4 mr/am®. CpenHee 3HavueHHe OBUIO B 6 pa3
BHIIIEe, yeM B 1950-e rofsl.
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Puc.5. Mexronosas AuHaMuKa cofiepkaHus o0Ilero a3oTa B Bofle IPUTOKOB Ioro-3anagHoro nobepexss o3. Barikan, 2019-

2023 rr.
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4. 3aknioueHue

Takum oOpa3oM, KOMILJIEKCHas OlleHKa COCTOsA-
HUA BO3IYIIHOM U BOJHOU cpefsl B 6acceiine HOxHOro
Batikasa, ocHoBaHHAas Ha MHOI'OJIETHEM HCCJIeJOBaHUN
PEeUHBIX U CHEerOBBIX BOJ], IO3BOJIMJIA c/iesIaTh 3aKJIoye-
HUe 0 ¢pakTopax GOpMUPOBAHUA XUMUYECKOTO COCTaBa
BOJI IPUTOKOB 03. balikaj Ha 10ro-3anaJjHoM U 10ro-BocC-
TOYHOM IT06epexXbsX, BBIABUTD IPUYNHBIL, BJIUAION[ME Ha
[IPOCTPAHCTBEHHYIO0 U BpPeMeHHYI0 AUHAMUKY KOHIIeH-
Tparuii obmero gpocdopa 1 a30Ta B CHETOBBIX U PEUHBIX
BOJIaX, KOJIMYECTBEHHO OLIEHWUTb YPOBHU HaKOILJIEHUA
N u P B cHE)XHOM IOKPOBE U3y4aeMbIX TEPPUTOPUII.

B cpaBHeHHHU C I0T0-BOCTOYHBIM IOOepexbeM
comepxanve N =~ Ha [oro-samafHoM moGepexbe
Batikana B 1,6 pa3 Bhillle, YTO CBSA3aHO C OoOJIbIIE
AHTPONOTeHHON HArpy3KOoi Ha BO3JYyIIHYI0 Cpedy B
nocesike JlucrBsaHka. CpeJHEMHOTr0JIeTHAA KOHIIEHTpa-
uus P B CHEXHOM IIOKPOBe I0ro-3amaJHoro rnotepe-
XbA B 2,3 pasa Bblllle, YeM Ha I0ro-BOCTOYHOM Iobepe-
xbe. C 1980-x rozoB nocrynienue N ;13 aTMocdepsl
Ha akBaTopuio balikaja yBesnuusoch B cpefjHeM B 1,5
p, nocrynienue P 3HaUYMTEIBHO HE NU3MEHUIIOCH.

Ha 1oro-soctouHoM mnobGepexbe o3epa B BoAax
IIPUTOKOB, BCJIEACTBHE KX 0OJIbIIEr0 BOJHOIO CTOKA
U MeHblIell aHTPOMOTeHHOU Harpy3ku Ha HX BOJIOC-
OopHBIIT OacceiiH, onpefesieHbl HU3KYe KOHILIEHTpauuu
obmero ¢ocdhopa u aszora. MsmeHeHue copepX aHUA
B pasHble roAsl 00yCJIOBJIE€HO B OCHOBHOM KJIMMAaTH-
YeCcKUMHU H3MEHEeHUsMH PpervoHaJIbHOTO XapakTepa.
Ce3oHHas [UHaAMMKa KOHLeHTpalnui azora u ¢ocdopa
JUI1 9TUX peK B OCHOBHOM CBs3aHa C eCTeCTBEeHHBIMU
rpolieccaMy, IPOUCXOAALIMMU B BOJOEMax.

Ha roro-3anaguHom no6epexse Ha GopMupoBaHUe
XMMHUYECKOI'0 COCTaBa BOA IIPUTOKOB 03epa 1 CHEXXHOI'0
IIOKpoBa OoJIbllloe BJIMAHNE OKa3blBaeT aHTPOIOIeH-
HbI ¢akrop. Cofepxanue obmero ¢gocdopa u as3ora
B BOJle BHM3 II0 TeYeHHUI0 PeK Ha TeppUTOpUM IIOC.
JlucTBsiHKa yBeJMYMBAeTCsA, B CHEXHOM IIOKpOBe Ha
YCTbeBBIX yYacTKax IIPOUCXOAUT BO3pacTaHUe KOHIIeH-
Tpauuii B 2-4 pasa.

W3 Bcex npoaHan3lpOBAHHBIX BOOOTOKOB B IIOC.
JlucTBsiHKa MeHee BCero aHTPONOTreHHOMY BJIMAHUIO
nojiBepxxeHa p. KpecToBka, umermomas HaUOOJIbLINI
BOJHBIA CTOK, YTO CIIOCOOCTBYET CHUXXEHUIO KOHIIEH-
Tpauui 3arpA3HAINMX BellleCTB B BoJe BCJIeCTBUE UX
pa3baBiieHus.

[To mexromoBoll AuHaMuKe cojepxaHus Qoc-
dopa u azora B BOJOTOKAxX Ioc. JINCTBAHKA YCTaHOB-
JIeH TpAMON OTKJIUK TYPHUCTUYECKOU Harpy3kd Ha
XUMHYECKUN COCTaB BOJ 3TOro patioHa. [Ipu orpanuye-
HUAX NOceleHUs TyprucTamu noc. JINCTBAHKA BO BpeMs
nanfgemuu B 2020-2021 rr. comepxaHue obuero doc-
dopa u asora B pekax U CHEXKHOM [TIOKPOBe CHU3UJIOCh.

[Ipu cpaBHeHUN OTHOCHUTEJIBHOI'O COCTaBa ped-
HBIX BoZ ABYX noGepexuii F0xHoro balikana oTMe4eHo
npeobJiajaHrie MUHepaJbHBIX popm azoTa u ¢gocdopa
B YCTbEBBIX y4yacTKaxX peK I0ro-zanafgHOro mnobepexbs,
YTO MOXHO CUMTaTh IOKa3aTeJsieM BJIMAHUSA yejioBeue-
CKOH AeATeJIbHOCTU Ha Ipoliecchl GOpMHUPOBaHUA BOJ.
B peuHbIX Bofjax 10ro-BOCTOYHOIO nobepexps npeobsia-
naot opraHudeckue GpopMsl pocdopa, 4TO MOXKET OBITh
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NOKa3aTeJIeM eCTECTBEHHBIX IPOLIECCOB Ha BoaocGope
pex.

B BoJjax M3yvyaeMbIX MPUTOKOB MPOU3OIILIO yBe-
JInYeHUe KOHIIEHTpAIMil HUTPATHOTO a30Ta B COBpe-
MEeHHBI! IeEpUO/. YBEJIMYNIIOCh OCTYIUIEHHE U3 aTMOC-
depnI ob1Iero azora Ha akBaTopuio o3epa Baiikas.
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